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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 major examples of energy. Without the
transportation by millions of personalized and mass transport vehicles and avail-
ability of 24�7 power, human civilization would not have reached contemporary
living standards.

The first international conference on ‘Sustainable Energy and Environmental
Challenges’ (SEEC-2017) was organized under the auspices of ‘International
Society for Energy and Environmental Sustainability’ (ISEES) by the ‘Center of
Innovative and Applied Bioprocessing’ (CIAB), Mohali, from February 26–28,
2017. ISEES was founded at IIT Kanpur in January 2014 with the aim of spreading
knowledge in the fields of energy, environment, sustainability, and combustion.
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 spread awareness about the envi-
ronmental challenges, which the world is facing today. ISEES is involved in various
activities such as conducting workshops, seminars, 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.

This conference provided a platform for discussions between eminent scientists
and engineers from various countries including India, USA, South Korea, Norway,
Malaysia, and Australia. In this conference, eminent speakers from all over the
world presented their views related to different aspects of energy, combustion,
emissions, and alternative energy resources for sustainable development and cleaner
environment. The conference started with four mini-symposiums on very topical
themes, which included (i) New Fuels and Advanced Engine Combustion,
(ii) Sustainable Energy, (iii) Experimental and Numerical Combustion, and
(iv) Environmental Remediation and Rail Road Transport. The conference had 14
technical sessions on topics related to energy and environmental sustainability and a
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panel discussion on ‘Challenges, Opportunities and Directions of Technical
Education & Research in the Area of Energy, Environment and Sustainability’ to
wrap up the three-day technical extravaganza. The conference included two plenary
talks, 12 keynote talks, 42 invited talks from prominent scientists, 49 contributed
talks, and 120 posters. A total of 234 participants and speakers attended this
three-day conference, which hosted Dr. V K Saraswat, Member, NITI Aayog, India,
as a chief guest for the award ceremony of ISEES. This conference laid out the road
map for the technology development, opportunities, and challenges in this tech-
nology domain. The technical sessions in the conference included Advances in IC
Engines and Fuels; Conversion of Biomass to Biofuels; Combustion Processes;
Renewable Energy: Prospects and Technologies; Waste to Wealth—Chemicals and
Fuels; Energy Conversion Systems; Numerical Simulation of Combustion
Processes; Alternate Fuels for IC Engines; Sprays and Heterogeneous Combustion
of Coal/Biomass; Biomass Conversion to Fuels and Chemicals—Thermochemical
Processes; Utilization of Biofuels; and Environmental Protection and Health. All
these topics are very relevant for the country and the world in the present context.
The society is grateful to Prof. Ashok Pandey for organizing and hosting this
conference, which led to the germination of this series of monographs, which
included 16 books related to different aspects of energy, environment, and sus-
tainability. This is the first time that such a voluminous and high-quality outcome
has been achieved by any society in India from one conference.

The editors would like to express their sincere gratitude to the authors for
submitting their work in a timely manner and revising it appropriately at short
notice. We would like to express our special thanks to all those who reviewed
various chapters of this monograph and provided their valuable suggestions to
improve the manuscripts. We acknowledge the support received from various
funding agencies and organizations for the successful conduct of the first ISEES
conference SEEC-2017, where these monographs germinated. These include
Department of Science and Technology, Government of India (special thanks to
Dr. Sanjay Bajpai); TSI, India (special thanks to Dr. Deepak Sharma); Tesscorn,
India (special thanks to Sh. Satyanarayana); AVL, India; Horiba, India; Springer
(special thanks to Swati Mehershi); CIAB (special thanks to Dr. Sangwan).

Kharagpur, India Dhananjay Kumar Srivastava
Kanpur, India Avinash Kumar Agarwal
Kolkata, India Amitava Datta
Rupnagar, India Rakesh Kumar Maurya
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Horizons in Internal Combustion Research

Dhananjay Kumar Srivastava, Avinash Kumar Agarwal,
Rakesh Kumar Maurya and Amitava Datta

Abstract With the major concern to increase the efficiency of internal combustion
(IC) engines, various technologies and innovations have been implemented to
improve efficiency and reduction of emissions. This monograph gives a detailed
description of advanced IC engine concepts. The monograph is divided into
advanced technology for IC engines, exhaust after-treatment and its heat recovery,
simulations in the field of IC engine such as HCCI and GCI. Toward the end of this
monograph, an overview has been presented related to future mobility solutions of
Indian automotive industry. The latest research topics are included in this mono-
graph which will be very useful to students, research scholars as well as industries
working in IC engine.

Keywords LTC � HCCI � GCI � Indian automotive industry � Exhaust
after-treatment

Internal combustion (IC) engines today represent a class of heat engines marked by
their high power-to-weight ratio, making them the suitable choice for portable
power solutions. Worldwide scientists and researchers are concerned about climate
change and global warming. Automotive vehicles are a major source of emission of
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greenhouse gases (GHGs) and particulate matter (PM). This monograph has been
designed after careful assessment of challenges faced by engine community.

This monograph is divided into five parts. The second part is on advanced
technology for IC engines and has six chapters. One of the chapters is on
low-temperature combustion which is an advanced technology for IC Engines. This
chapter reviews fundamental aspects of development of LTC engines and their
evolution. Another chapter is on HCCI engine concept. The homogeneous charge
compression ignition (HCCI) strategy is an advanced engine combustion concept
having higher thermal efficiency while maintaining the NOx and soot emission to
an ultra-low level. Intense ringing operation in HCCI engine is one of the major
challenges at high load conditions, which limits the HCCI engine operation range
and can also damage engine parts. This chapter will be of great interest to the
industry. Another chapter is on various strategies and methods used in commercial
vehicles. This chapter discusses on fully flexible camless valve actuation systems
explaining the working of some popular actuation systems, highlighting their
advantages and limitations. Few experimental results from the literature have also
been cited to substantiate the utility of variable valve actuation systems.
Oxygenated fuels are a solution to emission and also play a critical role in IC
engine. In this context, one of the chapters is on the effect of butanol addition in the
diesel fuel on the combustion and emissions characteristics of a diesel engine.
Combustion stability is also discussed with respect to diesel engine operation with
butanol blends. Carbon monoxide (CO), unburned hydrocarbon (HC), and nitrogen
oxides (NOx) emissions characteristics of diesel engine using butanol blends are
discussed in this chapter. Special emphasis is placed on the discussion of particulate
emission (soot particle numbers) in diesel engine with butanol blends. Another
chapter is on cycle to cycle variations in conventional diesel engine using wavelets.
Higher cycle to cycle variations in combustion engines lead to efficiency losses,
engine roughness, and lower power output and higher exhaust emissions. Cycle to
cycle variations in combustion engines are typically characterized by several
techniques such as statistical method, symbol sequence statistics, chaotic methods,
and wavelet analysis. This strategy has better temporal and spectral resolution, and
thus wavelet analysis can be used to analyze the periodicities as well as magnitude
of variations in the engine combustion cycles. This chapter presents the charac-
terization of cycle to cycle variations in conventional diesel engine fueled using
statistical as well as wavelets technique. Another interesting and innovating chapter
is on development of online mixing of gaseous fuel such as hydrogen and CNG. In
this chapter, gaseous fuel mixing system was developed by which one can change
the proportions of hydrogen and CNG of the HCNG blends dynamically without
necessarily stopping the engine. Validation of the system developed was done by
theoretical methods and experimental investigations.

The third part of this monograph is on exhaust after-treatment and its heat
recovery, and it covers three important topics. One of the chapters provides over-
view on recent advancements in after-treatment technology for IC engines. Recent
advances include reduction with and without filter, reduction with catalyst and
without catalyst, and some other after-treatment techniques such as plasma-assisted

4 D. K. Srivastava et al.



techniques, NOx, soot combined reduction. One chapter is on calcium oxide
nanoparticles and its potential toward purification of vehicle gas exhaust. Calcium
oxide nanoparticles and its potential toward purification of vehicle gas exhaust were
investigated in this work. Calcium oxide nanoparticles were synthesized, and its
efficiency in absorbing constituents of vehicle gas exhaust has been estimated.
There is a review chapter on exhaust heat recovery using thermoelectric generators.
Engineers and researchers are basically working for improving the conversion
efficiency of TEG modules by developing and doping semiconductors and opti-
mization of the AETEG system to utilize and recover maximum heat available from
the exhaust line by designing efficient heat exchanger systems, thus trying to
improve its feasibility. This article covers the wide spectrum of feasibility of
application of TEG modules in diesel engines with possible ways to utilize the
generated power.

The fourth part is on numerical and computational work, and it covers four
important topics. One of the authors presented results from a series of computa-
tional fluid dynamics (CFD) simulation studies performed by us to understand the
impact of design features and operating conditions on GCI, focusing on idle to low
loads, where igniting gasoline purely through compression is challenging. These
simulations are based on experiments performed at Argonne National Laboratory
(Argonne) on a four-cylinder diesel engine modified in GCI mode. We studied the
impact of factors like injector nozzle inclusion angle, injection timing, injection
pressure, boost level, and swirl ratio. The preignition reaction space from the results
was analyzed to understand the interplay between these factors and the overall
reactivity. We also delve into the impact of uncertainties in CFD model inputs such
as model parameters and initial and boundary conditions on simulation results by
performing a global sensitivity analysis (GSA), based on thousands of CFD cal-
culations run on a supercomputer at Argonne.

Another chapter deals with design of IC engine using CFD. The purpose of this
chapter is to make the reader to familiarize with the complexities involved in the
working of a four-stroke engine. The five events which are completed in four
strokes are suction, compression, combustion, expansion, and exhaust. It is hoped
that readers may be benefited in understanding the application of CFD for fluid flow
analysis and engine design by reading this chapter. Therefore, the main aim of this
chapter is to make the reader appreciate how exactly CFD can be applied for design
of an engine. As it is application-oriented, we are not going deep into the equations,
modeling, etc. A number of case studies are presented and discussed.

The fifth and last part of this monograph is on next step to be taken for Indian
automotive industries. A chapter focuses on strategies and policies to be followed
by government. Recently, government planned to debar gasoline and diesel vehicle
by 2030. In this scenario, Indian automotive industry has to be future-ready. The
future disruptions in Indian automotive would include implementation of hybrids,
electric, and fuel-cell vehicles. Government has started working in infrastructure
development of hybrid and electric vehicles such as charging units, battery
development, charging infrastructure development. However, currently hybrid and
electric vehicles are significantly costlier and are required to be economically
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feasible. It can be assumed that conventional gasoline engines will be used in
hybrid vehicles. This monograph presents both fundamental science and applied
emerging technologies for IC engine research. Specific topics covered in the
manuscript include:

• Low-temperature combustion;
• Characterization of ringing operation in ethanol-fueled HCCI;
• Variable valve actuation systems;
• Use of butanol blends in a diesel engine;
• Cycle to cycle variations in conventional diesel engine using wavelets;
• Hydrogen-enriched compressed natural gas;
• Recent advancements in after-treatment technology;
• Calcium oxide nanoparticles as an aid for purification of vehicle gas exhaust;
• Exhaust heat recovery using thermoelectric generators;
• Chemical kinetic simulation of syngas-fueled HCCI engine;
• Gasoline compression ignition;
• Application of CFD for analysis and design of IC engines;
• Future mobility solutions of Indian automotive industry.

6 D. K. Srivastava et al.



Part II
Advanced Technology for Internal

Combustion Engines



Low-Temperature Combustion:
An Advanced Technology for Internal
Combustion Engines

Akhilendra Pratap Singh and Avinash Kumar Agarwal

Abstract Universal concerns about degradation of ambient environmental condi-
tions, stringent emission legislations, depletion of petroleum reserves, security of
fuel supply, and global warming have motivated R&D of engines operating on
alternative combustion concepts, which have the capability of using renewable
fuels. Low-temperature combustion (LTC) is an advanced combustion concept for
internal combustion (IC) engines, which has attracted global attention in recent
years. LTC is radically different from conventional spark ignition (SI) combustion
and compression ignition (CI) diffusion combustion concepts. LTC technology
offers prominent benefits in terms of simultaneous reduction of both oxides of
nitrogen (NOx) and particulate matter (PM) in addition to reducing specific fuel
consumption. However, controlling ignition timing and heat release rate (HRR) are
primary challenges to be tackled before LTC technology can be implemented in
automotive engines commercially. This chapter reviews fundamental aspects of
development of LTC engines and their evolution, historical background, and origin
of LTC concept and its future prospects. Detailed insights into preparation of
homogeneous charge by external and internal measures for diesel like fuels are
discussed. Combustion characteristics of LTC engines including combustion
chemistry, HRR, and knock characteristics are also touched upon in this chapter.
Emission characteristics are also reviewed along with insights into PM and NOx
emissions from LTC engines.

Keywords Low temperature combustion � Oxides of nitrogen � Particulate matter
Combustion control
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1 Introduction

Transport is an essential component by which people not just connect with each
other but also progress. To fulfill increasing demand for safe, reliable, environ-
mental friendly, economical and efficient transport system, development of novel
automotive technologies has become crucial. Automotive technology refers to the
technologies incorporated in vehicles for their design and prototyping. These
technologies are essential for evolution and adaptation in existing vehicles. With
rapidly increasing demand as well as expectations of consumers for higher safety
standards, low-carbon future is embodied aggressively in evolving fuel economy
standards and stringent emissions norms. According to World Energy Outlook
(2011) factsheet of International Energy Agency (IEA), global demand for primary
energy is expected to increase by one-third between 2010 and 2035 and
energy-related CO2 emissions are expected to increase by 20% (reaching up to 37
GtCO2 by 2035) [1, 2]. Rapidly dwindling petroleum reserves are another major
concern for the automotive sector. Therefore, research efforts have focused on
exploration of alternative energy resources, including renewable fuels such as
biofuels, solar energy, and hydrogen.

Direct injection compression ignition (DICI) and spark ignition (SI) engines are
the main technologies, which have reputed and established applications in the
automotive sector. Over the past several decades, diesel engines have become more
efficient, durable, quieter, and vibration-free. Diesel vehicles have undergone dra-
matic changes in the last decade with the advent of common rail direct injection
(CRDI) technology. CRDI technology offers unprecedented flexibility, which was
previously not available for DICI engines, and it delivers 25% higher power output
compared to baseline DICI engines. Apart from engine performance, control of
harmful pollutants like oxides of nitrogen (NOx), particulate matter (PM)/soot,
carbon monoxide (CO), and hydrocarbons (HC) is essential in order to preserve the
environment and protect the human health. Diesel engines are one of the major
sources of PM, which mainly consist of soot laced with polycyclic aromatic
hydrocarbons (PAHs), trace metals, and sulfates. PM is known to have adverse
impact on human health and the environment through inhalation pathway, toxic
contamination of different environmental media, visibility reduction (due to
smoke), and global climate change (due to black carbon emissions) [3].

Different emission reduction techniques are being developed to comply with
prevailing emission standards. These techniques can be broadly classified into
active and passive emission reduction techniques. In the active emission reduction,
polluting species are prevented from formation during combustion. The governing
principle to avoid pollutant formation in the combustion chamber is to optimize the
combustion. Combustion and pollutant formation in diesel engines are dependent
on in-cylinder conditions, which are primarily governed by fuel injection param-
eters, in-cylinder air temperature, pressure, and charge motion. Numerous tech-
niques such as turbo-charging, exhaust gas recirculation (EGR), high-speed direct
injection (HSDI), modifications in engine configuration, and design of flow control
valves have been implemented to control the formation of pollutants during

10 A. P. Singh and A. K. Agarwal



combustion. In passive emission reduction, combustion products are neutralized
before their exit from the tailpipe into the atmosphere. These methods include
exhaust gas after treatment, which have been developed over decades. Three way
catalytic convertors (TWC), diesel particulate filters (DPF), diesel oxidation cata-
lysts (DOC), selective catalytic reduction (SCR) technique, and lean NOx traps
(LNT) are some of the popular exhaust gas after-treatment techniques. Emission
control hardware is located in the exhaust system of vehicles, where they oxidize
and reduce pollutants before the exhaust is released into the atmosphere. Current
and emerging after-treatment techniques promise significant emission reduction;
however, the cost and complexities involved in their implementation threaten their
application to the diesel engines.

Additionally, use of alternative fuels and hybrid vehicles can also be considered
for emission control. In spite of the fact that fossil fuels are the backbone of the
energy supply, depletion in their reserves and stringent emission norms have
motivated researchers to develop advanced vehicles such as battery-operated vehi-
cles, fuel-cell vehicles. Another concept for emission reduction is the use of hybrid
vehicles, which are powered by electric motors along with IC engines. The electric
motors provide the benefit of high power and efficiency but no emissions. According
to driving conditions, in hybrid vehicles, power source can be switched between an
electric motor and an IC engine, resulting in higher fuel economy and lower emis-
sions. However, hybrid vehicles suffer from the limitation of higher cost, scarcity of
raw materials (rare earth metals), large size and weight, which has resulted in very
small share of hybrid vehicles among new vehicles sales. New vehicle technologies
collectively are expected to account for 6% of new passenger vehicle sales by 2020
and 19% by 2035, bulk of which would be hybrids. Figure 1 shows the relative
growth of different automobile technologies among new vehicle sales.

In such a scenario, automotive industry desperately requires technologies, which
are cleaner and efficient, improve ambient air quality in an efficient manner, reduce
greenhouse gas emissions, and contribute to energy security [5–9]. Considering
stringent emission regulations and scarcity of primary energy resources, develop-
ment of new highly efficient, and environment friendly combustion concepts and
systems capable of utilizing alternative fuels in addition to conventional fuels have
become increasingly important. Several experimental studies have been carried out

Fig. 1 Present and future status of light-duty vehicle sales [4]
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to develop novel combustion concepts such as low-temperature combustion (LTC),
which demonstrate the prospects of meeting stringent environmental challenges
faced by automotive engines. In recent years, researchers have focused on LTC
technology development primarily due to its extremely low NOx and PM emissions
and high efficiency potential.

1.1 Advanced Combustion Techniques

LTC engines have great potential to achieve high thermal efficiency and ultra-low
emissions of NOx and PM. This has attracted attention of researchers and automotive
industry alike. Significant efforts are being made to understand the physical and
chemical processes involved in LTC, which affect engine performance and emis-
sions. LTC engines operate on the same fundamental principle as a four-stroke engine
and use basic elements of CI and SI engines. The LTC principle is shown in Fig. 2.

In a LTC engine, during the intake stroke, a nearly homogeneous fuel–air mixture
is introduced. After intake valve closing (IVC), the piston starts to compress the
fuel–air mixture, which increases the in-cylinder temperature and pressure. As the
piston approaches TDC, charge attains auto-ignition conditions. Chemical kinetics
of the charge can be accelerated by increasing the charge temperature in the
beginning of compression stroke by preheating the intake air or by retaining a
fraction of hot exhaust gas from the previous engine cycle in the cylinder. In both
strategies, chemical reactions occurring in the homogeneous fuel–air mixture
accelerate due to relatively higher charge temperature and pressure of residuals [11].
Start of combustion (SoC) in LTC mode can be controlled by a combination of
variables such as compression ratio, inlet charge temperature, and pressure. As soon
as the auto-ignition temperature is attained during the compression stroke, fuel starts

Fig. 2 Homogeneous charge compression ignition combustion principle [10]
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oxidizing rapidly and its chemical energy is released instantaneously. Auto-ignition
in LTC engine occurs simultaneously at several locations throughout the engine
cylinder, and these locations are called hot spots. This quick heat release causes
pressure rise in a significantly shorter time span compared to conventional com-
bustion, while the peak cylinder local and global temperature still remains signifi-
cantly lower. The fuel–air mixture temperature and pressure, therefore, increase
further during combustion. During the expansion stroke, work is done by the
expanding gases on the piston to produce a net positive torque, which is available at
the crankshaft. The cycle is completed after the piston ascends to TDC during the
exhaust stroke, forcing products of combustion out of the cylinder. In summary,
LTC consists of the following steps:

(a) Preparation of a highly dilute fuel–air mixture using EGR to control combus-
tion and the heat release rate.

(b) At the end of the compression stroke, fuel–air mixture temperature approaches
auto-ignition temperature, leading to simultaneous spontaneous ignition of
entire charge in the cylinder at several locations.

(c) Precise control of heat release rate (HRR) to achieve trade-off between com-
bustion efficiency and emissions [12].

1.2 Advantages of LTC

This section describes potential advantages and scientific challenges in exploiting
full advantage of this novel LTC concept, referred as homogeneous charge com-
pression ignition (HCCI) combustion. LTC offers several advantages over the
conventional combustion modes [13, 14]:

• LTC approximates a constant volumetric combustion in a very short combustion
duration, and it can be achieved for high compression ratio; therefore, it results
in higher thermal efficiency. Relatively lower peak combustion temperature in
LTC leads to better energy utilization due to lower radiation losses. Throttling
losses are also absent in a LTC engine in comparison to a SI engine.

• LTC has potential of significantly lower emissions compared to DICI and DISI
engines with simultaneous reduction in NOx and PM emissions. There is no
flame front, i.e., there is complete absence of localized areas of excessively high
temperature and rich mixtures due to superior homogeneity of the fuel–air
mixture. Therefore, there is no soot production. Further, there are
low-temperature conditions and more uniform distribution of bulk gas temper-
ature in the cylinder; therefore, NOx emissions are restricted to ultra-low levels.
Hence, LTC is not affected by Soot–NOx trade-off.

• Main advantage of LTC is its fuel flexibility. LTC can be achieved by a wide
range of fuels including gasoline, mineral diesel, biodiesel, alcohols, etc. Fuel
flexibility of LTC engines enables the use of various alternative fuels that could
reduce rapid depletion rate of petroleum reserves [15–17].
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• LTC engines are suitable for the replacement of conventional SI and CI engines.
These engines can also be coupled with advanced hybrid engines, i.e., to
combine the advantages of highly efficient IC engines with electrical series
hybrid powertrains.

1.3 Challenges in LTC

The main challenges that hinder the realization of LTC are as follows:

• Difficulties in vaporization of diesel hinder the development of diesel LTC
because the fuel injection timings of LTC are significantly advanced compared
to direct injection diesel combustion. When diesel is injected, the cylinder
pressure and temperatures are close to atmospheric conditions. Viscous diesel
fuel does not vaporize under these conditions. Therefore, preheating of intake air
is required for vaporization of mineral diesel.

• LTC does not offer precise control over the start of combustion across wide
range of engine speeds and loads. This issue becomes more important at the time
of transient engine operation. Although several attempts have been made to
resolve this issue by EGR control techniques such as variable valve timings;
however, there is scope for further improvement in this area.

• LTC regime suffers from load limitations and can be implemented only at
low-to-medium loads. For real-world application of LTC, the engine operation
modes have to be switched back and forth between LTC mode at lower loads
and conventional CI mode at higher loads.

• LTC is characterized by leaner air–fuel ratios. However, rich fuel–air mixtures
at higher loads cause deterioration in engine noise, very rapid heat release rates,
reduction in engine power output, etc.

• Lower in-cylinder temperature in case of LTC impedes post-oxidation of HCs
and conversion of CO to CO2. Thus, LTC basically suffers from the problem of
high HC and CO emissions.

2 Premixed Charge Compression Ignition (PCCI):
An Advanced LTC Technique

Different LTC systems can be differentiated by control over combustion phasing.
Adaptation of HCCI technique results in reduced NOx and PM in diesel engines;
however, HCCI combustion results in overall inferior thermal efficiency, and it also
suffers from the lack of control over the combustion phasing. In case of a HCCI
engine, combustion phasing is dominated by chemical reaction kinetics and
decoupled from injection timing, which further results in lack of control over
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combustion events. Researchers have observed either too advanced or too retarded
combustion phasing in case of HCCI combustion, which results in lower thermal
efficiency. Poor combustion phasing results in relatively higher HC and CO
emissions due to lower in-cylinder temperatures. These issues motivated
researchers to develop a new LTC strategy known as premixed charge compression
ignition (PCCI) combustion.

PCCI combustion is an advancement over HCCI combustion in terms of com-
bustion stability. In PCCI combustion, control over combustion events with
injection strategy is retained and a greater percentage of the total charge is premixed
prior to ignition relative to conventional diesel combustion. In PCCI engine, fuel is
injected at an intermediate timing between that of HCCI and conventional CI
engine. This results in a partially premixed fuel–air mixture, which auto-ignites
similar to HCCI combustion mode. PCCI combustion seems better compared to
HCCI combustion due to better control over the combustion events, which leads to
relatively superior engine performance. Various injection strategies are available for
PCCI combustion, but commonly advanced injection timings are used to increase
fuel–air mixing time. Despite the charge not being completely premixed (homo-
geneous), the same principles are applied to obtain low emissions as with HCCI.
The factors used to promote combustion conditions toward the PCCI mode of
operation are primarily the injection strategy and EGR rate. PCCI combustion is a
single-stage combustion technique in which most fuel is burnt in premixed com-
bustion phase. There is very small or practically no fuel remaining in the com-
bustion chamber for diffusion combustion, which results in a relatively lower bulk
temperature inside the combustion chamber. PCCI engines at high loads are
facilitated with high boost pressure, which helps in oxidation of fuel resulting in
relatively lower CO and HC emissions. Therefore, PCCI engine not only offers
benefits of LTC with lower NOx and PM emissions but also results in significantly
lower HC and CO emissions.

2.1 Charge Preparation for PCCI Combustion

Charge preparation, i.e., mixing of fuel and air is a very important feature of IC
engines. The combustion process and its control are very much dependent on
quality of mixtures and the technique employed for charge preparation. One of the
major challenges of PCCI combustion is to prepare the premixed charge (highly
diluted fuel–air mixture to give reasonable burn rates) before auto-ignition tem-
perature is attained and combustion starts in the combustion chamber. In PCCI
combustion engines, effective mixture preparation technique is required for
achieving high efficiency, low HC, and PM emissions and preventing lubricating oil
dilution. There are several techniques employed for charge preparation in PCCI
combustion engines, depending on test fuel properties and control strategies being
used.
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The PCCI charge preparation techniques can be divided into three main cate-
gories, including external charge preparation (port fuel injection), internal charge
preparation (in-cylinder direct injection), and concepts using both types of charge
preparation techniques (dual-fuel mode). These strategies differ from each other in

Fig. 3 Common LTC strategies for diesel engines [18]

Fig. 4 LTC fueling configurations [18]
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terms of time available for mixing and in degree of mixture homogeneity, which is
achieved at the time of SoC [18].

Common strategies for achieving LTC include HCCI [19–22], single-injection
LTC [23–26] and reactivity controlled compression ignition (RCCI) [27, 28], as
shown in Fig. 3. An overview of fueling configurations is shown in Fig. 4. To
achieve the diesel-fueled PCCI combustion, a multiple-fuel injection strategy is
preferred due to its capability of generating nearly homogeneous fuel/air mixture
[18].

2.2 Fuel–Air Mixture Homogeneity

Main requirement of LTC is the availability of homogeneous fuel–air mixture
before SoC. In an IC engine, fuel–air mixing is governed by many parameters such
as fuel properties, fuel injection strategy, in-cylinder conditions, fuel spray char-
acteristics, in-cylinder flow patterns. These parameters are closely related to each
other, i.e., in-cylinder conditions can be optimized by controlling fuel injection
parameters and in-cylinder flows. Air motion redistributes dense liquid core of fuel
throughout the combustion chamber. In-cylinder flows have strong impact on fuel
evaporation; hence, they affect both the physical and chemical delay part of the
ignition delay. Mainly in-cylinder flows near the intake and exhaust manifolds have
been the focus for investigations of fuel–air mixing and its cyclic variations. Most
researchers have operated engines in motoring mode. A common observation from
these studies has been that there were large-scale dissipation of in-cylinder turbulent
flow structures of the intake jet into small eddies with progression of an engine
thermodynamic cycle. Among different flow structures that get formed inside the
combustion chamber, “swirl,” “tumble,” and “squish” are of particular interest
because of their significant impact on fuel–air mixing. Swirl is an organized rota-
tional motion of air around the cylinder axis. Swirl is generated during the intake
stroke due to specific intake manifold geometry and during compression stroke
because of geometry of the piston and cylinder.

Fuel spray characteristics also significantly affect the fuel–air mixing inside the
combustion chamber; therefore, it has been also been studied by many researchers
using experiments as well as numerical techniques [29, 30]. They emphasized on
the fuel spray atomization, which is required to enhance the in-cylinder fuel–air
mixture homogeneity. They suggested that spray breakup processes become more
complex due to higher ambient air density, which results in a dominant aerody-
namic and viscous effects. Therefore, optimized fuel injection parameters are
required to achieve a trade-off between in-cylinder conditions and fuel spray
characteristics.
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3 Combustion Characteristics of LTC

For any combustionmode, combustion characteristics inside the combustion chamber
affect overall performance parameters of the engine such as power output, emissions.
Considering the fluid mechanics, PCCI combustion can be divided into three distinct
phases, namely pre-combustion, combustion, and post-combustion (Fig. 5).

(a) Pre-combustion: Flow dominates; small change in species.
(b) Combustion: Chemistry dominates; heat release occurs so rapidly and globally

that turbulent mixing does not have time to be a significant influence.
(c) Post-combustion: Chemistry and turbulent mixing are likely to have some

coupling, but no chemical heat release occurs (Fig. 6).

Fig. 5 Phases in LTC [31]

Fig. 6 Typical heat release
curve from LTC of n-heptane
[32, 33]
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Due to small heat release, during early compression stroke, in-cylinder pressure,
and temperature increases slightly. The low heat release (LHR) is associated with
low-temperature chemical kinetics reactions. After LHT, the high heat release
(HHR) occurs, which is attributed to negative temperature coefficient (NTC) regime
[33]. NTC is the intermediate temperature region between LHR and HHR and is
regarded as being the general characteristic in fully or partially premixed charge.
Increasing pressure and cool flames result in lower NTC duration because these
accelerate the activation of hot flame region [34].

The temperature range of the NTC area is between 700 and 950 K [35, 36]. In
the NTC regime, overall reaction rate decreases with increasing in-cylinder tem-
perature, resulting in a lower mixture reactivity. Heat release from low-temperature
reactions is mainly related to the fuel and the engine operating conditions. In
particular, in case of mineral diesel with a relatively high auto-ignition tendency or
CN [37], LHR was observed. In case of gasoline-like fuels with low CN (high
octane number), LHR was lower compared to mineral diesel like fuels under the
same condition. Consequently, heat release from low-temperature reactions is too
little to be observed expectedly in the heat release profile at most conditions for
gasoline-like fuels [38]. In case of HCCI-DI, diffusive combustion is also noted due
to directly injected mineral diesel [34]. Oxidation of hydrocarbon fuels mainly takes
place via two general routes shown in Fig. 7.

Due to auto-ignition of hydrocarbons, low-temperature reactions start in the
combustion chamber, which produce intermediate species (CH2O, HO2, and O
radicals) [39]. After some time, thermal flame reactions start, followed by the main
heat release. Domination of high-temperature oxidation (HTO) reactions of
hydrocarbon fuel can be clearly seen in HRR of main combustion (Fig. 7). High
concentrations of CH, H, and OH radicals are indicative of the dominance of
high-temperature chemistry during bulk combustion [40]. These intermediate spe-
cies are produced by thermal decomposition reactions, including the chain breaking
of C–C bonds in the fuel. The other important concern of HCCI combustion is the
steep rate of pressure rise produced by auto-ignition of nearly homogeneous fuel–
air mixture. The in-cylinder gas temperatures, at which the low and
high-temperature oxidation reactions start, are significantly different. The LTO and
HTO start at *790 and *970 K, respectively, for n-pentane, which is independent

Fig. 7 Reaction pathways of
hydrocarbon fuels in low- and
high-temperature reactions
[38]
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of equivalence ratio, EGR rate and intake air temperature (Ti) [41]. Najt and Foster
[42] reported that the auto-ignition of homogeneous fuel–air mixture was controlled
by low-temperature (<1000 K) chemistry, and the bulk energy release was con-
trolled by the high-temperature (>1000 K) chemistry dominated by CO oxidation.

4 Emission Characteristics of LTC

This section is divided into three subsections, namely regulated emissions, unreg-
ulated emissions, and particulate emissions.

4.1 Regulated Emissions from LTC

The basic motivation behind the development of this novel technology is its
potential for significant reduction in exhaust emission as compared to conventional
CI engines. In a conventional CI engine, there is a trade-off between NOx and PM.
Figure 8 shows the advanced technology options, which can be used for simulta-
neous reduction of NOx and PM. In the CI engine, NOx is formed in the
high-temperature zones under close to stoichiometric conditions and soot is formed
in the fuel-rich spray core region. When engine runs at lower loads, its peak
cylinder temperature is low, which reduces NOx formation but lower oxidation
levels enhance soot formation. On the other hand, when engine runs at higher loads,
its peak cylinder temperature is higher. This increases the NOx level but reduces the
PM level due to improved oxidation at higher in-cylinder temperature. This proves
that CI engine must use exhaust gas after treatment for NOx or/and PM. Although
the in-cylinder average equivalence ratio is always lean, the combustion process

Fig. 8 Advanced technology options for emissions control [43]
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does not complete in overall lean conditions. These characteristics show large
potential for LTC to reduce NOx and PM levels simultaneously.

At present, a large fraction of NOx and PM concentration are originating from
the heavy-duty vehicles, which use CI combustion. Figure 9 shows the emissions
from light-duty vehicles and heavy-duty vehicles.

It becomes very challenging to develop a system, which can be used as an
alternative to conventional CI engines. LTC technology is a potentially strong
alternative to the CI combustion; however, till now, it can be used only at light
engine loads.

Control of NOx levels is the most attractive aspect of LTC, and quantitatively, it
reduces 90–98% NOx as compared to conventional diesel combustion [44, 45]. The
basic reason of NOx formation in a standard CIDI engine is the presence of
localized high-temperature regions. When the fuel is sprayed in the combustion
chamber, oxygen interacts at the boundary surface between the air and the fuel
droplets. This is the boundary where combustion takes place and generates high
temperature locally. This provides favorable conditions for NOx formation because
of availability of excess oxygen along with high temperatures in the localized
regions. The underlying mechanism responsible for low NOx levels in LTC is the

Fig. 9 Emissions from diesel passenger car [43]
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absence of high-temperature regions in the combustion chamber. The availability of
excess oxygen is also reduced by introduction of EGR, which further reduces the
NOx level during LTC. The combustion products such as CO2 and H2O present in
EGR have a higher specific heat per unit mass compared to the fresh air, which
absorbs the thermal energy and results in lower combustion temperatures, which
slows down the chemical kinetics of fuel–air mixtures.

Takeda et al. [46] performed experiments in a direct injection four-stroke nat-
urally aspirated single-cylinder engine. Three injectors (one at the center, two on the
sides) were used. A dramatic reduction in NOx by early fuel injection timing due to
lean fuel/air mixture was reported. Reduction in NOx emissions was accompanied
by an increase in THC and CO levels due to incomplete combustion of over-lean
fuel/air mixture. Gray et al. [47] reported 90–98% reduction in BSNOx under all
operating conditions. Iwabuchi et al. [48] performed their experiments on PCCI
combustion and reported ultra-low NOx emissions at a cost of slightly higher
specific fuel consumption. Kimura et al. [49] developed a new combustion concept
“Modulated Kinetics” (MK) and reported 90% reduction in NOx levels as com-
pared to CIDI engines.

Hydrocarbon emissions from the LTC indicated incomplete combustion.
For LTC, the whole cylinder volume was full of homogeneous fuel–air mixture and
the combustion temperature was relatively lower, which promoted formation of HC
emissions. Increasing EGR resulted in higher HC emissions primarily due to
reduction of in-cylinder temperatures. The mixture trapped in crevices will be too
cold to ignite during LTC. Fraction of HC emissions originating from crevice
volume increases with increasing compression ratio. Due to increasing compression
ratio, the amount of charge trapped in crevice volume increases; hence, HC
emissions also increase.

It has been found that LTC engines usually have elevated CO emission levels,
particularly at low loads. This was due to low in-cylinder temperature of LTC;
hence, fuel near the cylinder walls does not burn. In the conventional CI com-
bustion mode, a large fraction of CO is oxidized into CO2 due to high combustion
temperature. Low combustion temperature in case of LTC mode also reduces the
oxidation of CO into CO2.

4.2 Unregulated Emissions from LTC

Major pollutants emitted in HCCI combustion studies for different engine operating
conditions and combustion chamber configurations are regulated emissions. The
formation mechanism, sources, and harmful effects of unregulated emissions from
HCCI combustion have not been fully explored and understood yet. Polycyclic
aromatic hydrocarbons (PAHs) are potentially carcinogenic, while oxygenated
hydrocarbons (OHC) such as aldehydes or ketones act as ozone precursors.

Many researchers have investigated the health effects and environmental effects
of unregulated gaseous emission species (Table 1). Ravindra et al. [51] suggested
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that there should be appropriate regulations for PAHs. PAHs, carbonyl compounds,
benzene, toluene, ethylbenzene and xylene (BTEX) are harmful for human health.
These are categorized as “possible carcinogens.”

Table 1 Health and environmental effects of unregulated emission species [50]

Unregulated emission
species

Possible health and environmental effects

Methane (CH4) • GHG with greenhouse index 21 times that of CO2.

• Simple asphyxiant, when inhaled
• Leads to headache, dizziness, weakness, nausea, vomiting, and loss of
consciousness

Normal-butane
(n-C4H10)

• Inhalation causes euphoria, drowsiness, narcosis, asphyxia, cardiac
arrhythmia, and fluctuations in blood pressure

Isobutane
(iso-C4H10)

• Simple asphyxiant, when inhaled
• Causes fatigue, dizziness, headache, and nervous system damage

Normal pentane
(n-C5H12)

• Affects central nervous system
• Causes erythema, hyperemia, swelling, pigmentation, and anoxia
• Burning sensation accompanied by itching and blisters

Normal octane
(n-C8H18)

• Giddiness, vertigo, skin redness and rashes, brain irritation, or apneic
anoxia

• Throat and lungs problems and headache

Ethylene (C2H4) • Causes headache, drowsiness, dizziness, nausea, weakness, and
unconsciousness

• Causes irritation to respiratory system, alters carbohydrate
metabolism

• Acts as ozone formation agent

Acetylene (C2H2) • Causes suffocation, dizziness, headache, unconsciousness, and nausea
• Inhalation results in high blood pressure, fits and abnormal heart
rhythm

Benzene (C6H6) • Drowsiness, dizziness, rapid or irregular heartbeats, headache,
tremors, confusion, unconsciousness, and carcinogenic

• Chromosomal aberrations in human peripheral lymphocytes

Formaldehyde
(HCHO)

• Irritation in eyes, nose, and throat, coughing, and skin irritation
• Considered as human carcinogen, causes asthma-like respiratory
problems

• Affects pregnancy and reproductive system

Acetaldehyde
(CH3CHO)

• Irritation of skin, eyes, mucous membrane, throat, respiratory tract,
nausea, vomiting and headache

• Probable carcinogen

Formic acid
(HCOOH)

• Causes teary eyes, running nose, coughing, sore throat, bronchitis,
shortness of breath, pulmonary edema, liver and kidney damage

• Burns tissues and membrane of the skin, and respiratory tract

Ethanol (C2H5OH) • Causes unconsciousness
• Affects formation of antidiuretic hormones, leading to brain disability
• Affects nervous system of developing embryo and fetus

Sulfur dioxide (SO2) • Higher concentration (>100 ppm) causes danger to life and health
• Burning sensation in nose and throat, breathing difficulties, and severe
airway obstructions

Low-Temperature Combustion: An Advanced … 23



Merritt et al. [52] carried out experiments in a light-duty high-speed diesel
engine using different combustion modes and compared the different regulated and
unregulated exhaust species emitted from PCCI and LTC combustion modes. They
observed significantly higher carbonyl compounds from all LTC modes and PCCI
combustion at lean conditions compared to baseline CI combustion. However,
PCCI combustion at rich conditions produced much lower carbonyl emissions than
diesel operations. In PCCI combustion, PAHs were found to be substantially higher
compared to baseline diesel operation. Total NPAH emissions were much higher at
rich and lean LTC operation compared to baseline diesel operation. Sluder et al.
[53] reported that different organic species in engine exhaust including formalde-
hyde, 1,3-cyclo-pentadiene, and benzene increased at different rates, when com-
bustion mode was changed from conventional CI to a PCCI, indicating a change in
fundamental combustion process. Natti et al. [54] studied the effect of operating
parameters such as swirl ratios, injection pressures, injection timings, and EGR rate
on regulated and unregulated emissions and their sources in a high-speed direct
injection (HSDI) diesel engine operating in LTC regime using low sulfur diesel.
They reported high levels of volatile organic compounds (VOCs) and PAHs
together with UHC and CO emissions during the LTC regime. Similar results were
also reported by Bohac et al. [55] during their investigations on speciated hydro-
carbon emissions from a diesel engine and diesel oxidation catalyst (DOC) using
conventional and PCCI combustion.

Ogawa and Li [56] investigated the unregulated harmful emissions from a diesel
engine under different operating conditions. They reported the significance of
VOCs and aldehyde compounds at low-load or idling conditions compared to total
hydrocarbons (THC). Also, there was notable increase in formaldehyde and
acetaldehyde emissions with low coolant temperatures at light loads. Further, they
observed a drastic increase in VOCs and some low-molecular HCs with intake
oxygen content lower than 14% due to EGR. They finally concluded that oxidation
catalysts were effective in reducing VOC emissions including aldehydes and some
unsaturated HCs. However, at overall rich fuel–air mixture condition, use of cat-
alysts showed no significant reduction in aromatics and methane generation from
ultra-high EGR LTC.

4.3 Particulate Emission Characteristics of LTC

PM emissions, especially small-sized particles emitted from engines, have harmful
impact on urban air quality and human health. Studies have already shown the
correlation between human health and PM emissions; therefore, environmental
protection agencies are more concerned about PM emitted from IC engines [57].

Depending on size, particulates are categorized into three distinct types, namely
(i) nucleation mode (<50 nm), (ii) accumulation mode (50–1000 nm), and
(iii) coarse mode (>1000 nm) [58–60] (Fig. 10). Area corresponding to the curve in
any size range showed the concentration of particles in that size range (Fig. 10).
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Fig. 10 Typical particle size distribution from IC engines [58]

The environmental impact of particles also depends on particle size since it influ-
ences residence time of the particulate in the atmosphere [61], optical properties of
the particulate [62], particle surface area available for adsorption [63], its ability to
participate in atmospheric chemistry [58], and its health impact [64].

LTC concept is known for its potential for very low NOx and PM emissions,
which are usually close to negligible. However, recent investigations have shown
that though the total mass of PM emitted from LTC is negligible; however, number
concentration of relatively smaller particles (in the size range <100 nm mobility
diameter) cannot be neglected [65–68]. This size range of particulate can be
measured by modern nanoparticle sizing instruments, which are suitable for studies
of LTC particulate. Singh and Agarwal [69] performed LTC experiments using
different test fuels (mineral diesel, dieseline, diesohol, and diesosene) to investigate
the effect of fuel volatility on particulate emission characteristics. The experiments
were carried out at constant EGR and intake charge temperature at different engine
loads. They observed that diesel particle number concentration was higher in
ultra-fine range; however, it was slightly lower in nanoparticle range. Lower
in-cylinder temperature with extremely lean operation prevented full oxidation of
the boundary layer and crevice bound hydrocarbons, thereby increasing concen-
tration of HC precursors, which enabled higher nucleation. Presence of large
accumulation mode particles for all the test fuels was explained by the existence of
at least some degree of diffusion burning.

Misztal et al. [66] carried out LTC experiments to investigate detailed charac-
teristics of particulate emitted from DI-HCCI system using unleaded gasoline and
NVO to capture the residuals. The main focus of this work was to explain the
consequences of intake air heating on PM emissions in a LTC engine. This study
suggested that by preheating the inlet air, PM emissions from LTC engines could be
reduced. The effect was mainly due to higher in-cylinder temperature during the
compression stroke, leading to improved fuel evaporation. Since evaporation and
wall wetting phenomenon are unique to DI fueling strategies, this trend may not be
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expected as characteristic of all LTC engines. Another investigation by Misztal et al.
[67] examined the role of injection timing in PM formation in the same engine.

Franklin [70] reported that HCCI combustion resulted in negligible accumulation
mode (soot) particles; however, significant nucleation mode particles were present in
the exhaust of a fully premixed HCCI engine. They suggested that volatile species
present in the lubricating oil acted as precursors for these nucleation mode particles.
Effect of intake air pressure on particle size–number distribution was studied by
Desantes et al. [71]. They investigated the effect of engine parameters such as intake
air oxygen content, intake air pressure on the engine out emissions. They observed
that a slight increase in intake air pressure caused a significant reduction in CO, HC,
PM mass and number emissions. Maurya et al. [68] reported the effect of port fuel
injection timings on particulate emissions from a methanol-fueled HCCI engine.
Effect of SoI timings on particulate emissions at different Ti for constant fuel quantity
injected (25 mg/cycle) is shown in Fig. 11. They reported that the peak concen-
tration of particles increased with increasing Ti up to 170 °C and further increase in
Ti did not increase the peak concentration of particles.

Maurya et al. [68] also investigated the effect of SoI on particulate as a function
of different fueling at constant Ti (Fig. 12).

Above studies suggested that in HCCI engines, significant number of particles
remained in the size range <100 nm mobility diameter which cannot be neglected.
Various researchers have already shown the health effects of particulate [72];
therefore, further research is needed to characterize PM formation in HCCI engines
with different control strategies and new fuels.

Agarwal et al. [73] performed diesel HCCI experiments and investigated par-
ticulate emission characteristics at different k and EGR rates. They observed that
most diesel HCCI particles were ultra-fine particles. Increasing EGR rate resulted in
higher particle number concentration. They also suggested that increasing EGR rate

(a) Ti =150 0 T(b)C i =1700C

Fig. 11 Particle size–number distribution at 1500 rpm with varying SoI for different inlet air
temperatures [68]

26 A. P. Singh and A. K. Agarwal



and k resulted in higher number of accumulation mode particles, which was mainly
due to higher BSOF of the PM. According to Kittleson [58], approximately 10%
(w/w) of PM is inorganic, which primarily includes trace metals and ash. In a study
carried out by Agarwal et al. [74], gasoline-fueled HCCI combustion was inves-
tigated. They reported that PM emissions from HCCI engine largely depended on
EGR rate, k, and inlet air temperature (Ti). In their experiment, total particle number
concentration increased with increasing Ti; however, it reduced for leaner mixtures.
Increasing Ti led to lower surface area of the PM, which showed lesser toxic
substance carrying capacity of PM and this was further reduced by decreasing k.
Many researchers experimentally investigated the particulate emission character-
istics of biodiesel-fueled engines and reported that biodiesel showed sharp reduc-
tion in particle mass emissions compared to baseline mineral diesel. Park et al. [75]
investigated the nanoparticle size distribution of particulate emitted by diesel engine
fueled by 20% biodiesel blend and the application of EGR reduced particle number
and mass emissions from both B20 and mineral diesel by *43%.

Several researchers studied the effect of fuel injection parameters and strategies
on particulate number–size distribution using a single-cylinder research engine and
reported that particulate number–size distribution reduced with increasing FIP [76,
77]. Total particulate numbers emitted by Karanja biodiesel blends were lower than
mineral diesel [78]. Agarwal et al. reported the lowest particulate numbers emitted
by 10% Karanja biodiesel blend [78]. Dhar and Agarwal [79] reported that total
particulate number concentration of B20 and B50 were lower than baseline mineral
diesel. Increasing FIP resulted in relatively lesser particulate number concentration.
Fuel injection timing also affected the particulate number–size distribution, and it
increased at retarded main injection timings. Di et al. [80] reported that with
increasing oxygen content of diglyme (DGM) blended with ULSD, smoke opacity,
particulate mass emission, and geometric mean diameter of particles reduced.

(a) 21 mg/stroke fuel (b) 29 mg/stroke fuel

Fig. 12 Particle size–number distribution at 1500 rpm for varying SoI for different fuel injection
quantities [68]
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Previous studies reported that bioavailable, soluble, and particle-bound trace
metals can harm the human health [81, 82]. Fine particle-associated trace metals
(such as vanadium and aluminum) can affect iron (Fe) status of alveolar macro-
phage and alter the pulmonary immune competence of exposed hosts [83].
Nanoparticles (Dp < 50 nm) as carrier of heavy metals (such as cobalt and man-
ganese) enhance the formation of reactive oxygen species (ROS) by a factor of
eight compared to pure aqueous solution of the same metals [84]. Certain trace
metals in the exhaust are of interest for their relevance to potential health effects,
such as lead (Pb), manganese (Mn), nickel (Ni), arsenic (As), cadmium (Cd), and
chromium (Cr) and have been classified by USEPA as mobile source air toxics
(MSAT). Hu et al. [85] performed particulate bound trace metal analysis from a
heavy-duty diesel engine equipped with emission reduction devices. They divided
the trace metals into several categories, namely oil additives metals (Ca and Zn), Fe,
Cu, platinum group metals (PGE), (V and Ti), MSAT metals (As, Cr, Pb, Mn, and
Ni), and other metals. Valavanidis et al. [86] reported that deposition of these trace
metals, which are originally from diesel particulate, in the lower airway of the
human respiratory system could generate hydrogen radicals and then trigger pro-
duction of oxygen free radicals, which can potentially cause both acute and chronic
lung injuries. Agarwal et al. [73, 74] performed HCCI experiments to investigate
particulate bound trace metal analysis from mineral diesel and gasoline-fueled
HCCI engines. They reported that the trace metals detected were comparatively
lower in PM emitted from diesel-fueled HCCI engine. Trace metal concentration
and BSOF increased with increasing EGR rate. They reported that BSOF from
gasoline HCCI was negligible; therefore, gasoline could be mixed with mineral
diesel to reduce BSOF.

5 LTC Control Strategies

Stable and efficient operation of LTC engines need precisely controlled combustion
timings. One of the main challenges in LTC engines is the combustion control since
onset of combustion depends on in-cylinder temperature, pressure, and fuel–air
mixing inside the combustion chamber, and there is no direct control for initiating
the combustion. When combustion control is not fast enough, too advanced or too
retarded combustion can take place in the engine. Too advanced combustion can
yield unacceptable RoPR or unacceptable peak cylinder pressure, thus causing
excessive noise, which may potentially damage the engine. Additionally, NOx
emissions from the engine tend to increase with ignition advance [87]. Another
driver for gaining an effective closed-loop combustion control is the fact that late
combustion timing leads to incomplete combustion and increasing emissions of CO
and HC. The worst case of “too late combustion” leads to a complete misfire, which
if repeated, can cause the engine to stall.

Several means to actuate combustion phasing for LTC engine control have been
suggested by various researchers [90–92] such as dual fuel, variable valve timing
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(VVT), variable compression ratio (VCR), and active thermal management.
Riseberg et al. [93] investigated influence of NO on combustion phasing in a
single-cylinder LTC engine. Isooctane/n-heptane blend (primary reference fuels;
PRF), toluene/n-heptane mixture (Tertiary reference fuels; TRF), and full boiling
range gasoline were tested at two different intake charge temperatures. They
reported that NO concentration in the air significantly affected combustion phasing
of the LTC engine using different test fuels. They explained this behavior using
chemical kinetics theory. Asad et al. [18] showed a relationship between com-
bustion duration, combustion phasing and indicated thermal efficiency (ITE). They
stated that combustion phasing for the highest ITE lies in a small crank angle
window between 7° and 12° aTDC. Any deviation (advanced or retarded com-
bustion) resulted in a rapid drop in thermal efficiency (Fig. 13).

Following subsections describe different control strategies and their status in
LTC engines.

5.1 Dual-Fuel Control Strategy

Dual-fuel combustion is commonly referred to as RCCI combustion and has been
demonstrated extensively for mineral diesel–gasoline [27] and mineral diesel–
ethanol blends [94]. In dual-fuel-type controls, two fuels with different auto-ignition
properties are used. The system would have a main fuel with a high octane number
and a secondary fuel with low octane number. Different auto-ignition properties of
dual-fuel systems are used to control the combustion phasing in LTC as blending
two fuels in different proportions changes their auto-ignition properties. Use of
commercial fuels or mixtures of single-component and commercial fuels; PRFs
have been investigated in several studies [95–97]. For better understanding of the

Fig. 13 Thermal efficiency variation with combustion phasing [18]
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dual-fuel mode operation of CI engines, Mancaruso and Vaglieco [98] performed
PCCI experiments using ethanol and mineral diesel. In these experiments, ethanol
was injected in the intake manifold; however, mineral diesel was injected directly
into the cylinder. The experiments were performed at different premixed fuel ratios,
and it was reported that the LTC governing parameter (OH− radicals) was signif-
icantly controlled by premixed fuel ratio. Ma et al. [97] investigated the effects of
different diesel injection strategies on combustion, emissions, and fuel economy of
a modified single-cylinder diesel engine fueled by gasoline/mineral diesel dual fuel.
This gasoline/diesel dual-fuel combustion mode proposes port fuel injection of
gasoline and direct injection of mineral diesel with rapid in-cylinder fuel blending.

5.2 Variable Compression Ratio (VCR) Strategy

VCR can be used to control combustion phasing by increasing the compression
ratio and charge temperature after the compression. VCR can be achieved by
several different methods. Lack of control over an individual cylinder, which is
necessary to obtain good combustion phasing control, is the main drawback of the
VCR system. Cost and complexity of VCR systems are other major obstacles for
their application in LTC engines. Asad et al. [18] carried out LTC experiments at
different CR and reported that a lower CR improves combustion phasing, reduces
maximum RoPR and peak cylinder pressure; therefore, LTC operating range can be
increased (Fig. 14). A CR of 14–16 with advanced turbo-charging, VVT, and
improved cylinder charge cooling may provide a realistic compromise between
high efficiency CI combustion and clean diesel LTC.

Fig. 14 ITE variations with the compression ratio [18]
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5.3 Exhaust Gas Recirculation Strategy

EGR is essential to achieve simultaneous reduction in soot and NOx emissions from
LTC without prohibitively high fuel consumption penalties due to poor combustion
phasing. Tuning the amount of EGR is the most commonly used technique to adjust
the in-cylinder temperature, which controls the SoC. Initially, Thring [99] achieved
LTC by varying the inlet air temperature and EGR fraction over a range of
equivalence ratios. High heat capacity constituents of EGR are CO2, H2O, N2, O2,
CO, PM, HC, NOx, and other intermediate species of combustion reactions which
control the LTC [100–102]. These constituents showed following four effects on
the combustion and emissions. First was the preheating effect, in which the inlet
charge temperature increased when hot EGR was mixed with the fuel–air mixture.
Second was the dilution effect, where by the introduction of EGR led to substantial
reduction in oxygen concentration. Third was the heat capacity effect, in which total
heat capacity of the mixture of EGR, air, and fuel would be higher owing to higher
heat capacity of CO2 and water vapor. This would lead to a reduction in gas
temperature at the end of the compression stroke. Fourth and final was the chemical
effect, where unburnt combustion products in the EGR would take part in chemical
reactions. HC, CO, CO2, NO, H2O, etc., in the EGR take part in chemical reactions
and lead to a moderate effect on the reaction rates. Integrating all these effects, SoC
during the LTC and combustion duration of overall HCCI-DI combustion can be
controlled by regulating the EGR quantity. Therefore, EGR makes it possible to
suppress the excessively advanced SoC by low-temperature reactions in the LTC
phase. This excessively advanced and rapid combustion causes knocking, which
limits the operating range of LTC [103]. EGR can be classified as internal EGR and
external EGR. Internal EGR rate can be controlled by changing the valve overlap
period and the external EGR rate can be adjusted by the combined effect of the
exhaust backpressure and EGR. For high-octane fuels such as gasoline, NVO is
recognized as one of the possible implementation strategies for LTC. The effect of
inlet air temperature via NVO is insignificant when the engine runs well within the
LTC operating range [104]. Cooled external EGR reduces the fuel–air mixture
temperature in the compression stroke and hence delays the SoC of high cetane
fuels such as biodiesel.

EGR stratification was a novel technique demonstrated by André et al. [105],
which could be used for the controlling rapid HRR and combustion noise in the
LTC engines thus extending the operating range of PCCI combustion engines. The
exhaust gas was inducted into the combustion chamber via a helical port and
induction of fresh air was through the tangential port. Thus, a delay in combustion,
in the stratified case, was caused by the stratified exhaust gas present close to the
TDC. This exhaust gas was present in the fuel-rich zone and caused delay in
combustion, hence gaining a superior control over the combustion phasing. Even
though this technique offered benefits of combustion control, it still needs to be
explored in greater detail before its practical implementation because of its high
dependence on various fuel injection parameters. Charge dilution using either EGR
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or non-reacting species such as CO2 and N2 in order to achieve LTC has been
extensively analyzed. Kook et al. [106] and Kanda et al. [107] carried out exper-
iments using various dilution rates to attain PCCI combustion. They observed a
direct correlation of NOx and soot luminosity with adiabatic flame temperature and
reported that adiabatic flame temperature decreased with addition of EGR. The high
oxidation rates at higher peak temperatures led to reduction in CO emissions.
However, the researchers also pointed out the need to control dilution ratios because
maximum fuel conversion efficiency was obtained at moderate charge dilution
levels. Over-dilution leads to poor trade-off between work conversion efficiency
and combustion efficiency, thus reducing fuel conversion efficiency. Another
advantage of charge dilution is increased ignition delay, which improves IMEP and
COV. Asad et al. [18] performed LTC experiments using different EGR rates to
postpone SoC by increasing the ignition delay and to reduce the severity of high
RoPR. They stated that EGR was effective in delaying combustion phasing toward
higher thermal efficiency window by withholding the cylinder charge from early
ignition. Figure 15 shows that increasing EGR rate results in stable combustion. It
was concluded that combustion efficiency reduced with increasing EGR, which was

Fig. 15 Effect of EGR on HCCI combustion and emissions [18]
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compensated by improvement in combustion phasing. This trade-off between
combustion efficiency and emissions showed the importance of EGR in LTC
engines.

5.4 Combustion Control by Fuel Additives

Fuel composition has little influence on reaction rate and reaction duration once
reactions have been initiated; however, it defines the auto-ignition temperature, and
hence can control SoC of LTC engines. Fuel composition mainly affects LTR,
which, in turn, affects the start of main reactions. Main fuel parameters influencing
the physical delay part of the ignition delay (ID) are density, heating value, and
latent heat of vaporization. The chemical delay part of ID is influenced by
auto-ignition and distillation properties of the fuel. An increase of fuel density,
volatilization difficulties, and higher latent heat of vaporization (due to decreasing
fuel–air mixture temperature), all result in delayed combustion start/ignition.
Common ways to classify fuels are according to the ease of auto-ignition, which is
defined as CN and resistance to auto-ignition, which is defined by ON. A high CN
represents less resistance to auto-ignition, which includes straight chain paraffin
(iso-cetane defines CN = 100). A high octane number represents the resistance
against auto-ignition, which includes branched chain paraffins (isooctane defines
ON = 100). Gasoline has a high octane number and therefore has little or no
low-temperature reactions; and the combustion initiation takes place at around
950 K. Diesel-like fuels show significant low-temperature reactions and have ini-
tiation temperatures in the range of 750 K [108].

Starck et al. [109] carried out experiments in quest of impact of fuel properties
on LTC and found lower CN fuels to be superior LTC fuels. They reported that a
lower CN fuel and an optimum combustion speed could improve the LTC operation
range because lower combustion speed results in more time for homogenization,
resulting in superior LTC. Tanaka et al. [110] used a Rapid Compression Machine
(RCM) to study the effects of fuel structure and additives on homogeneous charge
compression ignition (HCCI) of pure hydrocarbon fuels and mixtures. They
investigated the effect of fuel additives on LTC performance and found that fuels
with saturated compounds lead to two-stage combustion and those with unsaturated
compounds led to single-stage combustion. Higher octane number results in higher
ignition delay and a lower burn rate.

5.5 LTC Control by Fuel Injection Strategy

Early injection led to impingement of mineral diesel on the cylinder walls, par-
ticularly at high BMEPs [111–113]. Single-injection LTC is applicable to limiting
conditions, where tighter controls on operating conditions are required compared to
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conventional CI combustion. Issues of LTC such as high HRR and uncontrolled
combustion can be resolved by using split fuel injection strategy. Kook and Bae
[114] used split injection in order to promote low-temperature ignition and to gain
better combustion control. Major quantity of fuel was injected early in the com-
pression stroke (100° bTDC) to prepare premixed charge, and a pilot quantity was
injected near TDC to control SoC. This resulted in better combustion characteris-
tics, precise control of SoC, and higher BMEP. Results clearly showed that NOx
emissions from PCCI combustion were much lower compared to CI combustion
and advanced pilot injection (from 100° BTDC to 150° BTDC) showed further
reduction in NOx.

The effect of split injection strategy on emission formation in a PCCI diesel
engine was investigated by Horibe et al. [115] and Torregrosa et al. [116]. The
researchers realized that higher thermal efficiency and lower NOx emissions at
moderate loads could be achieved by single-injection strategy; however, they
experienced problem of very high RoPR. In case of split injection strategy, a small
quantity of pilot injection helped in suppressing higher RoPR. The application of
early pilot injection resulted in a significant improvement in thermal efficiency and
reduction in engine noise and emissions by optimizing SoI timings and EGR rate.
They later dealt mainly with effect of pilot injection on engine noise and perfor-
mance. Engine noise remained one of the major factors governing combustion and
performance characteristics. They reported a reduction in BMEP with an increase in
pilot quantity above 40%. Further, relatively higher engine noise was observed for
almost all early single-injection timings, mainly due to very high RoPR. The
inclusion of pilot injection proved to be very effective in reducing noise, but it also
led to reduction in BMEP. Neely et al. [117] investigated the effect of number of
pilot injections (up to 3) to achieve PCCI combustion in order to reduce NOx in
light-duty and heavy-duty vehicles. They stated that an early single pilot injection
was effective for *14% NOx reduction, but it was at the expense of higher CO and
BSFC. However, CO and BSFC penalty significantly reduced along with NOx by
employing multiple pilot injections at lower loads. This was mainly due to superior
fuel–air mixing. For heavy-duty vehicles, multiple pilot injections proved to be
ineffective in reducing NOx compared to single pilot injection. In addition, multiple
pilot injections also led to higher HC and CO emissions. Asad et al. [18] performed
HCCI experiments and suggested that optimized SoI of the multiple injections
could assist in preparation of a near-homogeneous charge that resulted in near-zero
soot emissions. Yehliu [118] observed slightly higher NOx emissions from B100
compared to mineral diesel in single-injection mode. Split injection reduced NOx
emissions from both fuels, but higher reduction was observed in case of B100
fueled engine, which showed 18% lower NOx emission compared to mineral diesel.
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6 Path Forward for LTC

Recent research activities related to LTC have significantly influenced the global
perspective about it because of development of different control mechanisms and
new strategies. Hence, prior to commercial production of LTC engines for
heavy-duty and light-duty applications, tremendous R&D effort is required. Some
of the possible areas for future research for improving this LTC concept are as
follows:

(i) Development of control methods for maintaining ignition timing at different
engine loads and speeds is the first challenge, which needs to be resolved.
Optimization of ignition timing is quite important for LTC engines compared
to conventional engines because LTC engines have no direct control over
ignition timing such as by using spark or fuel injection.

(ii) Methodology development to slowdown the rate of combustion in LTC
engines at high engine loads is the next challenge, which needs to be
resolved to prevent excessive noise and engine damage.

(iii) LTC engines emit very low NOx at low-to-medium engine loads; therefore,
no emission control is required; however, at higher engine loads, NOx
emission become too high, which required emission control equipment.
Therefore, low-cost emission control equipment needs to be developed to
control NOx emissions at higher engine loads.

(iv) For the development of production grade LTC engines, closed-loop control
of different operating parameters needs to developed. Control mechanisms,
sensors, and appropriate control algorithms are key enabling technologies for
practical LTC engines.

(v) In conventional SI or CI engines, small differences in intake and exhaust flow
between cylinders do not affect engine combustion and performance char-
acteristics significantly. However, LTC engines are very sensitive to small
changes in compressed-charge temperature, which leads to significant
cylinder-to-cylinder variations in combustion timings. Therefore, research is
required for development of intake and exhaust manifold designs for
multi-cylinder engines so that difference in the inlet and exhaust flows
between different cylinders can be minimized.

7 Conclusions

LTC is a combustion concept, which has evolved over decades in response to the
need for improved thermal efficiency of gasoline-fueled engines and ultra-low NOx
and soot emissions of diesel-fueled engines. Although remarkable progress has
been made in LTC technology, large-scale production of LTC engines for com-
mercial applications has encountered several challenges. Limited operating range,
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lack of direct control on SoC, homogeneous fuel–air mixture preparation and higher
HC and CO emissions are the main obstacles faced by LTC technology’s adaptation
commercially. Several techniques have been developed for low-load application of
LTC technology in heavy-duty engines; however, full load application even in
light-duty engines has not been demonstrated till now. To control the SoC, some
advanced concepts such as spark assisted LTC and laser assisted LTC have also
been investigated, in which combustion events were precisely controlled using a
spark plug or a laser. Different derivatives of LTC such as PCCI, HCCI were
thoroughly investigated, and suitability of each derivative has been defined for a
particular operating range. These derivatives of LTC can be achieved by varying
engine operating and control parameters. Fuel flexibility is the other important
feature of LTC. Fuel properties significantly affect chemical kinetics, which has a
dominating role in LTC. In LTC, auto-ignition was controlled by modifications of
the fuel properties in order to make it more chemically reactive by adding an
ignition promoter or inhibitor. In all derivatives of LTC, control is the most critical
issue, which was resolved using various techniques such as dual-fuel injection,
VCR, VVT, EGR. However, these techniques have their own merits and chal-
lenges. Based on these research directions, several researchers proposed use of dual
combustion system, which seems to be an effective solution for commercializing
LTC technology.
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Characterization of Ringing Operation
in Ethanol-Fueled HCCI Engine Using
Chemical Kinetics and Artificial Neural
Network

Rakesh Kumar Maurya and Mohit Raj Saxena

Abstract The homogeneous charge compression ignition (HCCI) strategy is an
advanced engine combustion concept having higher thermal efficiency while
maintaining the NOx and soot emission to an ultra-low level. Intense ringing oper-
ation in HCCI engine is one of the major challenges at high engine load conditions,
which limit the HCCI engine operation range and can also damage engine parts.
Ethanol is a promising alternative to conventional fuel, especially for utilization in
advanced engine combustion modes such as HCCI. This chapter presents the
overview of HCCI combustion along with its numerical simulation using stochastic
reactor model. This chapter also presents detailed characterization of ringing oper-
ation, and HCCI operating range of ethanol-fueled HCCI engine. Ringing operation
is typically characterized by either ringing intensity or peak pressure rise rate
(PPRR). Characterization of PPRR and its prediction using artificial neural network
(ANN) in ethanol-fueled HCCI engine is also presented. The ANNmodel is of utility
to identify engine operating limits to avoid the ringing operation.

Keywords Combustion engine � Ringing intensity � HCCI � Artificial neural
network � ANN � Ethanol � Ignition � Stochastic reactor model

1 Introduction

An increase in the petroleum prices, depletion of fossil fuel resources, and stringent
emission norms demands to develop an efficient engine either using alternative fuel
or by developing an advance combustion strategy. In past few decades, several
alternative fuels as well as advanced combustion strategies in low-temperature
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combustion (LTC) regime are proposed for internal combustion (IC) engines.
Among all the LTC strategies, homogeneous charge compression ignition (HCCI)
is intensively investigated by the researchers of engine combustion community
[1–5].

HCCI engine has an ability for achieving higher thermal efficiency while main-
taining nitrogen oxides (NOx) and particulate matter (PM) emissions below the
current stringent emission mandates [1]. However, HCCI engine emits higher
hydrocarbons (HCs) and carbon monoxide (CO) due to lower combustion temper-
ature in the combustion chamber [1, 6]. In HCCI combustion strategy, autoignition of
homogeneous fuel–air mixture occurs in the combustion chamber and whole charge
autoignite simultaneously, which results in very high heat release rate. Thus, peak
pressure rise rate (PPRR) is also very high due to very short combustion time period
in comparison to conventional combustion modes. Since whole premixed charge
autoignites in the cylinder, HCCI combustion strategy has no direct control of
ignition timing similar to spark timing in spark-ignition (SI) engines and fuel
injection timing in compression ignition (CI) engines. Combustion phasing in HCCI
engines is typically controlled by indirect methods such as exhaust gas recirculation
(EGR), intake air pressure and temperature, variable valve timing (amount of
residuals) etc. [7–9]. Additionally, HCCI engine has lower operating range because of
intense ringing operation or very high PPRR during rich air–fuel mixture operation.
Rich mixture operation at high engine load is limited by high combustion noise level
due to rapid increase in the PPRR. A more complete discussion on pressure oscil-
lations and combustion noise can be found in the reference [5].

To tackle the challenges of higher IC-engine emissions and rapid depletion of
fossil resources, biofuels can be a better replacement of conventional fossil fuels.
The HCCI combustion strategy has fuel flexibility of using gasoline-like as well as
diesel-like fuels, however, appropriate combustion control strategy needs to be
selected for autoignition of charge depending on the fuel quality. Several studies
demonstrated the HCCI engine operation using various fuels such as ethanol,
butanol, methanol, hydrogen [2–5, 7–9]. Typically, alcohols have higher octane
number and oxygen content and other characteristics are similar to gasoline. Higher
oxygen content in alcohols leads in reduction of exhaust emissions species [3, 8–
10]. In HCCI engine operation, alcohol fuels can be used either neat or blended
with conventional fuel. Ethanol is intensively used in HCCI combustion engines by
the researchers [11–15]. Ethanol is a renewable fuel, which is generally produced
by the fermentation of sugarcane or by biomass. Utilization of ethanol in HCCI
combustion engines combines the advantage of biofuel and advanced engine
combustion modes. A study reported that combustion of alcohol fuels in a con-
trolled autoignition (CAI) combustion engine has higher thermal efficiency as
compared to hydrocarbon fuel [16]. Alcohol fuels (i.e., ethanol and methanol) in
CAI combustion strategy can also be operated with wider range of air–fuel ratio and
exhaust gas recirculation (EGR) as compared to gasoline fuel. A study showed that
100% methanol HCCI operation has more advanced combustion timing and
reduced combustion duration as compared to ethanol and gasoline [17].
Additionally, alcohol-fueled HCCI operation has more capability for leaner
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combustion as compared to gasoline within achievable HCCI operating range. With
100% methanol and 100% ethanol fuel, HCCI engine can be operate up to 1.5 and
1.4 relative air–fuel ratio (k), respectively, while in case of 100% gasoline opera-
tion, it can be operated up to 1.3 relative air–fuel ratio (k). Alcohol-fueled HCCI
engine has potential to operate at high speed and lower load range efficiently, while
neat gasoline operation is limited by misfire [17]. In HCCI combustion engine, air–
fuel ratio significantly affects the IMEP, while combustion phasing (CA50) is
affected by inlet air temperature [18]. At higher engine speed, higher intake air
temperature is required for autoignition for gasoline fuel [18]. Study also reported
that for a constant relative air–fuel ratio (k), ethanol- and methanol-fueled HCCI
engine can be operated with higher IMEP for CA50 position corresponding to the
best thermal efficiency [18]. It is also found that methanol-fueled HCCI operation
has lower indicated thermal efficiency as compared to gasoline and ethanol.
However, higher combustion efficiency obtained with methanol and ethanol-fueled
HCCI operation as compared to gasoline HCCI operation. Moreover, higher ringing
intensity was observed with methanol and ethanol HCCI operation for all the tested
operating load condition for optimum CA50 position. Studies demonstrated that
HCCI operation has lower NOx emissions as compared to conventional engines and
has potential to reduces PM emissions simultaneously [1, 2, 8, 18]. In another
study, PM emission characteristics are investigated for methanol, ethanol, and
gasoline-fueled HCCI engine [19]. Study showed that particle number increases,
when engine was operated with richer air–fuel mixture for all the tested air intake
temperature conditions and fuels. Methanol HCCI operation was found to have
lower total particle number concentration as compared to ethanol and gasoline.

Various studies demonstrated the benefits of ethanol-fueled HCCI engine,
however high load operation is limited by ringing operation. To understand the
ringing operation in HCCI engine, several experimental and numerical strategies are
used by researchers. This chapter presents the characterization of ringing operation
using chemical kinetics mode and corresponding HCCI operating range of ethanol
HCCI engine. For real-time estimation of PPRR at high load, artificial neural
network (ANN) model is proposed and discussed in this chapter. Before discussing
the ringing characteristics and operating range, brief methodology of model is
presented in the next section.

2 Modeling Methodology

2.1 Chemical Kinetic Model

To understand the HCCI combustion process and determine the HCCI operating
range, chemical kinetic model is used. Different models are used for simulation of
HCCI combustion including single zone, multi-zone model, 3D CFD models. In
this chapter, numerical HCCI simulation is performed using stochastic reactor
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model (SRM). The chemical kinetic simulation is performed on Kinetic SRM
software [20]. A reduced ethanol mechanism developed by Maurya and Akhil [11],
consisting of 47 number of species and 272 reactions is used for simulation of
ethanol HCCI combustion using SRM. The details of the development of
ethanol-reduced mechanism can be found in original study [11]. All the simulations
are conducted during closed valve conditions. In this study, the simulated results are
validated by comparing the experimental in-cylinder combustion pressure trace in
the previously published study [21]. The detailed specification of the four-stroke
engine used for numerical simulation is provided in Table 1. Homogeneous fuel–air
mixture is prepared using port fuel injection strategy, and combustion phasing
control is achieved using intake air preheating.

A more complete detail of the governing equations of SRM model can be found
in the studies [20, 22, 23]. This model is based on probability density function
which predicts better results close to 3D-CFD analysis. In SRM, statistical homo-
geneity is assumed throughout the combustion chamber which means that proba-
bility density function is not changed throughout the combustion chamber. SRM
determines the progression of Ns chemical species, their temperature and mass
fraction as a function of time. The ‘Ns+1’ random scaler variables are combined into
the vector w ¼ ðw1, w2, w3, � � � , wNs

, wNsþ 1
Þ whose probability density function is

‘f’ [20]. In IC engines, the density of charge (air–fuel mixture) is varying in
combustion cycles. Thus, the mass density function was used in place of probability
density function in SRM [24]. The mass density function (F) is related to proba-
bility density function (f) and represented as

F w; tð Þ ¼ q wð Þf ðw; tÞ ð1Þ

where q denotes the mass density.
The variation in mass density function with time is represented as follows [24]

Table 1 Specifications of
HCCI engine

Parameter Specifications

Bore/Stroke 120.65/140 mm

Connecting rod length 260 mm

Displacement volume 1600 cm3

Compression ratio 21:1

Intake valve closing (IVC) −167° ATDC

Exhaust valve opening (EVO) 141° ATDC

Wall temperature 450 K
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sf

describes the fuel injection [20]

This multi-dimensional mass density function is then computed by using Monte
Carlo particle method with a second-order operator splitting algorithm [23]. The
chemical reactions have significant effect on the temperature and composition of the
species in the combustion chamber. The effect is described by a function GðwÞ and
represented as

Gj wð Þ ¼ Mj _xj

q
j ¼ 1; 2; 3; . . .;Ns ð3Þ

GNsþ 1 wð Þ ¼ � 1
cvq

XNs

j¼1

ejmj _xj � p
cvq

dV
dt

ð4Þ

where

_xj denotes the production rate
Mj is the molecular mass
ej is the specific internal energy of species j
cv is the specific heat capacity at constant volume
m and V are the total mass and volume of cylinder

Using this model, HCCI combustion is simulated with a reduced reaction
mechanism (47 species and 272 reactions) of ethanol. To validate chemical kinetic
model, in-cylinder pressure trace of simulation and engine experiments are com-
pared. Figure 1 shows the comparison of numerically simulated and experimental
pressure trace. The figures depict that numerical simulation is in good agreement
with experimental data as both cylinder pressure traces are in close proximity. After
validation of simulation with experiments, numerical simulation is conducted at
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different engine operating conditions to determine the HCCI operating range. The
operating test conditions used for simulation are given in Table 2.

2.2 Artificial Neural Network

Artificial neural network (ANN) model can be used for real-time control of ringing
or misfire operation of HCCI combustion engine. ANN is a computational model,
which consists of input layer, hidden layer (either one, two, or three), and output
layers of neurons. Typical architecture of ANN is illustrated in Fig. 10. In ANN,
connection of the one neuron to another neuron is associated with numeric values
known as weight. The output ‘hi’ of any neuron ‘i’ in the hidden layer is represented
as [25]

Fig. 1 Comparison of simulated (using SRM) and experimental in-cylinder pressure data of
ethanol HCCI combustion [11]

Table 2 Operating conditions simulated for determination of HCCI engine operating range using
ethanol

Variables Values

Engine speed, N (rpm) 1000, 1500, 2000, 2500 and 3000

Intake manifold temperature, Tin (°C) 80–160

Relative air–fuel equivalence ratio ( ) 1.5–8

Exhaust gas recirculation, EGR (%) 0
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j¼1

Vijxj þ Thid
i

 !
ð5Þ

where

rð Þ represents the activation function
‘N’ is the total number of input neurons
‘Vij’ denotes the weights
‘xj’ is the inputs to input neurons
‘Thid

i ’ denotes the threshold terms of the hidden neuron

The architecture structure of ANN is typical feed-forward type with tangent
sigmoid for the activation function for the hidden and output layers [26]. The
activation function is a typically a sigmoid function and is represented as [25].

r uð Þ ¼ 1
1þ expð�uÞ ð6Þ

After deciding the input, hidden, and output layer, a neural network is trained by
presenting to it a set of input data which are known as training set. The purpose of
training is to minimize the error function by adjusting the weights between the
neurons to get the desired output data. The error function is defined as sum of
squared differences between the ANN output and desired output. Physical model
for combustion analysis of internal combustion engine is very complex because of
highly nonlinear thermodynamics reactions and variations in the pressure waves.

In past few years, several studies used ANN for internal combustion engines
applications [26–32]. Studies developed an ANN model to predict the performance
and emissions characteristics of SI engine fueled with ethanol/gasoline-blended fuel
[26, 27]. Another study developed an ANN model for the prediction of performance
and emission characteristics of diesel engine fueled with biodiesel/diesel blends at
different injection timings [28]. ANN is also used in advanced combustion modes
such as HCCI, for the prediction of misfire and ringing operations [31, 32]. ANN
computational time is also very less as compared to experiments or other simulation
analysis. Therefore, ANN model can be an important tool for real-time control of
advanced combustion engines.

3 Ringing Characteristics and HCCI Operating Range

This section discusses the ringing characteristics and HCCI operating range of
ethanol-fueled HCCI engine. Figure 2 illustrates the effect of relative fuel ratio (k)
on in-cylinder pressure trace and rate of heat release (ROHR) at constant intake
temperature. It is well known that in HCCI combustion, autoignition of nearly
homogeneous mixture takes place in the combustion chamber and charges
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autoignite at multiple sites spontaneously. This phenomenon leads to very high heat
release rate, particularly at richer fuel–air mixture, which is clearly illustrated in
Fig. 2b. Magnitude of ROHR is typically higher than conventional compression
ignition engines. Figure 2a depicts that richest mixture (k = 2) leads to the highest
peak cylinder pressure, and it decreases as mixture becomes leaner (k increases). At
rich mixture operating conditions, higher amount of charge is autoignited that leads
to very high peak pressure. Richer mixture has very high combustion rate resulting
into higher ROHR due to high reactivity of richer fuel–air mixture (Fig. 2b).
Position of peak ROHR advances with richer fuel–air mixture because oxidation
reaction rate depends on fuel concentrations, and exponentially on combustion
temperature. HCCI combustion rate is mainly affected by engine operating
parameters that affect species concentration and combustion temperature. Figure 2
also depicts that rich mixture operation leads to very fast combustion and very high
pressure rise rate. The very high pressure rise rate leads to higher combustion noise
and ringing operation.

Since there is no direct control on HCCI combustion rate (kinetically controlled
combustion), a criterion is needed to define stable HCCI engine operating range.
The HCCI combustion is limited by several possible operational limits such as
combustion noise limits, emission limits, peak cylinder pressure limit, and com-
bustion instability limit. Typically, HCCI combustion is mainly affected by high-
and low-load limits, which occur by engine knock (high peak pressure rise rate) and
combustion instability (misfire/partial burn or high cyclic variations), respectively.
Higher operating load is generally limited by ringing operation (high combustion
noise) or severity of engine knock. To characterize the severity of knock, a
threshold value of peak pressure rise rate (PPRR) is used in HCCI combustion [5].
Acceptable limit of PPRR is less than 5 MPa/ms.

At lower engine loads, engine is operated on leaner fuel–air mixtures, which lead
to lower temperature and retarded combustion phasing. Autoignition of charge
highly depends on cylinder pressure and temperature. Therefore, combustion

Fig. 2 Variation of a in-cylinder pressure trace and b rate of heat release with relative fuel ratio
(k) in ethanol HCCI combustion at 1000 rpm [12]
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efficiency decreases at lower temperature and late combustion phasing. Poor com-
bustion phasing results into partial burn of fuel, and too late combustion phasing can
have possibility of misfire. Poor combustion efficiency (ηcom) resulting from lower
temperature leads to higher CO and THC emissions from HCCI engine. To define
the misfire limit, a study used combustion efficiency less than 85% as misfire [12]
and limits the lower engine load limit. Higher and lower engine load limits can be
defined using the limits of PPRR and combustion efficiency. Figure 3 illustrates the
ethanol HCCI operating range at different engine speed and compression ratios using
the limits PPRR <5 MPa/ms and combustion efficiency >85%. For every k, inlet
temperature is selected which corresponds to maximum engine efficiency. The figure
shows that higher compression ratio has higher operating range. Higher engine speed
has relatively lower range of k for all the three compression ratios.

Engine operation at particular value of k can be achieved at a range of intake
temperatures, where PPRR and combustion efficiency is within the specified limits.
Results shown in this chapter (Figs. 3, 4 and 5), is presented for the intake tem-
perature at which engine efficiency is highest. Figure 4 shows the temperature at
intake valve closing (TIVC) for ethanol HCCI operation at different compression
ratios. The TIVC is directly related to inlet charge temperature. Since simulations are
conducted during valve-closed conditions, data of TIVC is presented. Figure depicts
that lower IMEP conditions need higher TIVC for each engine speeds due to leaner
HCCI engine operation. Additionally, TIVC requirement is lower for higher com-
pression ratio at higher engine loads.

One of the main advantages of HCCI engine is the higher thermal efficiency
because of various factors such as leaner air–fuel mixture operation, higher com-
pression ratios, shorter combustion duration, and lower heat transfer. At a particular
compression ratio, HCCI engine efficiency is typically determined by combustion
efficiency and ignition timing for any operating condition. Both, combustion

Fig. 3 Ethanol HCCI
operating range for
compression ratios 17, 19,
and 21 [12]
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efficiency and ignition timings are affected by inlet temperature. On the optimal
inlet temperature (shown in Fig. 4), corresponding thermal efficiency map is also
presented in Fig. 5 for different compression ratios. The figure depicts that maxi-
mum indicated efficiency achieved is around 50% for all the compression ratios,
which affected by engine speed and load conditions. Vertical contour lines illustrate
that engine efficiency is mainly governed by engine speed at optimal combustion
phasing. The HCCI engine load has relatively lower influence on thermal efficiency
for optimum combustion phasing. At each test compression ratio, thermal efficiency
decreases at higher engine speeds due to lower combustion efficiency and heat
transfer [12].

Engine operation at richer fuel–air mixture above the high load limit can lead to
severe cylinder pressure oscillations in HCCI combustion engine. These pressure
oscillations (termed as ‘ringing’) are very similar to knock in a spark-ignition
engine. Pressure oscillations in HCCI cylinder produce a large amount of com-
bustion noise in the engine structure. For evaluation of the combustion noise
‘ringing intensity’ (RI) is calculated using the following equation in HCCI engine
[33]:

Fig. 4 Intake valve closing temperature variations in ethanol HCCI engine for compression ratios
17, 19, and 21 [12]

52 R. K. Maurya and M. R. Saxena



RI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cRTmax

p
2cPmax

b
dP
dt

� �
max

	 
2
ð7Þ

where Pmax is the peak in-cylinder pressure, (dP/dt)max is the maximum pressure
rise rate, and Tmax is the maximum of mass averaged in-cylinder temperature
(calculated using ideal gas law). c is the ratio of specific heats (Cp/Cv), and R is the
gas constant. b is a tuning parameter, which relates the amplitude of pressure
pulsations to the maximum pressure rise rate and is set to 0.05 here.

Other method used to define high load limit for HCCI engine is by using the
pressure rise rate (PRR). Excessive PRR leads to not only noisy operation but also
structural damage to the engine. Rate of pressure rise is calculated using fourth
order central difference method:

dP
dh

¼ �P hþ 2hð Þþ 8P hþ hð Þ � 8P h� hð ÞþP h� 2hð Þ
12h
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Fig. 5 Thermal efficiency variation in ethanol HCCI engine for compression ratios 17, 19, and 21
[12]
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Figure 6 illustrates the correlation of ringing intensity (RI) with PPRR at two
engine speeds in HCCI engine using different gasoline-like fuels. RI is plotted
against PPRR for the k, and inlet temperature sweeps data using gasoline, ethanol,
methanol, and butanol at 1200 and 2400 rpm. Figure depicts that RI strongly
correlates with PPRR. Regression of data shows that RI dependence with PPRR is
quadratic. Therefore, PPRR can also be used as a measure for emitted engine noise
for HCCI knock in a naturally aspirated engine.

Figure 7 shows the variation of ringing intensity at different inlet temperatures
with HCCI combustion phasing (CA50) using gasoline and ethanol fuel. For both
fuels, ringing intensity increases with advancement of combustion phasing (CA50).
Figure 7 also illustrates that CA50 is a major factor that affects the ringing oper-
ation in HCCI engine. To reduce the RI in HCCI combustion, the CA50 needs to be
retarded. Regression of the data shows that third-order polynomial curve captures
well the trend of RI with combustion phasing for both fuels. Therefore, RI can be
estimated by CA50 at any inlet temperature.

Fig. 6 Illustration of relationship between PPRR and ringing intensity at 1200 and 2400 rpm in
HCCI engine using different gasoline-like fuels

Fig. 7 Effect of combustion phasing on RI in HCCI combustion using gasoline and ethanol at
1200 rpm [18]
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To determine the general trend of RI with different combustion and performance
parameters, experiments are conducted at different engine speed, equivalence ratio,
and different intake temperatures in an ethanol-fueled HCCI engine [32]. Figure 8
presents the RI as function of start of combustion (SOC), crank angle position of
50% heat release (CA50), crank angle position of 90% heat release (CA90), and
burn duration (BD) at 100 steady-state engine operating conditions. A moderate
second-order polynomial correlation is present between RI and combustion phasing
parameters (R2 ranges from 0.38 to 0.70). More delayed and longer combustion
duration occurs in the test conditions with lower RI value (Fig. 8a, b). Highest
correlation coefficient of 0.70 is found between RI and BD, which indicate higher
ringing operation at lower combustion duration due to very high combustion rate.
Figure 8 depicts that the high RI value test conditions have 1 < SOC < 4 CAD
aTDC, 4 < CA50 < 7 CAD aTDC, 9 < CA90 < 14 CAD aTDC and 8 < BD < 10
CAD conditions.

Figure 9 shows the variation of exhaust temperature (Texh) and adiabatic tem-
perature (Tad), unburned hydrocarbon (uHC), and carbon monoxide (CO) emission
as function of RI.

Fig. 8 Ringing intensity as a function of SOC, CA50, CA90, and BD for 100 steady-state HCCI
operating conditions [32]
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Figure 9a, b depicts that there is no apparent correlation between exhaust and
adiabatic temperature with RI. Exhaust temperature is an important parameter for
effective conversion on HC and CO emissions by oxidation catalyst. The HC and
CO emissions are relatively higher in HCCI engine, and thus, it is necessary to
mitigate. At some of the engine operating conditions, exhaust temperature is very
low in comparison to light-off temperature of oxidation catalyst. Very weak cor-
relation occurs between CO emission and RI (Fig. 6d). At higher RI test conditions,
HC emissions are lower (Fig. 6c). Additionally, significant correlation exists
between HC emission and RI.

It is observed from regression analysis that correlation between combustion/
performance parameters and RI are not strong. Thus, for characterization and
control of RI operation some other model is required, which is also computationally
less time consuming. The artificial neural network (ANN) model is one possible
option and is discussed in next section.

Fig. 9 Variations in uHC and CO emissions, exhaust temperature (Texh), and adiabatic
temperature (Tad) as function of RI for 100 steady-state HCCI operating conditions [32]
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4 Artificial Neural Network Model for Ringing Operation

This section provides the details of ANN model used for prediction of PPRR and
RI. The ANN model is developed by using input parameters of operating conditions
(i.e., RPM, k, Tivc) and combustion parameters (i.e., Pmax, CA50, CA90-10). ANN
model for PPRR in ethanol-fueled HCCI engine is illustrated in Fig. 10. In this
analysis, Levenberg–Marquardt algorithm, training function is used to make an
ANN model. To design an accurate ANN model, neurons are varying from 5 to 40
(in case of operating parameters) and 5 to 30 (in case of combustion parameter).
With further increases in number of neurons, the correlation starts decreasing. The
results of ANN model with number of neurons are presented in Table 3a, b. The
best result in case of PPRR prediction from performance parameters is obtained

Fig. 10 Architecture of ANN model for operating parameters (RPM, k, Tivc) and combustion
parameters (Pmax, CA50, CA90-10)

Table 3 a Comparison of
RMSE and R2 between
predicted and kinetically
simulated PPRR for various
numbers of neurons for
engine operating parameters.
b Comparison of RMSE and
R2 between predicted and
kinetically simulated PPRR
for various number of neurons
for engine combustion
parameters

Number of neurons RMSE (MPa/ms) R2 (−)

a

5 1.28 0.96

10 1.09 0.97

15 0.95 0.98

20 0.87 0.98

25 1.05 0.97

30 0.89 0.98

35 0.53 0.99
40 1.04 0.97

b

5 2.15 0.86

10 2.15 0.89

15 2.58 0.85

20 2.01 0.91
25 3.43 0.77

30 4.27 0.70
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with 35 neurons, while the best result in case of PPRR prediction from combustion
parameters is obtained with 20 neurons (as indicated with bold values in Table 3).

The ANN model is developed using MATLAB toolbox. Figure 11 demonstrates
the comparison of kinetically simulated and ANN predicted values for 179
steady-state operating points for operating and combustion parameters. ANN model
results depicted that there is strong correlation between the combustion parameters
and the PPRR (as shown in Fig. 11). Comparison of simulated results and ANN
results indicates that ANN model predicts PPRR well with strong correlation
coefficient. In addition, ANN model indicates strong correlation between the
combustion parameters and PPRR, which were not present in the regression anal-
ysis. Moreover, ANN predicts PPRR in ethanol-fueled HCCI engine with an
average error of less than 5%. The computational time of ANN prediction is also
very less as compared to kinetically simulation or experimental time and has very
low cost.

A study used in-cylinder pressure at 5, 10, 15 CAD aTDC and peak cylinder
pressure to determine the correlation with RI [32]. Study demonstrated the strong
correlation between cylinder pressure at specified points and ringing intensity.
Figure 12 shows the comparison of predicted (Sim.) and experimental (Exp.) values

Fig. 11 Comparison of chemical kinetically simulated and ANN predicted values for 179
steady-state operating points a for RPM, k, Tivc; b for Pmax, CA50, CA90-10
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of RI for different test points. It can be observed from Fig. 12 that ANN model is
able to predict RI well with good accuracy (less than 4.2% error).

It can be summarized that ANN model can be used to characterize the ringing
operation in HCCI engine for combustion control applications.

5 Summary

This chapter presents the characterization of ringing operation using chemical
kinetics and artificial neural network (ANN) in ethanol-fueled HCCI engine.
Chemical kinetic simulation is performed using stochastic reactor model. The
chemical kinetic model is able to accurately determine the cylinder pressure trace
and peak pressure rise rate. The HCCI operating range using ethanol is defined
using PPRR and combustion efficiency. Ethanol HCCI operating range at com-
pression ratios 17, 19 and 21 is estimated and presented in this chapter. HCCI
operating load range decreases with engine speed. Thermal efficiency up to 50% is
achieved for each compression ratio depending on the engine operating condition.
Thermal efficiency map at optimal combustion phasing is presented in this chapter.
Regression analysis indicated weak correlation between ringing intensity and
combustion parameters. Artificial neural network model is developed for identifi-
cation of PPRR and RI. The ANN model is able to predict PPRR well with strong
correlation coefficient of 0.99 (in case of operating parameters) and 0.91 in case of
combustion parameters. Ringing intensity is also predicted with good accuracy by
ANN model. It is concluded that ANN model can be used to characterize the
ringing operation in HCCI engine for combustion control applications.

Fig. 12 Comparison of
predicted (Sim.) and
experimental (Exp.) values of
RI for different test points
[32]
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Variable Valve Actuation Systems
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Abstract Internal combustion (IC) engines today represent a class of heat engines
marked by their high power-to-weight ratio, making them the suitable choice for
portable power solutions. Being reliable and robust, their widespread use in com-
mercial vehicles is, therefore, implicitly justified. Being a heat engine, the efficiency
and performance of an internal combustion engine are limited by the temperature of
heat addition and rejection. Moreover, with the inherent irreversible and non-ideal
nature of the various processes of the power cycle, a fraction of the ideal ther-
modynamic efficiency is realised accounting for the low overall thermal efficiency.
The text that follows is centred around the gas exchange process in an IC engine.
The working of conventional camshaft-driven valve train systems, which have been
in use for quite a long time, has been discussed followed by its limitations and their
repercussions on the performance and efficiency of an IC engine. The origins of the
unavoidable pumping losses accompanying load control using a throttle valve have
been explained. An overview of the various strategies and methods used in com-
mercial vehicles to mitigate such losses (variable valve timing and variable valve
lift) has been given while providing some insight into the working of some
experimental variable valve actuation systems. The discussion then shifts to fully
flexible camless valve actuation systems explaining the working of some popular
actuation systems, highlighting their advantages and limitations. The basic control
logic of such systems is then discussed followed by a list of some unique attributes
and advantages of the same. Few experimental results from the literature have also
been cited to substantiate the utility of variable valve actuation systems.
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Abbreviations and Acronyms

3D Three-dimensional
BDC Bottom dead centre
CI Compression ignition
ECU Engine control unit
EEVC Early exhaust valve closing
EEVO Early exhaust valve opening
EGR Exhaust gas recirculation
EIVC Early intake valve closing
EIVO Early intake valve opening
EPVA Electro-pneumatic valve actuation
EVC Exhaust valve closing
EVO Exhaust valve opening
FFVA Fully flexible valve actuator
HC Hydrocarbon
IC Internal combustion
IVC Intake valve closing
IVO Intake valve opening
LEVC Late exhaust valve closing
LEVO Late exhaust valve opening
LIVC Late intake valve closing
LIVO Late intake valve opening
PMEP Pumping mean effective pressure
RPM Revolutions per minute
SI Spark ignition
TDC Top dead centre
VCP Variable cam phaser
VCT Variable camshaft timing
VTEC Variable valve timing and lift electronic control
VVA Variable valve actuation
VVEL Variable valve event and lift
VVL Variable valve lift
VVT Variable valve timing
VVTi Variable valve timing with intelligence

1 Introduction

Right from the inception of the four-stroke IC engine, valves and their design have
played an important role in the gas exchange process. The gas exchange process in
any IC engine deals with two fundamental functions. The first is the induction of
fresh air–fuel mixture, as in a port injection spark ignition (SI) engine, or air, as in a
compression ignition (CI) engine or direct injection into the engine cylinder(s)
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during the intake stroke (here onwards, we will be referring both air and air–fuel
mixture as charge). The second function is the ejection of combustion products
from the engine cylinder(s) after the power stroke. Additionally, an important
function of the gas exchange process interlinks intake and exhaust events to pro-
duce a mixed bag of effects, which can either improve or deteriorate the perfor-
mance of an IC engine. Valve events, as a result, strongly dictate the overall
efficiency and performance of an internal combustion engine.

In order to control the opening and closing of the intake and exhaust valves, IC
engines, for a long time, have used mechanical couplings to coordinate timing of
the valve events with crankshaft rotation. In order to increase the power output for a
given cylinder displacement, IC engines need to operate at high rotational speeds.
This, in turn, implies that the valves have a very small time period for their opening
and closing. The situation is self-explanatory and why a mechanically linked valve
train, marked by its robustness and reliability, was the obvious choice for the early
designers of the IC engine. Most IC engines today use a cam and follower
mechanism for actuating the intake and exhaust poppet valves. Depending on the
number of the cylinders and valves, a number of cam lobes are fastened on to a
shaft which is called as the camshaft. A chain drive mechanism connects the
crankshaft and the camshaft(s) with a gearing ratio to rotate the camshaft(s) once for
every two rotations of the crankshaft as shown in Fig. 1.

1.1 Limitations of Conventional Valve Actuation Systems

With a mechanical coupling in place between the crankshaft and the camshaft(s),
one no longer needs to worry about the synchronisation between valve event timing
and engine speed. This makes the system reliable, and with proper design of the

Fig. 1 Conventional
valvetrain
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valve train components, the system becomes quite robust. However, one needs to
understand that the synchronisation is with respect to crank and cam angular
positions and not time. In other words, as the speed of the engine increases, time
available for the intake and exhaust processes decrease although the relative
opening and closing angular positions remain the same. Though the mass of fresh
charge that the engine needs to draw in is speed invariant, the time available for the
very same process keeps on reducing as engine speed increases. The performance
of an engine with the valves opening and closing at appropriate top dead centre
(TDC) and bottom dead centre (BDC) angular positions of the crankshaft will suffer
with an increase in engine speed. The engine finds it difficult to breathe in the
limited time available at high engine speeds owing to increase frictional losses and
possible choked flow conditions, as the charge travels at high velocities through the
intake tract. Similarly, exhaust flow will also be restricted at high speeds due to
lesser time available for expansion of the combustion products in addition to the
reasons mentioned above, resulting in exhaust back pressure. Consequently, the
engine experiences a low volumetric efficiency. One can reason that the valve
opening and closing angular positions may be spread out, i.e. the intake valve(s) can
open early before the TDC and close late after BDC, and similarly with the exhaust
valve(s). This does turn out to be beneficial at high engine speeds with added inertia
of the fast-moving intake and exhaust streams. The performance in such a situation,
however, would suffer at low speeds due to loss of effective compression of the
pre-combustion mixture. The compressed charge could now exit through late
closing intake valve(s) during compression or combustion products might enter into
the intake manifold due to late closing exhaust valve(s) during the exhaust stroke
and dilute the incoming fresh charge. The latter is an issue associated with what is
popularly known as valve overlap. Parvate-Patil et al. [1] have assessed the
philosophies concerning the timing of different valve events and their effect on the
pressure–volume (p-V) cycle of the engine. With fixed angular timings of the
valves, most engines with camshaft-driven valve trains are designed with a com-
promise between high- and low-speed performances. The valve opening and
closing positions are chosen so as to have a good performance in a narrow speed
range at which the engine operates most of the time. This is the reason one finds
racing engines with large valve duration camshafts and commercial vehicles with
comparatively smaller duration camshafts. Hence, one finds engines whose valve
trains are particularly tuned and optimised for a specific range of engine speed.
Operating the engine at any speed outside this narrow band usually incurs per-
formance and efficiency drops.

The lift profile of the valves in almost all camshaft-driven valve trains have the
same nature evident from their lift curves. Alterations, no doubt, do exist but are
mainly centred around the maximum lift and the duration of the lift event. This is
due to the fact that cam lobes need to have a continuous shape or profile in order to
have smooth operation. As the camshaft rotates at very high speeds, the associated
accelerations and dynamic loads leave little room for aggressive lifts, necessary to
have a good airflow. Moreover, one also has to ensure negligible valve seating
velocities in order to maintain the structural integrity of the valve train. Assanis and
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Polishak [2] have developed and used a computer simulation to study the effect of
cam design and resulting valve events on engine performance. Another limitation of
a camshaft-driven valve train is the load and speed invariant, fixed valve lift.
Particularly at low engine loads or speeds or both, as in idling, when the required
charge mass flow rate is small, a large (full) valve lift implies a large flow area for
the incoming charge and consequently, a small charge intake velocity. This results
in low in-cylinder turbulence which may lead to poor combustion efficiency and
higher emissions particularly in SI engines. A direct consequence of this limitation
is the requirement of a throttle valve in SI engines for controlling the mass flow rate
of incoming charge.

1.2 Throttling and Pumping Losses

A throttle valve sits between the ambient atmosphere and the air intake system and
operates by simply controlling the area available for the fresh air to flow into the
intake tract, thereby controlling the mass flow rate of air into the engine. For wide
open throttle conditions, when one needs maximum power output from the engine,
the obstruction to airflow due to the valve is negligible. However, operating at part
load conditions with reduced mass flow rates, the throttle valve creates restriction
for the incoming airflow which manifests itself as a pressure drop. This pressure
drop across the throttle valve implies that the intake system downstream of the
throttle valve is now in partial vacuum. As such, there is a pressure differential
across the piston with near atmospheric pressure on the crankcase side and
sub-atmospheric pressure on the intake (or exhaust) valve side. The charge
induction or cylinder filling process which should ideally take place at
zero-pressure differential across the piston now requires additional work to draw
charge into the cylinder. Hence, the air induction process which is theoretically
represented as a straight line in the p-V diagram for an Otto, Diesel or dual power
cycle becomes the lower curve representing the intake pumping work in the
pumping work loop. The exhaust process similarly takes place against a pressure
differential across the piston with near atmospheric pressure on the crankcase side
and slightly higher pressure than atmospheric on the exhaust (or intake) valve side
due to restricted exhaust flow or insufficient time for blow-down. The exhaust
process is therefore represented by the upper curve of the pumping work loop in the
p-V diagram rather than theoretical straight line. Usually, the pressure differential
due to throttling is relatively more feasible to manage as compared to the one on the
exhaust side and increases with a decrease in throttle angle or increase in flow
restriction at the throttle. The size of the pumping loop is representative of the
specific work that is lost due to throttling and exhaust back pressure (shaded region
in Fig. 2). Thus, the throttling process while trying to reduce the mass flow rate of
incoming air also reduces the net specific work output of the engine with part of the
work produced by the engine lost to the pumping process. If it were possible to
avoid the pumping work, the same net specific work output could have been
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obtained at the expense of lesser fuel consumption. Thus, part load operation by the
aid of a throttle valve ends up reducing the overall brake thermal efficiency of the
engine in addition to reducing the mass flow rate of air being drawn into the engine.

2 Variable Valve Timing and Lift

An intuitive solution to the problem of pumping work in throttled engine operation
would be to do away with the throttle valve itself and directly control the timing as
well as lift of the intake valve(s) in order to regulate the airflow into the engine. The
exhaust pumping work can be similarly minimised by suitable controlling the lift
and timing of the exhaust valve(s) to reduce exhaust back pressure. In order to
incorporate such flexibility into the valve train, one can make significant modifi-
cations to the camshaft. One can also introduce intermediate systems or mecha-
nisms between the camshaft and the valves, or in the most extreme case, one can
completely do away with the camshaft and use a variety of electronically assisted
control systems to directly govern the lift and timing of the valves. The afore-
mentioned methods to control the lift and timing of the intake and exhaust valves of
an IC engine are collectively known as variable valve timing (VVT), variable valve
lift (VVL) or variable valve actuation (VVA) systems. Modifications to the cam-
shaft to have variable valve lift and timing control have been carried out by many
automotive manufacturers, and such technologies are being used in many vehicles
of everyday use. The last alternative of replacing the camshaft with a new control
system is popularly known as the camless valve train system and is seeing a lot of
research and development.

Fig. 2 p-V diagram for a conventional four-stroke SI engine
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Researchers have investigated a number of ways to reduce the pumping work
encountered during throttled engine operation. Shelby et al. [3] have outlined a new
method for calculating the pumping work and indicated work in a four-stroke IC
engine and analysed the role of VVT, intake charge dilution (stratified lean oper-
ation) and cylinder deactivation in reducing pumping work by its reflection on
pumping mean effective pressure (PMEP). Schirm et al. [4] have studied the effect
of late IVC on pumping losses of an unthrottled engine, in which the relative phase
between the two intake cams of the same cylinder, can be varied and have reported
a reduction in fuel consumption at part load conditions. Koo and Bae [5] have
investigated the effects of an adaptive valve timing control system on volumetric
efficiency, engine torque and pumping losses through computer simulation and
have reported improved low-end torque (by about 6% at 1000 RPM and 10% at
5000 RPM) and reduced pumping losses. Fontana et al. [6] have numerically and
experimentally analysed the combustion process of a small displacement, two
valves, SI engine, with variable valve timing, and have reported up to 36%
reduction in pumping work and 7.7% improvement in thermal efficiency. Moro
et al. [7] have presented the thermodynamic analysis of an innovative engine load
control based on electronic control of intake and exhaust valves and internal
exhaust gas recirculation (EGR).

A variable valve actuation system as mentioned previously allows one to flexibly
control the timing and lift of the engine valves according to the speed and load on
the engine. VVA systems today not only target at reducing pumping losses but also
at improving the overall efficiency of the engine by functioning as a better air
management system as compared to fixed valve lift and timing systems. Schechter
and Levin [8] have discussed the advantages that a variable valve actuation system,
particularly a camless valve train can impart to a SI engine. A good volumetric
efficiency across the entire speed range, in-cylinder charge motion control, efficient
charge mixing, improved combustion, improved low-end torque, improved idle
stability, selective cylinder deactivation and internal exhaust gas recirculation are to
name a few of the functionalities that a VVA system can add to an engine apart
from reducing pumping losses. As cited by Shelton [9], Ahmad and Theobald [10]
have classified the different VVA systems into five different groups based on the
level of sophistication and the extent of timing variation. Most of today’s pro-
duction, VVA systems from various automotive manufacturers and new systems
being investigated by researchers easily fit into any one of these groups. The
classification may be given as systems which have the following attributes:

i. Discretely variable lift and duration (interdependent)
ii. Continuously variable lift and duration (interdependent)
iii. Fixed lift and discretely variable phasing
iv. Fixed lift and continuously variable phasing
v. Fixed lift and discretely variable duration
vi. Fixed lift and continuously variable duration
vii. Discretely variable lift and discretely variable phasing (independent)
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viii. Discretely variable lift and continuously variable phasing (independent)
ix. Discretely variable lift and discretely variable phasing (interdependent)
x. Continuously variable lift, duration and phasing (independent)

2.1 Current Variable Valve Actuation Technologies

2.1.1 Cam Switching

Honda’s Variable Valve Timing and Lift Electronic Control (VTEC) system is a
classic example of discrete cam switching VVA technology. The VTEC system as
shown in Fig. 3 consists of two sets of different-sized cam lobes mounted on the
same camshaft and two sets rocker arms hinged about the same point. The two
identical cam lobes at the two ends of the assembly have their lift profile optimised
for low engine speeds. As such, they have low lift and short duration. The larger
cam lobe at the centre has its lift profile optimised for high engine speeds. As such,
it has a higher lift and a longer duration as compared to the other cam lobes. The
two identical rocker arms at the two ends directly act on the poppet valves to actuate
them, while the central rocker arm does not have any direct linkage with the valves.
The three rocker arms can be linked together to work as a single rocker arm by
using a solenoid valve controlled, oil pressure actuated locking pin. At low engine
speeds, the locking pin is unengaged and the poppet valves are actuated by the low
lift and short duration cam lobes via the rocker arms at the two ends to ensure the
required charge flow. At high engine speeds, the locking pin is engaged when the
three rocker arms are following the base circles of their respective cam lobes. Once
locked, the rocker arm assembly is now actuated by the high lift and long duration
cam lobe while the other two cam lobes lose contact with their follower rocker arms
as soon as the lift event on the central cam lobe initiates. Thus, the demand for
increased charge flow at high engine speeds is met by a sudden increase in valve lift

Fig. 3 Honda VTEC system, Honda Motor Company Website, 2004, reproduced from [11]
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and duration which is marked by a step increase in engine torque. This can lead to
driveability issues and is usually accompanied by changes in fuel injection and
ignition timing to smoothen out the shift [11]. The system again switches back to
low lift and short duration operation when engine speed falls. The operating engine
speed at which the switch takes place lies in a narrow speed range and is controlled
by the engine control unit (ECU). Audi’s cam switching VVA system, Valve lift
uses helical grooves machined on individual cam lobe assemblies to switch cams.
Each cam lobe assembly comprises of two cam lobes having different lift and
timing mounted next to each other and capable of sliding over the camshaft on
sleeves. Whenever the ECU senses a need for changing the lift and timing, a
solenoid controlled and engine oil pressure actuated switching pin engages on to the
groove on the concerned cam lobe assembly. With the rotation of the camshaft, the
pin traverses the helical groove, which in turn slides that particular cam assembly
over the camshaft, switching to a new cam lobe with altered lift and timing.
Mercedes Benz uses slightly altered variant of the same technology going by the
brand name Camtronic [12] (Fig. 4).

2.1.2 Cam Phasing

Cam phasing is a form of VVT in which the relative phase difference between the
crankshaft and the camshaft is varied by suitable means. Cam phasing in its stan-
dalone form does not change the valve lift or valve event duration. Hence, it is
associated only with advancing or retarding valve opening time and consequently
valve closing time. The phase difference between the crankshaft and the camshaft
and between multiple camshafts can be introduced in a number of ways. Almost all
methods of cam phasing use a camshaft that can rotate up to a certain extent with
respect to its timing drive (sprocket, pulley or gear). A popular cam phasing

Fig. 4 Valve lift profiles for cam switching systems (lift normalised with maximum lift),
reproduced from [11]

Variable Valve Actuation Systems 71



mechanism uses a suitable flow control valve to controls the flow of hydraulic fluid
(usually engine oil) into an internal vane mechanism mounted coaxially between
the timing drive and the camshaft. The housing is made integral with the timing
drive while the vanes rotate with the camshaft. The amount of oil held between the
vanes and the housing, decides the relative phase difference between the camshaft
and the timing drive, and consequently the crankshaft. Such a system has been used
by Delphi in its variable cam phaser (VCP) system [13]. Depending on the con-
struction of the control valve, both discrete as well as continuously variable cam
phasing operations can be achieved. Much like Audi’s valve lift, cam phasing can
also be achieved by using helical splines as shown in Fig. 8 [11], where the
camshaft slides and rotates along a helical path, relative to its timing drive to
achieve discretely or continuously variable cam phasing. Another method to
achieve variable cam phasing involves changing the path or the shape of the path of
the timing chain or belt by using movable idler sprockets/pulleys or chain/belt
guides. The one shown in Fig. 7 uses a hydraulic adjuster to change the path of the
timing chain between two camshafts to change their relative timing [11]. BMW’s
VANOS, Ford’s Variable Camshaft Timing (VCT), Dodge’s Variable Valve
Timing (VVT) and Toyota’s Variable Valve Timing with intelligence (VVTi) are
some production cam phasing VVT technologies. Porsche’s Variocam Plus com-
bines cam phasing and cam switching technologies for their VVA systems [12]
(Figs. 5 and 6).

2.1.3 MultiCam Systems

Multicam VVA systems allow continuous adjustment of both valve lift and valve
event duration [14]. Such systems use an intermediate cam lobe and follower
between the camshaft and the poppet valves to incorporate another degree of
freedom to control the valve motion. The motion of the intermediate cam lobe is
controlled by the ECU, which in turn decides the motion of the intermediate fol-
lower acting on the poppet valves, deciding the final lift and duration. The inter-
mediate cam lobe essentially changes the fulcrum of the intermediate rocker arm
that actuates the valves, in turn changing the rocker ratio. The multicam system can
be considered analogous to a proportional gain element in control theory having its
value varying between zero and one, altering the maximum valve lift and event
duration in the same ratio. The construction of the multicam system as such makes
valve lift and event duration interdependent rather than providing independent
control over both. The BMW Valvetronic [15], Nissan Variable Valve Event and
Lift (VVEL) and Toyota Valvematic are some examples of multicam systems that
have been used in production engines [12, 14] (Fig. 9).

Other VVA systems that have been investigated upon include the electrically
driven cam, non-constant velocity drive, three-dimensional cam lobe and variable
follower height system [11]. Kreuter et al. [16] have presented a mechanical con-
tinuously variable valve timing system which uses two camshafts together acting on
the intake valve(s) to output a displacement equal to the sum of the effective
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Fig. 5 Typical vane type VCP system, Delphi Corporation Website, 2004, reproduced from [11]

Fig. 6 Valve lift profiles for cam phasing systems (lift normalised with maximum lift),
reproduced from [11]
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Fig. 8 Typical helical spline
type VCP system, Auto
Innovations Website, 2004,
reproduced from [11]

Fig. 9 Valvetronic system.
BMW AG Website, 2004,
reproduced from [11]

Fig. 7 Typical VCP system based on drive path change. Hilite International Website, 2004,
reproduced from [11]
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displacements of the two cams. Hara et al. [17] have developed an eccentric VVT
control scheme in which valve timing is continuously controlled by varying the
camshaft angular speed by means of an offset between the centre of the camshaft and
that of the medium member that transfers crankshaft torque to the camshaft.
Fallahzadeh et al. [18] have designed and developed VVA system that uses a sliding
three-dimensional cam to continuously alter the valve lift and cam phasing via a
differential gear train. Three-dimensional cams usually cannot independently control
the lift and duration of a valve event, with the two being interrelated. Another kind of
VVT technology, helical camshafts, allows a continuous variation of valve event
duration. Characterised by an unique helical sliding between the two sections of the
cam lobe about the camshaft, the sliding process leads to a decrease in the cam lobe
base circle arc length while an increase in the nose arc length. As a result, the
increased duration is obtained at full valve lift. Although promising in performance,
helical camshafts have been limited to experimental systems mainly due to the
economic reasons. Maas et al. [19] have discussed the development of a continuous
VVL system, which in accordance with thermodynamic base studies show a
potential of additional 2–5% savings in fuel consumption compared to an camless IC
engine with variable intake and exhaust camshaft timing (Figs. 10 and 11).

Fig. 10 Schematic of a three-dimensional cam lobe system
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2.2 Camless Variable Valve Actuation Systems

VVA systems that use modifications to the camshaft or use intermediate mecha-
nisms between the valve(s) and the camshaft are no doubt reliable at high operating
speeds. However, these modifications usually require the addition of extra moving
mass to the valve train as compared to a traditional camshaft-driven valve train
design. The high rotational speeds, at which these operate, bring in large dynamic
forces that the system must be able to handle. This requires robust components and
mechanisms to be used in the VVA system making them heavy and bulky. Usually,
systems that use an intermediate oscillating cam or a significantly modified cam-
shaft have extra height and volume added to the cylinder head to accommodate the
additional components creating packaging issues. These systems usually have
added complexity to their designs and involve capital intensive high precision
manufacturing as compared to the traditional ones. Moreover, most of these sys-
tems do not have independent control over the lift and timing of the valves, and the
ones that do usually are not simple in construction. Presently, VVA systems that do
not depend on the camshaft for their operations are seeing a lot of research and
development and gaining popularity as camless valve actuation systems. Camless
engines use a variety of methods to independently control the lift and timing of the
valves which include electromagnetic, hydraulic and pneumatic actuation systems
with some even using a combination of these actuation methods. The camshaft,
now done away with, the valve lift profile is no longer restricted the kinematic
limitations of the design of the cam lobe. Hence, the theoretically best square lift
profile can be practically realised as a trapezoidal or top hat lift profile, the shape
being determined by the valve opening and closing speeds, allowable acceleration
and seating velocity (Fig. 12).

Fig. 11 Valve lift profiles for three-dimensional cam lobe systems (lift normalised with maximum
lift), reproduced from [11]
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2.2.1 Classification of Camless Variable Valve Actuation Systems

Current camless VVA systems can be broadly classified into the following three
categories based on the type of actuation system used:

i. Electro-mechanical camless VVA system
ii. Electro-hydraulic camless VVA system
iii. Electro-pneumatic camless VVA system.

Electro-mechanical Camless VVA System

Electro-mechanical camless systems use a combination of electromagnets and
mechanical springs to achieve the desired valve motion in the required time.
Sugimoto et al. [20] have studied, designed and tested an electro-mechanical VVA
system. The functioning of the electro-pneumatc camless system studied by
Mercorelli [21] is schematically shown in Fig. 13. The basic construction of the
VVA system includes an armature disc mounted concentrically and rigidly with the
valve stem and placed symmetrically placed between two electromagnets with the
help of two springs (not necessarily identical). This configuration is referred to as
the equilibrium state. Whenever the valve needs to open, the lower electromagnet is
energised by applying a suitable voltage across its coil while the upper electro-
magnet is kept de-energised. This attracts the armature in the downward directions
and the valve opens up. In the meantime, the upper spring gets elongated and the

Fig. 12 Comparison between camless and conventional valve lift profile
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lower spring gets compressed. The energy stored in the springs is used to return the
valve to its equilibrium position when the coils are de-energised. Similarly, for
closing the valve, the lower electromagnet is de-energised while the upper elec-
tromagnet is energised, compressing the upper spring and elongating the lower. In
order to hold the valve in open, closed or any desired lift position, the corre-
sponding electromagnets have to be kept energised accordingly during the dwell
period so that the spring force and electromagnetic force balance out. The desired
actuation time decides the deceleration required at the end of the stroke, which in
turn decides the stiffness of the springs used. The spring stiffness ultimately dictates
the voltage applied across the coils. A simpler version of this design involves only
one electromagnet and one mechanical spring, with the closed valve as the equi-
librium position. An appropriate damping mechanism is usually used to control the
velocity of the valve during closing. Sugimoto et al. [20] have used a small
hydraulic tappet as a valve damping mechanism in their design. A closed-loop
control circuit is usually used in such applications tracking the valve motion using
position sensors for enhanced reliability and reduced cycle to cycle variation. Cope
and Wright [22] have designed, built and tested a novel electromagnetic fully
flexible valve actuator (FFVA) which offers variable lift and timing combined with
controllable seating velocity. The main advantages of using an electro-mechanical
camless engine are its high valve opening and closing speeds, and its relatively easy
system implementation. Montanari et al. [23] and Butzmann et al. [24] have pre-
sented control difficulties related to valve seating velocity and cost problems with

Fig. 13 Electro-mechanical
valve actuator cross-section,
reproduced from [21]
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expensive position sensors in electro-mechanical valve actuation systems [25].
Other problems include high power consumption, high noise, residual magnetic
characteristics even after demagnetization and difficulty in case of high force
applications [23]. The motion of the valves and the electro-mechanical actuation
also suffers from parasitic losses, such as friction, ohmic resistance and
eddy-current losses [26].

Electro-hydraulic Camless VVA System

A hydraulic camless engine converts the flow of hydraulic fluid into valve motion
in response to an electrical signal. The basic construction of the arrangement
involves a hydraulic cylinder whose piston is attached to a poppet valve. The flow
of fluid into and out of the cylinder is controlled using high-frequency flow control
valves. Figure 14 shows the schematic of the electro-hydraulic VVA system
investigated by Zhao et al. [27]. In order to open the valve, hydraulic fluid from the
reservoir is pressurised using a pump and is made to fill up the upper chamber of the

Fig. 14 Principle diagram of electro-hydraulic exhaust camless variable value actuation,
reproduced from [27]
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cylinder. At the same time, hydraulic fluid previously stored in the lower chamber is
expelled to the reservoir. This makes the piston move downwards, while opening
the poppet valve and compressing the valve spring. To hold the valve in open
position or any desired lift position, the flow control valves restrict any fluid flow
into or out of the cylinder. The fluid pressure forces and spring force then balance
among themselves to determine the equilibrium hold position (dwell at full lift or
partial lift). The lift of the valve can also be controlled by modulating the cylinder
filling pressure, but such a technique usually is not adopted for real world on the go
applications where the time available for such modulations is extremely small. To
close the poppet valve, the flow control valves allow the high-pressure fluid to fill
up the lower chamber, while expelling fluid from the upper chamber into the
reservoir. This time the compressed spring also assists in closing the valve.
A suitable damping mechanism is deployed just before the valve hits its seat to
control the seating velocity. A simpler version of this design as shown in Fig. 14
involves fluid flow only into the upper chamber with valve closure being com-
pletely taken care of by the spring force. The performance and maximum operating
speeds of such a system totally depend on precise control of fluid flow to ensure
accurate positioning of the engine valves [25]. As such, it requires high perfor-
mance flow control valves with very low response times and high frequency
position sensors that cause increase in system production cost. Schechter and Levin
[8] have developed a spring-less hydraulic pendulum for their electro-hydraulic
VVA system that exploits the elastic properties of a compressed hydraulic fluid,
which, acting as a liquid spring, accelerates and decelerates each engine valve
during its opening and closing motions. Brader [28] has designed and manufactured
an experimental piezo-electrically controlled hydraulic actuator to be used in an
electro-hydraulic camless engine. Although suited for high force applications, some
of the potential problems with basic electro-hydraulic actuation without closed-loop
feedback systems include high energy consumption, valve seating velocity control
and valve timing repeatability at different operating temperatures due to variation of
oil viscosity with temperature [25]. Nam and Choi [25] have proposed an adaptive
valve actuation system that is robust to oil temperature variations and can be
realised by a simple valve timing controller based on valve opening and closing
timing detection. Moreover, leakage in a hydraulic system can always be an issue.

Electro-pneumatic Camless VVA System

A pneumatic camless engine uses air pressure to actuate a piston–cylinder
arrangement which in order actuates the poppet valve(s). Directional control valves
are used to control the movement of pressurised air in and out of the pneumatic
piston cylinder arrangement and consequently the timing of the poppet valves.
Pneumatic camless VVA systems usually use additional hydraulic or electromag-
netic systems to achieve variable lift and acceptable seating velocities. Figure 15
shows a schematic representation of an electro-pneumatic valve actuation (EPVA)
system. The electro-pneumatic system, similar to an electro-hydraulic system,
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consists of a pneumatic cylinder whose piston is attached to the poppet valve. The
cylinder can be either double acting, in which both opening and closing of the valve
are realised using pressurised air, or single acting in which valve opening is realised
using pressurised air and valve closure takes place with the help of a return spring.
The EPVA system investigated by Ma et. al [29] uses a single acting cylinder. For
opening the valve, pressurised air is allowed to fill the upper chamber of the
cylinder while the lower chamber is open to the atmosphere. The pressure differ-
ence across pneumatic piston moves the poppet valve downwards while com-
pressing the valve spring. At the same time, hydraulic chamber at the top of the
assembly is filled with an incompressible fluid (oil). In order to hold the valve, open
at the desired lift, the control valves for both air and oil close, trapping the air and
the oil in their respective chambers. This is followed by transient force balancing
due to expansion of the pressurised air, after which a steady lift is achieved. In order
to close the valve, the air and oil chambers are depressurised by opening the flow
control valves; air and oil are forced out of the chambers due to the spring force.
Just before closure, a damping mechanism is engaged to control the seating velocity
and the valve gently gets closed. In this case, the oil is made to flow through an

Fig. 15 Schematic sectional
view of an electro-pneumatic
valve actuation system
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orifice to provide the necessary damping before closure. Free valve has developed a
production-grade electro-pneumatic-hydraulic VVA system that has been tested on
a Saab 9-5 test vehicle. The vehicle has been driven 10,000 km with both intake
and exhaust valves controlled by the Free valve system [30]. The functionality of an
electro-pneumatic system is mainly limited by the response time and service life of
the control valves. The quality of air goes into the system should also be maintained
in order to avoid clogging of the control valves. Osborne et al. [31] have reported
the highest noise and power consumption for EPVA systems among all other
camless alternatives. Moreover, compressibility effects and leakage can make
controls difficult without feedback systems. On the brighter side, behaviour of air
for the required application does not change appreciably in the working temperature
range, with pneumatic components being relatively simple, compact, reliable,
cost-effective and quite-developed technologically. Compressed air cylinders or
on-board air compressors may be used for pressurised air supply with the possibility
of re-routing the discharged air into the engine air intake system [9].

2.3 Variable Valve Timing Control Philosophy

While designing a reliable and fully functional VVA system is crucial for improved
engine performance, optimisation of the timing and lift of the valve events are an
equally important task. Researchers have thoroughly investigated the same using
both computer simulation assisted mathematical formulation as well as experiments
and have presented their understanding of the process. Bohac and Assanis [32] have
studied the effect of exhaust valve timing on gasoline engine performance and
hydrocarbon emissions using both numerical simulation as well as experiments.
Fontana et al. [6] have numerically analysed the influence of variable valve timing
on the combustion process of a small SI engine. Fallahzadeh et al. [18] have used
numerical simulations and experiments to study the effect of IVC time on engine
performance, fuel consumption and emissions. Mudka et al. [33] have conducted a
theoretical investigation on the effect of early intake valve closing (EIVC) on
thermal efficiency of an IC engine. Ashhab et al. [34] have designed an adaptive
nonlinear controller to coordinate intake valve lift and duration according to engine
speed and load, by using high sampling rate intake manifold pressure and flow
sensors. Trask et al. [35] have experimentally optimised the timing of all the valve
events of a camless engine for a number of commonly encountered engine oper-
ation conditions. Wilson et al. [36] have completely mapped the tumble, swirl and
flow characteristics of a four-valve engine, which can be studied to optimise the lift
in a camless VVA. With a flexible VVA system, one can independently vary the
timing of each valve event. However, the number of timing combinations possible
with such a system is very large, making it necessary to understand the implication
of each event on the performance and efficiency of the engine. The basic
philosophies behind variable valve event timing as presented by Parvate-Patil [1]
have been listed below.
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2.3.1 Late Intake Valve Closing (LIVC)

During LIVC, at low engine speeds, a part of the compressed charge, at a pressure
slightly higher than the atmospheric, is expelled back to the intake manifold during
the early compression stroke. This reduces the partial vacuum created in the intake
manifold due to throttling resulting in reduction of intake pumping work during the
subsequent intake stroke. As such, LIVC can be used as a means of both throttled
and throttle-less load control at low engine speeds. Asmus [37] has stated that the
volumetric efficiency at high speeds and high loads can be improved by LIVC as
the momentum of the fast moving charge during the intake stroke helps in cram-
ming in more charge into the cylinder even during the upward movement of the
piston. Going by the same reasoning, LIVC will lead to poor volumetric efficiency
at low speeds and high load conditions.

2.3.2 Early Intake Valve Closing (EIVC)

EIVC can be used as a throttle-less load control method by closing the intake valve
(s) as soon as the desired amount of charge is admitted into the cylinder during the
intake stroke. This leads to a small amount of expansion work during the intake
stroke. EIVC can also incur some pumping losses due to the low lift of the valves
which can be taken care of with faster valve lifts [38]. Altogether, the pumping
work during EIVC is much less as compared to a conventional throttled engine.

2.3.3 Late Intake Valve Opening (LIVO)

With LIVO, the piston needs to do expansion work during the early intake stroke
[37] which leads to increase intake pumping work. However, the increase in
pumping work due to LIVO is compensated for improved cylinder charging as the
piston attains an appreciable velocity when the intake valve(s) open. A higher
charging velocity leads to increase turbulence which results in better combustion
efficiency and lower unburnt hydrocarbon (HC) emissions. Volumetric efficiency
remains almost unaltered with LIVO at low engine speeds as the amount of charge
drawn in during the early intake stroke is negligible due to low piston velocity.

2.3.4 Early Intake Valve Opening (EIVO)

EIVO during the late exhaust stroke increases the valve overlap which leads to the
flow of exhaust gases into the intake manifold because of the cylinder-intake
manifold pressure gradient [38]. At low loads, this is detrimental to engine per-
formance as it dilutes the fresh charge in the intake manifold leading to lean and
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unstable combustion. At high loads, however, the same phenomenon helps in
realising internal exhaust gas recirculation (EGR) which helps in bringing down
peak cylinder temperatures and hence NOx emissions [39]. EIVO also helps in
reducing exhaust pumping work as less burnt gases are expelled during the exhaust
stroke. EIVO is particularly beneficial at high speeds as the piston attains an
appreciably high velocity during the early intake stroke and more air can be
effectively drawn into the cylinder.

2.3.5 Early Exhaust Valve Closing (EEVC)

EEVC reduces the possibility of valve overlap which is beneficial at low loads.
EEVC also reduces exhaust gas scavenging, as less time is available for expelling
the burnt gases out of the cylinder, leading to lower exhaust pumping work.
However, the exhaust gases that remain in the cylinder dilute the fresh charge
leading to reduce thermal efficiency, particularly at high loads and speeds, while at
the same time reduced unburnt HC emissions due to repeated combustion cycles.

2.3.6 Late Exhaust Valve Closing (LEVC)

With LEVC, the valve overlap period increases which results in the flow of exhaust
gases into the intake manifold [37]. This, in turn, reduces the quantity of fresh charge
that is drawn into the cylinder while increasing the inlet manifold pressure. The
reduced partial vacuum in the intake manifold results in the reduction of intake
pumping work. At high speeds, a large valve overlap helps in scavenging to improve
engine breathing, while at low loads and speeds, a small or negligible overlap helps
in maintaining charge quality and stable combustion. LEVC also helps in reduction
of unburnt HC emissions as the combustion products undergo repeated combustion
cycles due charge dilution with the same. According to Siewert [38], LEVC is less
effective in reducing HC emissions as compared to EEVC.

2.3.7 Early Exhaust Valve Opening (EEVO)

EEVO is particularly beneficial at high loads and speeds when the time available for
the gas exchange process is very small. Opening the exhaust valve during the power
stroke does reduce engine power, but if timed correctly, the loss in expansion work is
well compensated for by a significant reduction in exhaust pumping work and
enhanced scavenging. At low loads, the expansion work is significantly reduced and
EEVO can drastically reduce the already low power output of the engine. Hence, by
appropriately timing the EVO, one can control the effective expansion ratio.
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2.3.8 Late Exhaust Valve Opening (LEVO)

LEVO results in increased expansion work during the power stroke. However, a
large cylinder pressure at the end of the expansion stroke increases the exhaust
pumping work particularly at high speeds and loads. LEVO can, however, improve
the power output at low loads and speeds, when maximum work needs to be
extracted from the expansion process and a sufficient amount of time is available for
the cylinder pressure to reduce to a low value. LEVO also helps in reducing unburnt
HC emissions as the exhaust gases have sufficient time for oxidation [40].

2.4 Attributes Unique to Camless Valve Actuation Systems

Fully flexible VVA systems which can independently control the lift and timing of
the valve events over the operating speed range of an engine offer numerous
advantages and possibilities over conventional engines. Some of them unique to
camless VVA systems as documented by Schechter and Levin [8] have been listed
below.

2.4.1 Efficient and Stable Idle

A camless system can essentially eliminate the need for throttling which is a major
culprit behind low idle efficiency and stability in conventional engines. By suitably
controlling the opening and closing times, and lift of the intake valves and corre-
sponding timing of the exhaust valves to provide minimal or no overlap, the
combustion efficiency during idling can be greatly improved. Altogether, a camless
VVA system can allow an engine to have a stable idle with reduced fuel con-
sumption and emissions.

2.4.2 Faster Burn Rate

For having good combustion efficiency, cylinder charging should be accompanied
by turbulence for efficient charge mixing. However, at low engine speed and loads,
with full valve lift, the charging velocity drops significantly due to reduced charge
mass flow rate and increased flow area, leading to unstable and non-uniform
combustion. Using a camless VVA system, one can reduce the duration of the
intake stroke to draw in charge only when the piston velocity is sufficiently high or
reduce the maximum valve lift to increase the charging velocity.

Variable Valve Actuation Systems 85



2.4.3 Variable Compression Ratio

By varying the timing of IVC, one can vary the effective compression ratio of an
engine without a corresponding change in the expansion ratio. This can be par-
ticularly beneficial for forced induction engines where knocking becomes an issue
at high load conditions. The compression ratio of such engines is usually reduced to
avoid knocking, but this leads to lower thermal efficiency at low loads. With a
flexible VVA system in place, EIVC or LIVC can be suitably used for efficient low
load operation with reduced knocking probability at high loads. This eliminates the
need for waste gating in turbocharged engines, leading to improved utilisation of
exhaust waste heat.

2.4.4 Internal EGR

In conventional engines, EGR is usually realised by using a separate valve between
the intake and the exhaust manifolds to regulate the amount of exhaust gases
recirculating into the engine. With a camless VVA system, the timing of the EVC
and IVO can be appropriately tuned to provide the necessary overlap and corre-
sponding amount of internal EGR. This can help in reducing NOx emissions by
bringing down the peak cylinder temperature.

2.4.5 Charge Motion Control

The ability to individually control the lift and timing of each valve in a camless
engine allows one to control the in-cylinder charge motion. In a cylinder with two
or more intake valves, unequal lifts and timing can be used to vary the swirl and
tumble characteristics of the incoming charge during cylinder filling providing a
variety of flow patterns. A particular valve can also be deactivated (held in closed
position) to divert all the flow through a fewer number of valves at a higher velocity
for increased turbulence.

2.4.6 Variable Engine Displacement

A camless system may be used to deactivate all the valves of a particular cylinder,
effectively deactivating that cylinder when coupled with deactivation of fuel
injection. As such, during part load operation, the total displacement of a
multi-cylinder engine can be reduced, with only a few cylinders working efficiently
at a higher load. This reduces part load fuel consumption and unburnt HC emis-
sions. The valves are usually deactivated after the intake stroke in order to reduce
the amount of residual gases trapped in the deactivated cylinders for low in-cylinder
pressure.
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2.4.7 Change in Firing Order

The selection of the firing order of a particular multi-cylinder engine is done with an
aim to reduce vibrations. In conventional engines, the firing order decides the
arrangement of the cam lobes on the camshaft and as such, once fixed, it is not
possible to change the firing order. However, the nature of engine vibrations varies
with engine speed and load and there arises a need for changing the firing order to
reduce the same at different operating conditions. With a camless system, changes
to the firing order and other necessary changes in valve timing can be easily made
to provide smooth engine operation across the entire speed range.

2.4.8 Regenerative Braking

A camless VVA system can be used to realise dynamic braking by using the engine
as a compressor during braking. During dynamic braking, the exhaust valves and
ignition are deactivated, and the momentum of the vehicle via the transmission is
used to compress the charge drawn in during the intake stroke. The compressed
charge is then expelled around TDC back into the intake manifold or into a
reservoir, which can be later drawn in for engine supercharging during acceleration.
The compression work was done by the engine partly slows down the vehicle in
conjunction with wheel braking and provides an efficient way to use the energy lost
during braking.

2.5 Experimental Results on Implementation of VVA
Systems

Çinar and Akgün [41] have reported a 5.1% increase in torque at low speeds and a
4.6% increase in torque at high speeds for their test engine operating with variable
IVC timing camshaft. Specific fuel consumption has been reported to have
decreased by 5.3 and 2.9% at low and high engine speeds, respectively, along with
reduction in HC and CO emissions at high engine speeds. Fallahzadeh et al. [18]
have reported a 15–20% improvement in brake thermal efficiency for their test
engine due to EIVC at an engine speed of 1600 rpm accredited to lower residual
gas fraction and reduced heat transfer. A 20–25% decrease in fuel consumption has
also been reported due to reduced pumping loss results during part load operation at
the same speed along with 4–5% reduction in exhaust gas temperature and 50–60%
increase in intake manifold pressure. Bohac and Assanis [32] during their experi-
ments to study the effect of exhaust valve timing on gasoline engine performance
and HC emissions, using switchable camshafts, have reported a 27% decrease in
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start-up HC emissions by advancing EVO by 60° and advancing EVC by 40°.
Sugimoto et al. [20] while investigating their electromagnetic VVA system have
reported a 10% reduction in BSFC due to late IVC as compared to conventional
cam driven valve trains again accredited to reduction in pumping losses. By fixing
IVC timing to BDC, an approximate improvement of 20% in torque output at low-
and mid-engine speeds has been recorded due to improvement in volumetric effi-
ciency. The camshaft-driven eccentric VVA system developed by Hara et al. [17]
has shown a 10–15% improvement in low- and mid-engine speed torque and 10%
improvement in maximum power. A 5% reduction in fuel consumption, 19%
reduction in HC emission and 29% reduction in NOx emissions have also been
reported. Li et al. [42] have reported a 11.8% torque increase at 2400 RPM and
9.9% torque increase at 5400 RPM along with 1.2% increase in maximum torque at
3900 RPM for their variable cam phasing system after proper ECU tuning. A 6.9%
and 23.3% improvement in BSFC have also been reported at 2800 RPM and
5400 RPM, respectively, but with a slight reduction in baseline BSFC of 1.4–4.4%
between 1200 and 2400 RPM. A 59.4% reduction in CO emissions as compared to
the baseline has also been recorded. Schirm et al. [4] have reported a mean
reduction of 6.4% at 25% load, 3.7% at 50% load and 1.4% at 75% load in fuel
consumption while running the test engine in unthrottled operation mode by late
IVC using a variable cam phasing system.

3 Summary

An overview of the development of valve train systems has been presented in the
text. The importance of valves in an IC engine and the functioning of a mechan-
ically coupled, camshaft-driven valve train with focus on its simplicity and relia-
bility has been discussed. The limitations of a camshaft-driven valve train with
respect to varying engine speed and load control have been highlighted to sub-
stantiate the need for a variable valve actuation system. Pumping losses during the
throttling process for load control have been explained along with a few strategies
to reduce them. The working of few production level, camshaft-driven, variable
valve timing, variable valve event duration and variable valve lift technologies has
been described covering both discrete and continuous control systems. Drawbacks
of camshaft operated variable valve actuation systems have been discussed to
sketch the functional requirements of a camless valve train. Three types of camless
valve trains along with their advantages and limitations have been explained. The
basic variable valve timing control logic has been described and some unique
attributes of camless engines have been listed. Some experimental results have also
been cited from literature highlighting the improvement in performance, efficiency
and emissions after implementation of variable valve actuation systems.
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Performance, Combustion, and Emissions
Characteristics of Conventional Diesel
Engine Using Butanol Blends

Mohit Raj Saxena and Rakesh Kumar Maurya

Abstract Energy security concern and stringent emission legislations norms
demand a clean and high fuel conversion efficiency engines. Diesel compression
ignition (CI) engines are more preferred over the spark-ignition (SI) engines in
commercial applications due to their higher fuel conversion efficiency. Present
chapter focuses on the effect of butanol addition in the diesel fuel on the combustion
and emissions characteristics of a diesel engine. Butanol has inimitable properties,
which makes it more suitable candidate fuel for diesel engine in comparison to
other alcohol fuels such as ethanol and methanol. Combustion characteristics of the
engine are analyzed from heat release analysis of measured in-cylinder pressure
data at different engine operating conditions. Combustion stability is also discussed
with respect to diesel engine operation with butanol blends. Carbon monoxide
(CO), unburned hydrocarbons (HC), and nitrogen oxides (NOx) emission charac-
teristics of diesel engine using butanol blends are discussed in this chapter. Special
emphasis is placed on the discussion of particulate emission (soot particle numbers)
in diesel engine with butanol blends.

1 Introduction

In past few decades, alternative fuels are intensively investigated for internal
combustion (IC) engine application to fulfill the energy demand across the world.
With urbanization, the number of engines for automotive and off-road applications
(such as tractors, trucks, agricultural equipment’s, power generators) is increasing
rapidly. Most of the commercial application engines are equipped with compression
ignition (CI) engines due to their higher brake thermal efficiency and fuel economy.
However, conventional compression ignition (diesel) engines typically emit oxides
of nitrogen (NOx) and particulate matter (PM) in relatively higher concentrations.
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Reduction in formation of these emissions during combustion itself is a bigger
challenge for automotive industries as well as engine researchers. In addition to this,
there exits a trade-off between the PM and NOx in conventional diesel engine,
which makes the problem more challenging. The NOx emissions are higher mainly
due to higher combustion temperature, and PM emission is higher due to the
combustion of heterogeneous mixture in conventional diesel engine.

It is well known that the exhaust emissions from the combustion of fossil fuels
significantly affecting the human health as well as the environment [1, 2]. To keep
these emissions below or within the emission mandate limits, several
after-treatment devices (such as diesel particulate filter, lean NOx trap) are installed
in the exhaust line of modern automotive engines. However, after-treatment devices
have a penalty impact on the fuel economy of the engine. Utilization of renewable
or biofuel is one of the potential ways to reduce these emissions from conventional
diesel engines. Biodiesel was considered as a good alternative fuel for diesel engine
and has a lower carbon monoxide (CO), hydrocarbon (HC), smoke and PM
emissions. However, combustion of biodiesel in CI-engine emits higher NOx

emissions [3, 4]. In addition to this, it is considered to be presently impractical for
diesel engine vehicles due to its limitations such as excessive carbon deposition,
oxidation stability, and it may also cause corrosion in vehicle material, which leads
to engine durability issues. Alcohols such as methanol, ethanol, butanol are
renewable fuels with relatively lower cetane numbers, which are considered as good
alternative fuels and has a potential to reduce the emissions from combustion
engines [5–7]. Methanol and ethanol are considered as potential alternative fuels for
spark-ignition engines. Various studies investigated the performance characteristics
of methanol-/ethanol-fueled spark-ignition engines [8–11]. In Brazil, ethanol was
used as an alternative fuel more than past 35 years [12]. A study reported that in
European countries, blending of methanol with gasoline was used since 1970 [5].
Both these alcohols could be used in spark-ignition engine either in pure form or in
blended form with gasoline. However, these alcohol fuels are typically not con-
sidered as good replacement of diesel fuel for CI-engines due to their higher
auto-ignition temperature and lower cetane number. In CI-engines, methanol/
ethanol could be used as either in blended form with conventional diesel or by
separately injecting in the intake manifold and running the engine in dual fuel
mode. Ethanol/methanol also has miscibility issues with diesel fuel, and thus,
additives/solvents are required to avoid the fuel layer separation in the fuel tank.
Butanol is an another alcohol fuel, which can be used as an alternative fuel for
combustion engines and it has a better physical and chemical properties as com-
pared to methanol and ethanol for CI-engine perspective. Benefits of butanol in
comparison to ethanol and methanol are given below [5];

• Higher heating value as compared to methanol and ethanol.
• Lower volatility, which may reduce the tendency of vapor lock problem and

cavitation.
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• Less cold start problem in comparison to ethanol-/methanol-fueled engines (due
to lower heat of vaporization, and ignition temperature of butanol is also lower
as compared to ethanol and methanol).

• No miscibility issue with diesel as well as gasoline.
• Butanol has higher flash point temperature and lower vapor pressure point and

thus, it is safer as compared to ethanol and methanol.
• Less corrosive in comparison to ethanol.
• Higher cetane number as compared to methanol and ethanol thus easier to

auto-ignite in CI-engine.

Butanol is a renewable biofuel and can be easily produced by the fermentation
process. A schematic diagram of common butanol production process is provided in
the Fig. 1 and typical properties of the methanol, ethanol, butanol, and diesel are
compared in Table 1.

In past few years, researchers intensively investigated the butanol as an alter-
native fuel for CI-engines [13–17]. A study optimizes the fuel injection parameters
for the performance and emissions characteristics of butanol-/diesel-fueled

Fig. 1 Typical production
process of butanol. Adapted
from [31]
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compression ignition engine using response surface methodology [15]. Another
study investigated the effect of cyclic variations from a compression ignition engine
fueled with butanol/diesel blends were investigated [16]. Nanoparticle emissions
from the compression ignition engine fueled with butanol/diesel blends are also
investigated at different engine load conditions [17]. This chapter provides the
summary of the combustion and emissions characteristics of diesel engine fueled
with butanol blends at different operating conditions. Before discussing the com-
bustion and emission characteristics, a brief experimental methodology for deter-
mination of combustion characteristics is provided in next section.

2 Methodology

To analyze the engine combustion characteristics, combustion parameters (such as
heat release rate, start of combustion, combustion phasing) are typically calculated
from the measured in-cylinder pressure data. For measuring the in-cylinder pres-
sure, a piezoelectric pressure sensor is generally mounted in the engine cylinder
head. For determination of the crank position, a crank angle encoder is typically
installed on the crankshaft. A high-speed data acquisition system is used for logging
the online in-cylinder pressure signal. Gaseous and particles emissions are mea-
sured by gas and particle emission analyzers. Typical experimental setup used for
performance, combustion, and emission characteristics analysis is shown in Fig. 2.

Performance and combustion characteristics are calculated by using following
equations from (1) to (5).

Brake thermal efficiency (BTE) is determined by using Eq. (1)

Table 1 Typical properties of methanol, ethanol, butanol, and diesel [7]

Property Methanol Ethanol n-Butanol Diesel

Molecular formula CH3OH C2H5OH C4H9OH C12-C25

Cetane number 3 8 25 40–55

Octane number 111 108 96 20–30

Oxygen content (% weight) 50 34.8 21.6 –

Density (g/ml) at 20 °C 0.796 0.790 0.808 0.82–0.86

Auto-ignition temperature (°C) 470 434 385 210

Flash point (°C) at closed cup 12 9 35 65–88

Lower heating value (MJ/kg) 19.9 26.8 33.1 42.5

Boiling Point (°C) 64.5 78.4 117.7 180–370

Latent heating (kJ/kg) at 25°C 1109 904 582 270

Viscosity (mm2/s) at 40°C 0.59 1.08 2.63 1.9–4.1
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BTE %ð Þ ¼ BP� 3600� 100

_mf � LHVf

: ð1Þ

where ‘ _mf ,’ ‘LHVf,’ and ‘BP’ are the mass flow rate of the fuel, lower heating value
of fuel, and brake power, respectively. Brake power is determined by using Eq. (2)

BP kWð Þ ¼ 2� p� N �W � R
60� 1000

ð2Þ

where ‘N’, ‘W’, and ‘R’ are engine RPM, engine load, and dynamometer arm length
respectively.

Brake specific fuel consumption is determined by Eq. (3)

BSFC
kg
kWh

� �
¼ _mf � LHVf

BP
ð3Þ

Rate of heat release (ROHR) is determined by using Eq. (4)

dQðhÞ
dh

¼ 1
c� 1

� �
V hð Þ dP hð Þ

dh
þ c

c� 1

� �
PðhÞ dVðhÞ

dh
ð4Þ

where ‘dQðhÞdh ,’ ‘c,’ ‘PðhÞ,’ and ‘VðhÞ’ denote the ROHR, ratio of specific heat,

in-cylinder pressure, and volume as a function of crank position, respectively.

Fig. 2 Schematic of typical experimental setup for combustion and emission characteristics
determination
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V hð Þ ¼ Vc þ p
4
B2 LþR� Rcos hð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 � R2sin2ðhÞ

q� �
ð5Þ

where ‘B’, ‘L’, ‘R’, and ‘Vc’ represent the bore of the cylinder, connecting rod
length, radius of crank, and clearance volume, respectively.

Total heat release during cycle can be estimated by integrating the heat release
rate curve. Different combustion phasing parameters (such as start of combustion
(SOC), CA50, and combustion duration) are determined from heat release analysis.
SOC is typically defined as position of crank angle where 10% of total heat release
occurs. Combustion duration is typically defined as difference of crank angle
position between the 90 and 10% of the total heat release.

3 Diesel Engine Characteristics Using Butanol Blends

This section presents the performance, combustion, and emission characteristics of
the diesel engine fueled with neat diesel and butanol blends. This section is divided
into two subsections. In the first subsection, performance, and combustion char-
acteristics are discussed. In the second subsection, the emissions characteristics
(gaseous as well as soot particles) of diesel engine fueled with butanol blends are
discussed.

3.1 Performance and Combustion Characteristics

Performance and combustion characteristics of conventional diesel engine depends
on several parameters such as injection events (like fuel injection timing, injection
pressure, number of injections), physical, and chemical properties of the fuel,
ambient condition (like air temperature and humidity). Addition of any biofuel in
the diesel has significant effect on the combustion characteristics of the engine.
Combustion characteristics are generally explained with the help of rate of heat
release (ROHR) curve estimated from the measured in-cylinder pressure data.
A study investigated the effect of butanol addition on the heat release characteristics
of CI-engine fueled with n-butanol/diesel blend [26]. Figure 3 illustrates the effect
of butanol addition (i.e., 16% butanol addition in neat diesel) on cylinder pressure
and gross heat release rate at low (20%), medium (40%), and higher (60%) engine
load conditions.

Figure 3 shows that with an increase in the engine load, the peak in-cylinder
pressure, and ROHR increases for both the fuels (neat diesel and butanol/diesel
blend). At higher engine load operation, relatively higher amount of fuel is injected
and burns in the cylinder, which leads to increase the peak pressure and heat
release. In addition to this, the peak in-cylinder pressure and rate of heat release are
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slightly lower with butanol/diesel blend in comparison to neat diesel operation
(Fig. 3). It is due to the delayed combustion because of longer ignition delay of
butanol diesel blend. Longer ignition delay with butanol blends are observed due to
relatively lower cetane number of butanol [26]. Effect of varying the butanol
fraction in the diesel fuel on the combustion characteristics of conventional
CI-engine is also investigated [17]. Results showed that with an increase in the
butanol percentage in the fuel (from 10 to 20% butanol in the blend), the peak
pressure, and ROHR increases. It is also attributed to longer ignition delay with an
increase in the butanol percentage, which results in more amount of fuel–air mixture
burn in the premixed combustion phase.

Figure 4 shows the effect of exhaust gas recirculation (EGR) rate on the
in-cylinder pressure and ROHR for 40% butanol/diesel blend. Figure depicts that
the peak of in-cylinder pressure decreases with an increase in the EGR rate, and

Fig. 3 Effect of butanol addition on a cylinder pressure; b gross heat release rate at different
engine load condition [26]

Fig. 4 Effect of EGR on
cylinder pressure and heat
release rate for 40% butanol-/
diesel-blended fuel in
compression ignition engine
[27]
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ROHR also has the similar trend. The peak of ROHR first increases with increase in
EGR rate (for 31 and 40%), and further increase in EGR rapidly reduces the ROHR
(for 44.3% EGR rate). With an increase in the EGR rate, the combustion phasing is
retarded because of longer ignition delay so that more fraction of charge will burn
in the premixed combustion phase and thus results in higher peak ROHR (in case of
31 and 40% EGR rate). With further increase in the EGR rate, ignition delay further
increases, and charge may burn during the expansion stroke, which results in lower
peak ROHR (mainly because of expansion cooling effect of cylinder volume
expansion) [28].

Figure 5 demonstrate the effect of addition of butanol in the diesel fuel on start
of combustion (SOC) and combustion duration (CD) at different engine load
conditions. Figure 5 reveals that start of combustion advances with an increase in
the engine load. With an increase in the engine load, the mean combustion tem-
perature increases, which results in advance ignition timing. Figure reveals that with
10% addition of butanol in the blended fuel, the SOC advances. However, in case
of 20 and 30% butanol fraction in the blended fuel, delayed SOC observed at all
engine load condition. It might be due to the higher heat of vaporization of 20% and
30% butanol-/diesel-blended fuels in comparison to 10% butanol-/diesel-blended
fuel. In addition, with 30% butanol-/diesel-blended fuel at engine load greater than
50% load condition, retarded SOC is observed in comparison to neat diesel fuel
operation. It is possibly because of the higher heat of vaporization and lower cetane
number of 30% butanol-/diesel-blended fuel in comparison to neat diesel.

Figure 5 also shows the effect of butanol blend on the combustion duration at
different engine load conditions. The figure indicate that with an increase in the
engine operating load, CD increases and it reduces with increase in the percentage
of butanol for all the engine load conditions. Shorter combustion duration is
observed with increase in the percentage of butanol in the blended fuel, which
indicates the higher combustion rate in case of blended fuel in comparison to neat
diesel operation. It is possibly due to the higher oxygen content in the blended fuel.
Fuel–air mixing rate dominates the combustion during the diffusion combustion

Fig. 5 Variation in SOC and
combustion duration
(CD) with engine operating
load for neat diesel and
butanol/diesel blends.
Adapted from [17]

100 M. R. Saxena and R. K. Maurya



phase [18]. Thus, the combustion of higher oxygen content in the blended fuel leads
to reduction in the combustion duration.

Impact of EGR on peak pressure rise rate (PPRR), ignition delay and burning
duration for neat diesel, and 40% butanol/diesel blend are presented in Fig. 6.
Ignition delay is defined as the duration (in terms of crank angle) between the fuel
injection timing and the angle at which 5% mass burned fraction observed [27].
Combustion duration is defined as the duration between the 90% mass burned
fraction and 5% mass burned fraction [27]. Figure 6 depicts that PPRR increases
with increase in EGR rate (can be seen at 30% EGR rate) for both the fuels (i.e., neat
diesel and butanol blend). In case of butanol blend operation, the PPRR increases
with increase in EGR rate up to 30%. With further increase in EGR rate leads to
steeply decline in PPRR. Figure reveals that the threshold value of EGR rate (after
which PPRR start decreasing) for butanol blend is lower as compared to neat diesel.
It attributes to lower cetane number and higher heat of evaporation of butanol blend,
which leads to deterioration in the combustion and results in lower PPRR.

Figure 6 also indicates that with an increase in the EGR rate, the ignition delay
and burning duration increases. Increase in the EGR rate leads to the reduction in
the mean combustion temperature due to the combined effect of thermal, dilution,
and chemical effects of EGR addition. Additionally, increase in the EGR rate leads
to longer ignition delay and thus, more fraction of charge will burn during the
premixed combustion phase. Therefore, it may also cause to increase the PPRR as
shown in Fig. 6 (up to 30%). Further increase in EGR rate leads to longer delay
period (Fig. 6), and smaller fraction of charge will burn during the expansion stroke
leading to lower PPRR.

Combustion stability is an important issue, which need to be taken care, while
employing new fuel. Combustion stability is typically characterized by
cycle-to-cycle variations. In order to investigate the cyclic variations in the engine

Fig. 6 Variations of peak
pressure rise rate, ignition
delay, and burning duration
with EGR for 40% butanol-/
diesel-blended fuel [27]
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combustion cycles, statistical techniques (typically coefficient of variation) are used
[29]. Cyclic variations are commonly characterized by evaluation of variations in
the indicated mean effective pressure (IMEP). Figure 7 shows the effect of butanol
addition in diesel fuel on the coefficient of variations IMEP of 2000 consecutive
engine cycles. The figure depicts that at lower engine operating load, the cyclic
variations are maximum, and cyclic variations reduce with an increase in the engine
operating load. At lower load condition, the lower amount of fuel is burnt which
results in lower mean combustion and residual gas temperature, which causes
higher cyclic variations.

Figure 7 also shows that for engine load greater than 50% of full load, the cyclic
variations in IMEP are lower for butanol addition up to 25% in the diesel fuel.
Further increase in the butanol leads to drastic increase in cyclic variations of
IMEP. It has been observed that addition of butanol in the diesel fuel is limited by
cyclic variations. Up to a certain limit, addition of butanol reduces the variations in
the combustion cycles and further increase in the butanol fraction increases the
cyclic variability in combustion. As discussed, increase in the butanol percentage in
the fuel blend retards the combustion phasing. Retarded combustion phasing results
in higher cyclic variations due to higher sensitivity of reactions to combustion
temperature. Temperature sensitivity increases at retarded combustion phasing.

Brake thermal efficiency is an important parameter used to evaluate the per-
formance of engine at particular fuel. Impact of addition of butanol in the diesel fuel
on the brake thermal efficiency (BTE) and brake specific fuel consumption (BSFC)
at different engine load (i.e., 1.40, 2.57, and 5.37 bar brake mean effective pressure)
conditions are investigated [25]. Results showed that BTE increases with increase
in the engine load. The BTE slightly increases with increase in the butanol fraction
in the blended fuel. Brake specific fuel consumption (BSFC) decreases with an
increase in the engine load for all the test fuel blends. Relatively higher BSFC was
observed for butanol/diesel blends due to lower calorific value of butanol as

Fig. 7 Effect of butanol
addition on the COV in IMEP
at different engine load
conditions at 1500 rpm
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compared to diesel fuel. Lower calorific value of butanol in comparison to diesel
leads to combustion of relatively higher amount of fuel for the same power output.

Another study investigated the effect of 10, 20, and 30% butanol addition in the
diesel fuel on the performance of a stationary diesel engine at 25, 50, and 100%
engine loads [30]. Results showed that BTE slightly decreases with 10 and 20%
butanol/diesel blend as compared to neat diesel fuel operation for all the test engine
loads (Fig. 8a). Butanol has a lower calorific value (heating value) as compared to
diesel fuel (Table 1). Thus, higher fraction of butanol/diesel blend is required to
inject for same engine load condition. Additionally, the test engine was coupled
with a mechanical fuel injection system and the fuel injection pressure is constant
and thus, fuel injection duration will be larger for injecting relatively larger quantity
of fuel. The combustion phasing can be different for neat diesel fuel and butanol/
diesel blend for a constant fuel injection timing. Another major factor is cetane
number of butanol-/diesel-blended fuel, which results into different combustion
phasing. Combustion phasing affects the fuel conversion efficiency of the engine.

Results also indicate that at 25 and 50% engine load, BTE is slightly increases
with increase in butanol fraction. It is attributed to higher oxygen content in the
butanol/diesel blends, which enhances the combustion [19]. Additionally, at 25 and
50% engine operating load, highest BTE is obtained with 30% butanol/diesel blend
(Fig. 8a). It might be due to the longer ignition delay with 30% butanol/diesel blend
operation, which results in more fraction of charge may be burning in the premixed
combustion phase. More fraction of charge burn in the premixed combustion phase
leads to higher BTE [20]. With an increase in the engine load, in-cylinder pressure,
and temperature increases, which leads to shorter ignition delay, thus lower BTE
observed with 30% butanol/diesel blend at 100% engine load condition. Figure 8b
indicates that with an increase in the engine load, the BSFC decreases, and higher
BSFC obtained for butanol/diesel blends. The brake thermal efficiency and brake
specific fuel consumption have inverse relation, and inverse trend is also observed
in Fig. 8.

Fig. 8 Effect of butanol addition on the a brake thermal efficiency, and b brake specific fuel
consumption at different engine load conditions. Adapted from [30]
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3.2 Gaseous and Particle Emissions Characteristics

This section presents the gaseous and soot particle emission characteristics of diesel
engine fueled with butanol blends. Figure 9 shows the gaseous emission charac-
teristics of diesel engine fueled with neat diesel and butanol/diesel blends at dif-
ferent engine load conditions (i.e., 1.40, 2.57, and 5.37 bar break mean effective
pressure). Effect of butanol addition in the diesel fuel on NOx emissions at different
engine operating loads are presented in Fig. 9a. The figure demonstrates that the
NOx emissions increases with an increase in the engine load. It is because of higher
combustion temperature at higher engine load condition (due to more amount of
fuel burnt). NOx emissions decrease with an increase in the butanol fraction for all
the engine load conditions. Butanol has higher heat of evaporation and thus

Fig. 9 Effect of butanol addition on a NOx; b HC; c CO emissions of a diesel engine [25]
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addition of butanol in the diesel fuel leads to reduction in the in-cylinder charge
temperature, which results in lower NOx emissions (Fig. 9a). Similar results were
also obtained in another previous study [24]. Figure 9b indicates the effect of
butanol addition in the diesel fuel on the HC emissions at different engine load
conditions. The figure reveals that higher HC emissions observed with butanol/
diesel operations in comparison to neat diesel operation. It might be due to the
longer delay period (because of higher cetane number), slower droplet evaporation
rate, and higher heat of evaporation [22, 23].

Figure 9c indicates that with an increase in engine load from 1.40 to 2.57 bar
BMEP, CO emission decreases. At higher engine operating condition, the com-
bustion temperature is higher that leads to more close to complete combustion [21].
Additionally, engine operation with butanol/diesel blend has a lower CO emission
for all the test operating conditions in comparison to neat diesel. It is attributed to
higher oxygen content of butanol/diesel blends, which leads to the oxidation of CO
and converted it into CO2. Formation of CO emission mainly depends upon the
fuel–air ratio and combustion temperature. At 5.37 bar BMEP operation, the engine
is running with locally rich mixture and thus, insufficient amount of oxygen is
available for the oxidation of CO. Thus, higher CO emissions observed for all the
test fuels in comparison to 1.40 bar and 2.57 bar BMEP operation.

Soot emissions emitted from conventional diesel engine is in the form of black
smoke. Formation of soot depends upon the overall as well as local fuel–air ratio
and combustion temperature. Conventional diesel engine operates at overall leaner
fuel–air mixtures. However, direct injection of fuel near TDC leads to locally very
rich fuel zone due to insufficient mixing timing. Locally rich combustion of diesel
results into soot formation. Advanced premixed compression ignition engines emit
very low soot due to combustion of premixed charge [6]. Typically, soot emission
is qualitatively analyzed by smoke opacity. Smoke opacity implies the amount of
light that is transmitted from the stream of smoke emitted from the engine.
Figure 10 depicts the effect of engine load on the smoke opacity and smoke density
in a diesel engine fueled with neat diesel and 10, 20, and 30% butanol/diesel blends.
Figure 10 depicts that the smoke opacity and smoke density increases with engine

Fig. 10 Effect of butanol
addition on a Smoke opacity
and b Smoke density of CI
engine exhaust. Adapted from
[17]
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load and lower smoke opacity observed with butanol-/diesel-blended fuel operation.
It is mainly due to the lower carbon chain of butanol and higher oxygen content in
the butanol-/diesel-blended fuel.

Recent emission legislation norms have included the limit on soot particle
number emissions from automotive engines. Therefore, it is important to investigate
the particle number emissions also. Figure 11 illustrates the particle size and its
number distribution for neat diesel, 10, 20, and 30% butanol/diesel blends at 25, 50,
and 100% engine load conditions. The figure reveals that the distribution trace
follows the bimodal log normal distribution. In the distribution trace, first peak
typically characterize the nucleation mode particles, while second peak characterizes
for accumulation mode particles. Typically, particles having diameter less than
50 nm are known as nucleation size particles, while the particles having size more
than 50 nm are known accumulation size particles. Figure 11 shows that the
nucleation mode size particles are higher at 25% engine load condition but as the
load increases from 25 to 100%, nucleation mode particles start decreasing, and
higher accumulation mode particles obtained at 100% engine load condition. At 25%
engine load, lower amount of fuel is burnt (as compared to 50 and 100% engine
load), which leads to lower combustion temperature. Lower combustion temperature
results in longer ignition delay and more fraction of charge will burn during the
premixed combustion phase that result in higher nucleation mode particles.

Fig. 11 Particle size and number distribution of neat diesel and butanol/diesel blends at 25, 50,
and 100% engine loads. Adapted from [30]
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At 50 and 100% engine load condition, the combustion temperature is higher
(because of higher amount of fuel burn) in comparison to 25% engine load oper-
ation, which enhances the agglomeration rate, and thus results in higher accumu-
lation mode particles. Figure 11 also reveals that nucleation mode particles are
higher with neat diesel operation and reduces in case of butanol-/diesel-blended fuel
operation. In case of butanol/diesel operation, the nucleation size particles slightly
increase with an increase in the percentage of butanol in the blended fuel while
accumulation size particles slightly reduces. As discussed in the previous Sect. 3.1,
with the addition of butanol addition, ignition delay increases (because of lower
cetane number); therefore, more fraction of charge will burn during the premixed
combustion phase which leads to enhance the formation of nucleation mode par-
ticles. Particles of diameter more than 500 nm are also emitted in significant con-
centration from the test engine. These large size of particles are mainly because of
the low pressure mechanical fuel injection system (*200 bar).

Figure 12 shows the effect of butanol addition on the total particle number
concentration at different engine load concentration. At lower loads condition the
total particle number concentration is higher and decreases with engine load
(Fig. 12). An addition of butanol in the diesel fuel have a significant effect on the
particle number emissions. Total particle number decrease with an increase in the
butanol percentage in the diesel fuel. Figure 13 demonstrates the effect of butanol
addition in the diesel fuel on the nucleation and accumulation mode particles at
different engine load conditions. Figure indicates that the concentration of nucle-
ation size particle decreases with engine load while accumulation mode particles are
increasing with engine operating load.

Figure 13 also reveals that addition of butanol leads to increase the nucleation
size particles while accumulation mode particles decrease. Thus, total particle
concentrations are higher (as shown in Fig. 12) mainly due to the nucleation mode

Fig. 12 Effect of butanol
addition on the total particle
number concentration at
different engine load
condition. Adapted from [17]
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particles. Nucleation size particles are possibly higher because of the condensation
and coagulation of unburnt hydrocarbons, which are mainly generated because of
the lower combustion temperature (in case of butanol-/diesel-blended fuel opera-
tion). HC emissions lead to generate the nucleation size particles and thus result in
higher total particle concentration. Higher concentration of HC emissions can be
observed from the Fig. 9b. It can be summarized that butanol addition in diesel has
significant effect on particle number emission.

4 Summary

This chapter presents the effect of butanol addition in the diesel on the performance,
combustion, and emissions (gaseous as well as nanoparticles) characteristics of
diesel engine. Addition of butanol in diesel significantly affects the performance of
the engine. Brake thermal efficiency slightly reduces with 10 and 20% addition of
butanol in the fuel as compared to neat diesel operation at 25 and 50% engine load.
However, higher brake thermal efficiency is achieved with 30% butanol/diesel
blend as compared to neat diesel. Higher concentration of butanol leads to reduction

Fig. 13 Effect of butanol addition on nucleation mode and accumulation mode particle number
concentration at different engine load condition. Adapted from [30]
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in combustion stability. Addition of butanol in the diesel fuel has a potential to
reduce the carbon monoxide (CO), nitrogen oxides (NOx), smoke opacity, and
nanoparticle emissions. However, HC emissions typically increase with the addition
of butanol in the diesel fuel. It is found that total particle number reduces with an
increase in engine load. Additionally, nucleation size particles are dominating at
lower load condition and decreases with engine load. Engine operation with butanol
blends lead to the reduction in the total particle number concentration. In summary,
butanol can be a better alternative fuel for the partial replacement of diesel in
combustion engines.
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Hydrogen-Enriched Compressed Natural
Gas: An Alternate Fuel for IC Engines

Sadaraboina Moses Vidya Sagar and Avinash Kumar Agarwal

Abstract Depleting fossil fuel resources is forcing the transport sector to look for
renewable fuels. CNG, being produced from fossil as well as natural resources, is a
good alternative to liquid fossil fuels. It is relatively abundant and easily available
compared to hydrogen. However, it has lower flame speed, shorter flammability
range and other limitations, which make it a sub-optimum fuel for IC engines.
Hydrogen, which can also be produced from renewable resources, is a possible
solution to some of these issues. However, hydrogen has its own limitations in
terms of low storage density. It occupies very large volume as a gas, and storing it
in liquid form is extremely energy-intensive. There is a sharp contrast in vital
properties of both these fuels; therefore, this study explores using mixtures of
hydrogen and CNG as alternative fuel. This fuel exhibits merits of hydrogen as well
as CNG. Hence, hydrogen-enriched CNG, also known as hythane or HCNG, is
being investigated worldwide. This fuel is storable, energy-efficient and emits fewer
emissions compared to both constituent fuels individually. One way to produce
HCNG blends is to mix the gases using Dalton’s law of partial pressures and store
them as premixed blend. This method is time-consuming and cumbersome. With
this method, it becomes difficult to investigate all the HCNG blends. It does not
have the flexibility to change the mixture ratio, while the engine is operating.
Hence, in the current research, a dynamic gaseous fuel mixing system was devel-
oped by which one can change the proportions of hydrogen and CNG of the HCNG
blends dynamically without necessarily stopping the engine. Validation of the
system developed was done by theoretical methods and experimental investiga-
tions. We used this mixing system to investigate the technical feasibility of various
HCNG blends ranging from 0% H2 to 100% H2 in HCNG. Combustion, perfor-
mance end emission characteristics were compared. HCNG blend with 30%
hydrogen showed better performance and superior anti-knocking characteristics.
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1 Introduction

With rapid increase in global population in twentieth century, the number of
vehicles and global fuel consumption have increased exponentially. In addition,
reserves of non-renewable fossil fuel resources are limited and depleting at an
alarming rate [1]. World is currently facing multiple challenges of environmental
pollution, rapid climatic change and global warming, which are becoming
increasingly severe. Emission of hazardous gases and particulate matter (PM) from
internal combustion (IC) engines and vehicles is one of the prime man-made causes
for these issues. For combating the environmental degradation, most countries
across the world have adopted stricter emission standards. The number of engines/
vehicles releasing hazardous pollutants is growing rapidly [2, 3].

Hence, researchers are exploring alternate means to meet galloping energy
demand, with fewer engine-out emissions. Various alternate fuels such as biodiesel,
natural gas (NG), alcohols, hydrogen, liquefied petroleum gas (LPG) are being
experimentally investigated for variety of engine/vehicle applications. In this con-
text, gaseous fuels such as compressed natural gas (CNG) and hydrogen are of
particular interest since they exhibit considerably cleaner engine combustion
characteristics. Xu et al. [4] reported that CNG offers greater emission reduction
than biodiesel (B20) in public transit buses. Natural gas has huge reserves available
in the form of shale gas and gas hydrates worldwide which makes it an attractive
alternative fuel. However, CNG suffers from combustion-related challenges due to
slower flame speed, narrow flammability range and low energy density. On the
other hand, hydrogen suffers from combustion-related challenges due to an order of
magnitude of faster flame speed, which makes the heat release uncontrollable at
times.

One of the fast emerging and acceptable ways to tackle these challenges is to use
hydrogen-mixed compressed natural gas (HCNG) as a combustion fuel. Hydrogen
enrichment enhances the fuel quality of HCNG mixtures. The potential of HCNG
mixtures and their ability to replace conventional fuels without major hardware
changes in the gas engines is the main motivation leading to evolution of HCNG
mixtures as a potential fuel for large-scale applications in past decade.

2 History

HCNG mixtures are gaseous fuels with lower C/H ratio, emitting fewer emissions
compared to fossil fuels. HCNG mixtures have the potential to replace conventional
fossil fuels and are considered one of the best alternate gaseous fuels. This potential
is the major contributing factor in developing HCNG-fuelled IC engines.
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Conventional gasoline is replaced by hydrogen-enriched CNG in several experi-
mental investigations using spark ignition engines. Application of
hydrogen-enriched compressed natural gas represented as H2CNG/ HCNG/ HANG
(hydrogen-added natural gas) as an internal combustion (IC) engine fuel was done
for the first time in 1983 [5]. Nagalingam et al. [5] studied the performance of CNG,
H2 and H2/ CNG blends in an AVL engine in 1983. Hydrogen Components
Incorporation (HCI) was the first to utilize HCNG as an automotive fuel in 1989.
hythane, a mixture of CNG and hydrogen, was invented and patented by Frank
Lynch and Roger Marmaro according to US Patent #5,139,002 in 1992. Here,
hythane was defined as 15% (v/v) blend of hydrogen in CNG. Since then, several
researchers have investigated HCNG as an IC engine fuel.

Engine Research Lab (ERL) at IIT Kanpur University has conducted research on
HCNG and development of HCNG engines which are cited in this chapter to help
understand the characteristics of HCNG as an IC engine fuel.

3 Hydrogen-Mixed Compressed Natural Gas

Natural gas, because of its fewer emissions and low C/H ratio, is recognized as a
superior alternative to conventional fossil fuels. Existing engine hardware of con-
ventional IC engines requires minor modifications for using natural gas as a fuel.
Natural gas is abundantly available in India. Natural gas is a clean fuel with low C/
H ratio, resulting in fewer carbonaceous emissions compared to coal and other
hydrocarbon-based liquid fuels. Table 1 shows the specifications of automotive
CNG in India.

The main drawback with CNG is its low energy density. It has a narrow
flammability range. Hence, in order to achieve efficient engine combustion, higher

Table 1 Automotive CNG specifications in India [6]

Constituents Value Tolerance

Free water (mg/m3) 8 Max.

N2 + CO2 (vol.%) 3.5 Max.

Total sulphur including H2S (mg/m3) 20 Max.

Oil mist content (ppm) Insignificant

Oxygen (vol.%) 0.5 Max.

Methane (%) 87 Min.

Ethane (%) 6 Max.

C3 and higher order HC (%) 3 Max.

C6 and higher order HC (%) 1 Max.

Total unsaturated HC (%) 1 Max.

Hydrogen (mole %) 0.1 Max.

Carbon monoxide (mole %) 0.1 Max.
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performance and fewer emissions, researchers explored the possibility of blending
CNG with a gas that has higher flame speed, wider flammability limits and higher
energy density. In this requirement, hydrogen turns out to be the best option.
Hydrogen has certain special properties, which enhance the fuel quality, when
mixed with CNG.

Some of the special properties of hydrogen are:

• Hydrogen has wide ignition limits: hydrogen enrichment increases the engine’s
lean operating limit compared to baseline CNG.

• Hydrogen has higher flame velocity than natural gas: flame propagation of
hydrogen is nearly 8 times faster compared to that of methane (stoichiometric
flame propagation speeds for hydrogen and methane are 3.4 and 0.4 m/s,
respectively, at 298 K temperature at 1 bar). Hence, addition of hydrogen helps
burn leaner mixtures, which provide better efficiency, when completely burnt.

• Hydrogen has more ideal characteristics than natural gas: the slower flame
propagation speed of methane also increases cycle-to-cycle variations. It also
adds to ignition lag. Addition of hydrogen to the mixture decreases both, the
cycle-to-cycle variations and ignition lag. Hence, the combustion cycle
approaches ideal air standard cycle.

• Hydrogen gives almost zero emissions of HC, CO and CO2: it helps in reducing
HC, CO and CO2 levels, which are reasonably high during the combustion of
natural gas.

Apart from these advantages, hydrogen also has certain disadvantages because
of which hydrogen alone is not an effective fuel for IC engines. They are:

• Hydrogen engine provides less power for the same displacement than natural
gas engines: for H2, the stoichiometric fuel/air ratio is 0.418 (volumetric), and
for CH4, it is only 0.105. On mass basis, corresponding values are 0.0292 for H2

and 0.0581 for CH4. Even on a mass basis, the energy content of a stoichio-
metric mixture of hydrogen and air is *14% less than that for methane. Hence,
by using a mixture of methane and hydrogen, one can get higher energy output
than hydrogen without any major change in the properties of hydrogen.

• NOx emissions are higher with hydrogen than with natural gas: because the peak
temperature in hydrogen combustion is higher about 150 K than methane.
Hence, blending it with methane gives us lesser emissions.

• The problem of flashback (backfire) is more pronounced in hydrogen: because
of its lower energy of ignition and wider ignition limits. Since CNG is the major
constituent of fuel mixture, this tendency is seldom observed.

From Table 2, it can be seen that the blended mixture of hydrogen and CNG has
the better qualities compared to both hydrogen and CNG. The chemical reactions
involved in combustion are vital in identifying the combustion products, energy and
emissions from the test fuel. Listed below are the basic equations pertaining to
HCNG combustion. Since methane is the major constituent of CNG, following
combustion equations are considered for the HCNG:
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CH4 þ 2O2 ! 1� xð ÞCO2 þ 2H2O

H2 þ 1
2O2 ! 2H2O

Let “x” be the mole fraction of H2 in the mixture. Now, using the molar masses
of CH4 and H2 as 16 and 2 kg/mol, respectively, we get fraction of H2 on mass
basis “q” as

q ¼ xMH2

xMH2 þð1� xÞMCH4

¼ 2x
2xþ 16ð1� xÞ ¼

x
8� 7x

Assuming that air contains 23.2% oxygen, the air–fuel ratio of HCNG mixture at
stoichiometric conditions is “lO”

lO ¼ 34:48
4� 3x
8� 7x

½8�

4 HCNG Engine Development

HCNG mixtures can readily be used in existing CNG engines with minimal changes
in engine hardware and distribution infrastructure and can be relatively easily han-
dled compared to hydrogen. HCNG mixtures emit fewer hydrocarbons and NOx in
lean-burn combustion engines compared to CNG, and easily meet EURO-VI norms
[9] without any exhaust gas after treatment. HCNG-fuelled engines can be operated
up to extended lean limits without knocking [7, 10], with higher efficiency and lower
coefficient of variation (COVimep), i.e. cyclic variability [11].

Table 2 Properties of CNG, hydrogen and HCNG compared to gasoline [7]

Properties H2 HCNG CNG Gasoline

Flammability limit in air (vol.%) 4–75 5–35 5–15 1.0–7.6

Stoichiometric composition
of fuel–air mixture (% v/v)

29.53 22.8 9.48 1.76

Minimum ignition energy in air (mJ) 0.02 0.21 0.29 0.24

Auto-ignition temperature (K) 858 825 813 501–744

Temperature of stoichiometric flames in air (K) 2318 2210 2148 2470

Velocity of burning in NTP air (cm/s) 325 110 45 37–43

Quenching gap in NTP air (cm) 0.064 0.152 0.203 0.2

Thermal energy radiated (%) 17–25 20.26 23–33 30–42

Diffusivity in air (cm2/s) 0.63 0.31 0.2 0.08

Flame emissivity (normalized) 1.00 1.5 1.7 1.7

Equivalence ratio 0.1–7.1 0.5–5.4 0.7–4 0.7–3.8
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Thipse et al. [12] and Helmut et al. [13] suggested necessary modifications in a
SI engine hardware in order to operate it using CNG and hydrogen-enriched CNG.
Kavathekar et al. [14] described development of a six-cylinder CNG engine using
computational methods and experimental approaches to meet EURO-IV emission
norms. His research groups also studied suitability of using gaseous fuel conversion
kits for HCNG, similar to LPG and CNG kits, which were available commercially.
Belchoir et al. [15] analysed four different “gasoline-to-CNG conversion kits” for
assessing compatibility of HCNG at full load under stoichiometric conditions. They
concluded that since HCNG can be used in conventional CNG engines, these
conversion kits can be used without any significant technical issues. Most of these
studies discussed above explore 15HCNG as test fuel. However, Chugh et al. [16]
suggested that 18HCNG with 5–6% CO2 is suitable for light-duty CNG engines in
India. Other research groups also investigated combustion characteristics along with
performance and emissions of HCNG on single-cylinder engines [17],
multi-cylinder engines [12], heavy-duty engines [18, 19] and passenger vehicles
[20, 21]. Ma et al. [11] studied cyclic fluctuations in SI engines caused by hydrogen
enrichment of CNG. They observed that higher fractions of hydrogen in HCNG
above a certain limit caused instability and knocking issues in conventional SI
engines. Hydrogen also led to embrittlement and hardness of the materials exposed.
In order to avoid embrittlement, materials such as austenitic stainless steel were
experimentally investigated and were found to be suitable. Kavathekar et al. [14]
investigated embrittlement by different HCNG mixture compositions and concluded
that HCNG mixtures up to 30% (v/v) did not cause any significant embrittlement
and the materials used for CNG engines could also be used for HCNG engines.
Subramanian [22] conducted experiments to investigate the effect of catalytic
converter and EGR on engine-out emissions. He reported that engine efficiency is
improved more for catalytic converter and EGR together than catalytic converter
and EGR individually.

At present, HCNG engine development is in its infancy and the technology is not
so widespread worldwide. Hence, commercial availability of HCNG mixtures is
rather limited worldwide. Very few nations have performed feasibility testing of
HCNG-dispensing terminals, and even fewer have developed working prototypes.
Various HCNG mixture preparation methods were developed to provide desired
HCNG mixtures for experimental studies. Premixed HCNG bottles are the most
used HCNG mixture preparation method [14]. Another method involves the use of
a HCNG gas dispenser [20]. Such a dispensing terminal can be used to obtain
HCNG mixtures of desired ratios, ranging from 5 to 50% v/v.

The most modern method for HCNG mixture preparation is the use of a dynamic
HCNG mixing system. As the name suggests, this mixing system can produce
various HCNG mixtures dynamically as desired by the user. Very few researchers
described the development of such a versatile system. As per researcher’s demand
for experimental studies, this mixing system changes the mixture ratios of HCNG
blends on demand dynamically, while the engine is being operated. This means that
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HCNG mixture ratios can be changed without stopping the engine, thus enabling
quick, reliable and realistic experimental studies. For a particular HCNG blending
ratio, CNG’s flow rate is measured and the corresponding hydrogen flow rate is
provided by varying voltage signals to the flow controller. These signals are varied
by a computer as per CNG flow rate to maintain a desired HCNG blending ratio
throughout the experiment. Ma et al. [23] described an online HCNG
mixture-preparing system used for their experimental studies. Spectroscopic anal-
ysis of mixtures was performed to validate the obtained HCNG compositions.
However, a dynamic mixing system is quite complicated, costly and requires basic
understanding of the fluid dynamics.

Due to the unavailability of such dynamic HCNG mixing systems commercially,
majority of investigators confined their experimental studies on HCNG to 3 or 4
HCNG mixtures obtained from premixed bottles only. In order to avoid cumber-
some process of premixed HCNG bottles for conducting experiments on different
HCNG blends, a dynamic mixing system was needed. Using a dynamic mixing
system, experimental studies can be conducted for different HCNG blends without
stopping the engine. These studies help in more accurate comparison of the effect of
different HCNG ratios on the engine performance and combustion to identify the
optimized mixture ratio. For validating and determining the accuracy of such a
dynamic mixing system, engine investigations can be performed and compared
with those of premixed HCNG blends. Therefore, a dynamic mixing system
(DMS) was discussed [24] along with its performance validation and accuracy in
delivering required HCNG mixture ratios for experimental studies.

DMS consists of two gas cylinders and two gas flow controllers (GFC), one each
for hydrogen and CNG. It also consists of a mixing chamber, which allows mixing
of gases, and control valves to control gas flows, pressure regulators to regulate
cylinder out pressures of each gas and safety devices to prevent backfire from
reaching back to the gas cylinders. PU pipes are used as gas flow paths which can
hold up to 5 bar pressure. In ratio mixing mode, the flow controllers automatically
adjust the hydrogen flow rate, depending on natural gas flow rate while maintaining
a predefined HCNG mixing ratio. Once the experiments are conducted, nitrogen is
used to blow out the fuel gas traces. As per the engine load requirement, flow rate of
the overall mixture is changed. Figure 1 shows the schematic of the DMS and its
components.

A command module shown in Fig. 1 controls the flow rate of GFCs through a
customized technique of “ratio mixing”. In this mode, out of the two flow channels,
one channel is set up as master, which is CNG here, and the other channel is set up
as the slave, which is hydrogen here. A desired mixture ratio is given as the input to
the command module through the computer. The command module adjusts the flow
rates of the slave channel, depending on the master channel flow rate and the
mixture ratio fed in by the user. In this entire process, the aim of the system is to
maintain the mixture ratio of both the gas flow rates as close as possible to the input
mixture ratio. For example, if CNG is the master and hydrogen is the slave and the
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desired mixture is 30HCNG, the ratio of slave channel flow rate to master channel
flow rate is 0.429, which has to be given as input to the command module.

For the experimental studies, a two-stage pressure regulator was used for
hydrogen to bring down the pressure from 140 bar (cylinder pressure) to 2 bar (fuel
line pressure). However, CNG cools and freezes when its pressure decreases sud-
denly from 225 bar (cylinder pressure) to 2 bar (fuel line pressure), and this
property is known as “Joule–Thompson effect”. Because of this effect, a
regulator-cum-intercooler was used to heat the CNG by circulating water across the
regulator, thereby preventing freezing of the CNG. A pressure difference must be
ensured across GFCs for gas flow to happen in the flow channels. A cylinder
chamber is installed after GFCs, which allows CNG and hydrogen to mix well and
form homogenous HCNG mixture. In order to measure the flow rate of the fuel
mixture entering the engine, a Coriolis force-based flowmeter was set up across the
fuel line. This flowmeter measures the flow rates of fuel mixture on volumetric basis
as well as mass basis. Measured fuel flow rates were later used in engine’s com-
bustion and performance analyses.

One of the main challenges in dealing with HCNG mixture as fuel for engines is
to design and develop a sophisticated and safe fuel handling and injection system.
Conventional solenoid injectors are not capable of injecting gaseous fuels, which
are required to be injected in significantly higher volumes. Hence, these injectors
are replaced with customized high volume flow rate solenoid injectors.

Hydrogen’s presence in the HCNG mixture is the main cause for increased
backfiring tendency. Addition of hydrogen to CNG widens the knocking range;
despite increasing operational limits of the engine, therefore appropriate safety
devices needed to be in place in the fuel circuit in order to avoid any accidents. Two
custom-built safety devices were installed in the experimental set-up for this pur-
pose, namely “flame arrestor” and “flame trap”. Since test fuel is gaseous, possi-
bility of its leakage is also quite high. Detecting such leakages is rather difficult as
both constituent gases are colourless, odourless and explosive. These characteristics

Fig. 1 Schematic of the fuel delivery system with DMS and safety devices [24]
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also make fuel handling challenging. Hence, leakproof gas lines have to be used in
the experimental set-up. Fuel storage is another major concern for these gaseous
fuels. Conventional storage methods such as gas cylinders are used currently.
However, more efficient methods of fuel storage such as metal hydrates,
nano-spheres have to be developed for HCNG mixtures in future.

5 Engine Experimental Set-up

Unless mentioned otherwise, this chapter discusses the results of experimental
studies conducted on a single-cylinder port-fuelled HCNG engine redesigned out of
a baseline diesel engine (Kirloskar; DAF-10). The experimental set-up consisted of
the prototype single-cylinder gas-fuelled SI engine, a transient dynamometer and
dynamometer controller, an electronically controlled injector driver circuit, a
solenoid gas injector and a customized fuel induction system. A specialized high
volumetric flow rate solenoid-actuated injector was employed to inject HCNG
mixtures into the intake manifold of the engine. The intake air system consists of a
surge tank to scale down the oscillations and an air filter to screen dust particles
from the airflow. In-cylinder pressure data, which is critical for combustion anal-
yses, were acquired using a high-speed data acquisition system (Hi-Technique;
MeDAQ). An engine exhaust gas analyser was employed to measure the regulated
emissions from the engine. Two safety devices were installed along the HCNG fuel
line, namely a flame trap and a flame arrestor, in order to restrict the backfire from
reaching the gas cylinders. Schematic of the experimental set-up is shown in Fig. 2.

Modified engine was operated with fixed spark timing of 30° BTDC at constant
speed of 1500 rpm. Specifications of the engine set-up are shown in Table 3.

Table 4 shows the instrumentation used in this experimental study and param-
eters measured or controlled. Lubrication is necessary for proper functioning of an
engine and to avoid metal-to-metal contact between mating components. Lubricant

Fig. 2 Experimental set-up schematic [24]
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is an important factor contributing to particulate emissions from CNG engines [25].
It enters the combustion chamber because of the piston motion in the cylinder.
SAE40 grade engine oil was used in this study.

6 Validation of Dynamic Mixing System

GFCs were tested for their performance in “ratio mixing mode” under atmospheric
conditions, and flow behaviours of CNG and hydrogen were measured for a desired
mixture of 30HCNG. From Fig. 3, it can be seen that flow rates of CNG and
hydrogen increased and stabilized after attaining the preset flow rates. Hydrogen
being the lighter gas of the two stabilized its flow rate within 3 s after the flow
initiation. However, CNG having relatively higher density took around 6 s to sta-
bilize its flow rate. Hydrogen’s flow rate stabilized earlier than that of CNG because
of lower flow inertia due to lower density. It can also be observed that CNG flow
fluctuations were lower compared to hydrogen. Because of these fluctuations,
composition of HCNG mixture also had minor deviations from the desired
30HCNG mixture as shown in Fig. 4.

Following observations were made from this experimental study:

Table 3 Specifications of engine

Make/model Kirloskar/DAF10-modified

Relative air–fuel ratio (RAFR) 0.9

Compression ratio 11

Spark timing 30° BTDC

Fuel injection Port fuel injection

Ignition Spark (CDI)

Engine speed 1500 rpm

Table 4 Engine instrumentation

Parameter Instrumentation

Crank angle measurement Optical encoder (Encoders India)

Data acquisition system software MeDAQ, Win600/REVelation (Hi-Techniques)

Dynamometer Transient dynamometer (Dynomerk)

Fuel delivery system Dynamic mixing system

Fuel injection control Injector driver circuit

Fuel injector Solenoid gas injector (Bosch-NGI2)

Ignition system Capacitive discharge spark ignition (CDI) system

Pressure sensing Piezoelectric transducer, amplifier (Kistler)

TDC sensing Inductive proximity sensor

Temperature sensing K-type thermocouple
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1. Since CNG and Hydrogen carry contrasting thermophysical properties, ample
time should be provided for their flow rates to stabilize.

2. At low engine loads, fuel–air mixture requirement is very less and gas flow rate
values are in the order of accuracy limit of the GFCs. Hence, flow variations will
be significant and may lead to erroneous measurements at these conditions.

3. For allowing smooth flow of gases, sufficient pressure difference must be
maintained across the GFCs.

4. Volumetric flow rates given as inputs to GFCs must always be greater and
nearer to the flow rates required for producing desired mixtures, in order to
achieve best system accuracy.

Fig. 3 Variations in gas flow
rates with time for preset
mixture ratio of 30HCNG
[24]

Fig. 4 Variations in
produced HCNG composition
with time for preset mixture
ratio of 30HCNG [24]
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For validating HCNG DMS, produced HCNG mixture compositions were
compared with desired HCNG mixture compositions. This validation was carried
out by two procedures discussed below. Here, mixture quality is nothing but the
accuracy of DMS in producing desired HCNG mixtures. The higher the accuracy,
the better the mixture quality because the mixture quality of produced HCNG
blends demonstrates the functional accuracy and limitations of a DMS prototype.

6.1 Procedure-I for Function Accuracy Determination
of HCNG DMS

Volumetric flow rates (VFRs) of constituent gases CNG and hydrogen were
measured for different BMEPs from DMS. Mixture ratio of produced HCNG blend
on volumetric basis is given by the ratio of hydrogen VFR to total VFR of the fuel
mixture. The mixture ratios thus determined are compared against desired HCNG
mixture ratio of 20HCNG, and deviations were calculated. These deviations were
used to determine the accuracy of DMS in producing the desired HCNG mixtures.

Accuracy %ð Þ ¼ 100� Mixture ratioActual �Mixture ratioDesiredj j � 100
Mixture ratioDesired

From Table 5, a mean deviation of 0.75 was seen across four engine loads. The
accuracy was greater than 95% for all engine loads, implying that DMS was
actually delivering desired HCNG mixtures. It was observed that the deviations in
mixture ratio increased to some extent at low operating loads. Deviation was
maximum at 1.99 bar BMEP at 1.41. Fuel requirement was low at lower engine
loads, and the fuel flow rates were in the order of accuracy limit of the GFCs.
Diffusivity and density are different for CNG and hydrogen. Hence, flow fluctua-
tions were higher at low BMEPs, which resulted in increased deviations.

Table 5 Determination of functional accuracy of DMS using individual VFRs

Engine
load:
BMEP
(bar)

Produced
CNG VFR
(LPM)

Produced
H2 VFR
(LPM)

Produced
mixture ratio
(v/v)

Deviation
(mixture
ratio)

Functional
accuracy
(%)

1.99 16.01 4.36 21.41 1.41 92.95

3.31 20.50 4.94 19.42 −0.58 97.1

4.64 26.73 6.33 19.14 −0.86 95.7

5.97 29.15 7.33 20.08 0.08 99.6

Mean deviation = 0.75
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6.2 Procedure-II for Function Accuracy Determination
of HCNG DMS

In this procedure, total mass flow rate (MFR) of produced HCNG mixture was
measured from a Coriolis mass flowmeter. Total VFR of the HCNG mixture was
determined using GFCs. Using total VFR and total MFR, density of produced
HCNG mixture was determined. The density thus determined was used to calculate
the composition of the produced HCNG mixture.

dHCNG ¼ dCNG � XCNG þ dH2 � XH2

XCNG þXH2 ¼ 1

�
ð1Þ

Equation 1 yields the density of a HCNG mixture (dHCNG), for given densities of
the constituent gases (dCNG and dH2) and their mole fractions (XCNG and XH2). In the
present experimental study, the measured densities of CNG and hydrogen were
0.73 and 0.082 kg/m3, respectively. To find the mole fraction of hydrogen, sub-
stitute the densities of individual gases and produced HCNG density in Eq. 2.
Correspondingly, HCNG mixture composition was determined from hydrogen
mole fraction.

XH2 ¼ ðdCNG � dHCNGÞ=ðdCNG � dH2Þ
%HCNGMixture ¼ XH2 � 100

�
ð2Þ

Mixture ratio of produced blend was then compared with the desired mixture
ratio of 20HCNG, in order to find the deviations in the mixture ratios. From
Table 6, a mean deviation of 0.70 was observed across four engine loads with this
procedure. The mean deviations from both the procedures were very similar and
small. However, deviations were different at different engine loads for both pro-
cedures. In this procedure, maximum deviation was observed at 5.97 bar BMEP at
1.06. The differences among deviations from both procedures were because of flow
device limitations and measurement errors. Accuracy of hydrogen GFC is 1% of its
full-scale flow, which is 100 LPM, which means that flow fluctuations within 1
LPM cannot be controlled. Similarly, for CNG, GFC accuracy is 1.5% of the

Table 6 Determination of functional accuracy of DMS using total VFR and MFR

Engine load:
BMEP (bar)

Total
VFR
(LPM)

Total
MFR
(g/min)

Produced
HCNG density
(kg/m3)

Produced
mixture ratio
(v/v)

Deviation
(mixture
ratio)

1.99 20.37 12.30 0.60 19.47 −0.53

3.31 25.44 15.30 0.60 19.84 −0.16

4.64 33.06 19.63 0.59 21.02 1.02

5.97 36.48 21.65 0.59 21.06 1.06

Mean deviation = 0.70
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full-scale flow, which is 85 LPM, which implies that flow fluctuations within 1.28
LPM cannot be controlled. Deviations due to flow fluctuations within the
above-specified limits were acceptable for this DMS.

Upon evaluating the functional accuracy of the DMS by these two procedures, it
was deduced that compositions of produced HCNG mixtures from DMS were
consistent with desired HCNG mixture compositions. Minor deviations in mixture
ratios were observed at lower engine loads because of flow fluctuations. However,
these flow fluctuations were within the accuracy limits of GFCs and were
acceptable.

To further evaluate the performance and functional accuracy of DMS, experi-
ments were conducted on a modified SI gas engine. Here, combustion, performance
and emission characteristics of dynamic blends were compared with those of pre-
mixed blends of 20HCNG.

6.3 Combustion Analysis of Premixed and Dynamic
20HCNG Mixtures

For conducting the experiments, a single-cylinder diesel engine was modified to a
port fuel-injected gas engine with spark ignition. Spark timing was kept constant at
30° BTDC, and relative air–fuel ratio (k) was maintained at 0.9 throughout the
experimental investigations. Engine was operated at four different load conditions,
i.e. 1.99, 3.31, 4.64 and 5.97 bar BMEP. Combustion data were averaged over 250
combustion cycles to reduce cyclic variations. The combustion data thus averaged
were further analysed for combustion characteristics.

In-cylinder pressure (P) and RoPR variations for premixed and dynamic
20HCNG mixtures were presented in Fig. 5. Peak values of in-cylinder pressure
(Pmax) and RoPR (RoPRmax) increased as BMEP increased. This increment in P and
RoPR can be ascribed to advancement of “start of combustion” (SoC) at higher
engine loads. As combustion started earlier, combustion efficiency enhanced and
heat release rate (HRR) increased. Also, at higher engine loads, amount of fuel
injected increased. Because of these, Pmax and RoPRmax peaks advanced towards
the BTDC at higher BMEPs and resulted in higher Pmax and RoPRmax.
A comparison of Pmax and RoPRmax of premixed and dynamic 20HCNG mixtures
is presented in Table 7.

As engine load increased from 1.99 to 5.97 bar BMEP, Pmax increased from
21.76 to 54.47 bar for premixed 20HCNG, and for dynamic 20HCNG, Pmax

increased from 20.91 to 52.54 bar. Pmax was slightly higher for premixed 20HCNG
because of superior mixture uniformity of premixed 20HCNG. The difference
between Pmax of premixed and dynamic mixtures was negligible at low engine
loads. However, at higher BMEPs, difference in Pmax for both fuel mixtures
increased. Non-homogeneity of dynamic 20HCNG mixtures might be a possible
reason for these differences. At higher BMEPs, fuel flow rates increased and
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adequate time was not available for homogeneous mixing of gases. Hence, varia-
tions in combustion parameters of both mixtures were observed. For premixed
20HCNG mixtures, RoPRmax increased from 0.72 bar/deg at lowest engine load to
2.23 bar/deg at highest engine load. Similarly, for dynamic 20HCNG, RoPRmax

increased from 0.72 bar/deg at lowest engine load to 2.24 bar/deg at highest engine
load. Both fuel types exhibited similar trends in RoPR, but for dynamic 20HCNG
mixture, RoPRmax was little higher compared to premixed 20HCNG mixture.
Because of higher degree of non-homogeneity in dynamic mixture, hydrogen-rich
and CNG-rich regions developed inside the engine cylinder. Due to the presence of

Fig. 5 In-cylinder pressure
and RoPR variations with
crank angle for premixed and
dynamic 20HCNG mixtures
[24]

Table 7 Pmax and RoPRmax

for premixed and dynamic
20HCNG mixtures

BMEP
(bar)

Pmax (bar) RoPRmax (bar/deg)

Premixed Dynamic Premixed Dynamic

1.99 21.76 20.91 0.72 0.72

3.31 31.06 30.92 1.17 1.59

4.64 46.62 44.36 1.90 1.85

5.97 54.47 52.54 2.23 2.24
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hydrogen, combustion was rapid in hydrogen-rich regions. Because of this rapid
combustion, RoPR increased and RoPRmax was relatively higher for dynamic
20HCNG mixture, whereas in CNG-rich regions, combustion was slower and
extended beyond the TDC. Hence, Pmax was comparatively lower for dynamic
20HCNG mixture.

Variations of HRR and cumulative heat release (CHR) for both mixtures are
presented in Fig. 6. As engine load increased, an increasing trend in HRRmax was
observed. HRRmax shifted towards BTDC at higher BMEPs. Large amount of fuel
mixture injected at high engine loads was the primary reason for increment in
HRRmax. CHR also increased with BMEP, which was in accordance with the large
fuel quantities at higher engine load. As BMEP increased from 1.99 to 5.97 bar,
CHRmax varied from 697.99 to 1217.76 kJ/m3 for premixed 20HCNG; for dynamic
20HCNG, it varied from 707.72 to 1208.1 kJ/m3. These results are presented in
Table 8.

HRRmax varied from 0.61 kJ/m3 deg at 1.99 bar BMEP to 1.62 kJ/m3 deg at
5.97 bar BMEP for premixed 20HCNG mixture. Similarly, for dynamic 20HCNG
mixture, HRRmax varied from 0.61 kJ/m3 deg at 1.99 bar BMEP to 1.61 kJ/m3 deg
at 5.97 bar BMEP. It was deduced from these results that HRR and CHR trends

Fig. 6 HRR and CHR
variations with crank angle
for premixed and dynamic
20HCNG mixtures [24]
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were very much alike for both mixtures. However, CHRmax was slightly lower for
dynamic 20HCNG mixture. Decreased combustion efficiency due to
non-homogeneous mixing in dynamic mixtures might be the reason for this
CHRmax decrement.

Mass fraction-burnt (MFB) analysis is a vital characteristic, which gives helpful
information about the combustion through parameters such as start of combustion
(SoC), end of combustion (EoC) and combustion duration (CD). In this experi-
mental study, SoC is represented by the crank angle degree (CAD) at which 10%
fuel mass is combusted (MFB10). Likewise, the CAD, at which 90% of fuel mass is
combusted, is represented by EoC (MFB90). Combustion phasing is represented by
the CAD, at which 50% fuel mass is combusted (MFB50). Combustion duration is
given by the CAD duration between SoC and EoC.

Figure 7 displays the MFB characteristics of premixed and dynamic 20HCNG
mixtures. It was found that combustion started earlier as BMEP increased. At
higher engine loads, fuel–air mixture reactivity increased because of larger fuel
quantities. Because of this rapid combustion, ignition delay shrunk, which resulted
in advancement of SoC in general. But as BMEP increased from 4.64 to 5.97 bar,
SoC delayed slightly. Likewise, combustion phasing shifted towards bTDC for
BMEP increment till 4.64 bar. However, as BMEP increased further to 5.97 bar,
MFB50 almost remained constant. EoC was relatively constant showing only minor
variations as BMEP increased. CD showed significantly increasing trend with
BMEP increase up to 4.64 bar. Though as BMEP increased to 5.97 bar, CD
remained unaffected. Combustion in SI engine occured in three major phases
defined by the ignition delay, flame propagation and after-burning. At lower
BMEPs, most fuel burns in the flame propagation phase because of lower amount of
fuel injected. As BMEP increased, large amount of fuel was injected, requiring
longer combustion duration. Therefore, combustion extended into after-burning
phase. As a result, CD increased with BMEP up to 4.64 bar. At highest BMEP of
5.97 bar, improved fuel–air mixture reactivity led to quicker flame propagation
leading to rapid combustion. This rapid combustion was reflected in EoC and CD
trends at highest BMEP. Premixed and dynamic 20HCNG mixtures showed similar
MFB characteristics, though CD was relatively lower for dynamic mixtures.

Overall, premixed and dynamic 20HCNG mixtures displayed similar combus-
tion characteristics, emphasizing rich mixture quality of dynamic 20HCNG.
However, little variations were observed for some combustion parameters primarily
due to the non-homogenous nature of dynamic mixtures.

Table 8 HRRmax and
CHRmax for premixed and
dynamic 20HCNG mixtures

BMEP
(bar)

HRRmax (kJ/m
3deg) CHRmax (kJ/m

3)

Premixed Premixed Dynamic Dynamic

1.99 0.61 697.99 707.72 0.61

3.31 0.86 839.08 825.66 0.86

4.64 1.61 1080.10 1069.62 1.60

5.97 1.62 1217.76 1208.10 1.61
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6.4 Performance Analysis of Premixed and Dynamic
20HCNG Mixtures

HCNG mixture quality influences the engine performance significantly. Hence,
experiments were conducted to compare the performance of premixed and dynamic
20HCNG mixtures. Brake thermal efficiency (BTE), brake-specific energy con-
sumption (BSEC) and exhaust gas temperature (EGT) were measured to estimate
the performance of both mixtures. The results shown in Fig. 8 indicate that pre-
mixed and dynamic 20HCNG mixtures exhibited similar BSEC characteristics,
which suggests similar calorific value of both mixtures. It also shows high func-
tional accuracy of DMS in delivering desired HCNG mixtures.

BTE improved as engine load increased from 1.99 to 5.97 bar BMEP. This
improvement can be ascribed to in-cylinder pressure and HRR increment at higher

Fig. 7 SoC, MFB50, EoC
and CD variations for
premixed and dynamic
20HCNG mixtures [24]
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BMEPs. For premixed 20HCNG, BTE improved from 27.09% at 1.99 bar BMEP
to 40.4% at 5.97 bar BMEP. For dynamic 20HCNG mixture also, BTE improved
from 28.0% at 1.99 bar BMEP to 41.6% at 5.97 bar BMEP. BTE difference was
higher at lower BMEPs of 1.99 and 3.67 bar. However, for higher BMEPs, BTE
difference became negligible. BSEC showed decreasing trend with increasing
engine load. By definition, as BSEC decreased, BTE increased. Hence, decreasing
BSEC trend was in accordance with increasing BTE trend. For premixed 20HCNG
mixture, BSEC decreased from 13.3 MJ/kWh at lowest BMEP to 8.9 MJ/kWh at
highest the BMEP. Similarly, for dynamic 20HCNG mixture, BSEC decreased
from 12.8 MJ/kWh at lowest BMEP to 8.68 MJ/kWh at the highest
BMEP. As BMEP increased, in-cylinder pressure and temperature increased. These
conditions coupled with improved air–fuel mixing increased the combustion effi-
ciency at high engine loads. Hence, unburnt and residual fuel fractions decreased
after the combustion, which resulted in lower BSEC and higher BTE. Increase in
EGT was observed as BMEP increased. The reason was large amount of fuel

Fig. 8 BTE, BSEC and EGT
variations for premixed and
dynamic 20HCNG mixtures
[24]
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injected at high engine loads, which lead to increased HRR, thereby resulting in
higher EGT. For premixed 20HCNG, EGT increased from 519 °C at lowest BMEP
to 557 °C at highest BMEP. Equivalently, for dynamic 20HCNG, EGT increased
from 524 °C at lowest BMEP to 553 °C at highest BMEP. For both HCNG mix-
tures, engine performance characteristics were similar, emphasizing the high mix-
ture quality produced by HCNG DMS.

6.5 Emission Analysis of Premixed and Dynamic 20HCNG
Mixtures

Engine emission characteristics of premixed and dynamic 20HCNG mixtures were
measured and compared in this experimental study. Brake-specific mass emissions
of CO2, NOx, HC and CO were compared for both types of fuel mixtures. Results
were shown in Fig. 9 for four different BMEPs. It was observed that there were no
significant variations in CO2 emissions across the four BMEPs. The presence of
CO2 in engine exhaust implied higher combustion efficiency of air–fuel mixtures.
Concentration of BSCO2 ranged between 0.30 and 0.35 kg/kWh. However, at low
BMEPs, minor differences in CO2 concentrations were observed for both fuels. The
possible reason was the non-homogeneity of dynamic 20HCNG mixtures at low
engine loads.

An increase in BSNOx emissions with engine loads was also observed from
Fig. 9. This increment can be attributed to increased in-cylinder temperatures at
higher engine loads. As BMEP increased from 1.99 bar, BSNOx concentrations
increased up to 4.64 bar, but decreased again at 5.97 bar. Thermal NOx is the main
contributor for NOx emissions in HCNG engines. Thermal NOx is significantly
dependent on in-cylinder temperature and available oxygen. As engine load

Fig. 9 Brake-specific CO2

and NOx emissions for
premixed and dynamic
20HCNG mixtures [24]
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increased, in-cylinder temperature increased, and hence, NOx emissions increased.
NOx emission trends and maximum NOx were similar for both premixed and
dynamic 20HCNG mixtures. These trends were in tune with HRR trends and EGR
trends displayed by both mixture types.

Methane is a hydrocarbon, which is the major component of CNG. Hence,
HCNG engines also emit HC. From Fig. 10, it was observed that BSHC concen-
trations decreased as engine load increased. BSHC was the maximum for lowest
BMEP of 1.99 bar for both mixture types. For premixed 20HCNG mixture, max-
imum BSHC was 0.9 g/kWh, and for dynamic 20HCNG mixture, it was 1.1 g/
kWh. Partial burning of hydrocarbons during combustion was the primary reason
for HC emissions. Crevices and flame quenching inside the combustion chamber
were the major contributors to such incomplete combustion. At lowest BMEP,
temperatures were lower in the combustion chamber, which resulted in increased
unburnt hydrocarbons and maximum BSHC emissions. However, at higher
BMEPs, because of high in-cylinder temperatures, combustion efficiency improved.
This improved combustion efficiency decreased BSHC concentrations consider-
ably. CO was formed in the combustion chamber as a result of partial combustion
of carbonaceous fuels. CO damages respiratory system, when inhaled even in small
quantities and hence regulated by emission norms worldwide. From Fig. 10, it was
observed that CO emission was the lowest for 5.97 bar BMEP. BSCO concentra-
tion decreased in general for both 20HCNG mixtures as BMEP increased. For
premixed 20HCNG mixture, maximum BSCO was for 3.31 bar BMEP at 1.6 g/
kWh, and for dynamic 20HCNG mixture, it was 1.57 g/kWh at 1.99 bar BMEP.

In general, both premixed and dynamic 20HCNG mixtures exhibited almost
identical emission characteristics, especially at high BMEPs. Minor differences
were observed in CO2 and CO emissions, which were possibly because of
non-homogeneous nature of dynamic 20HCNG mixture. Considering theoretical

Fig. 10 Brake-specific HC
and CO emissions for
premixed and dynamic
20HCNG mixtures [24]
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and experimental validations, it could be ascertained that HCNG DMS displayed
high functional accuracy in delivering desired HCNG mixtures. This newly
developed system therefore can be used for detailed engine investigations for wide
range of HCNG mixtures.

7 Conclusions

In today’s world, where population growth and environmental pollution are severe
threats for a balanced ecosystem, fuels such as natural gas are a good alternate to
depleting conventional fuel resources. Fewer carbonaceous emissions from natural
gas help us reduce overall emissions from vehicles and transport sector. However,
because of problems such as slow flame propagation and narrow flammability
range, CNG alone cannot stand as the best alternate fuel. Hydrogen-enriched CNG
is a prospective solution. HCNG mixture preparation is critical for an efficient
HCNG engine development. A versatile dynamic gaseous mixing system which can
change the mixing ratio of fuels as required is necessary. Dynamic mixing system
discussed in this chapter provides optimum HCNG mixtures for engine experi-
ments, as required. Experimental evaluations were performed to validate this
mixing system’s ability to provide desired mixtures and performance compared to
premixed HCNG blends. Experiments were carried out to estimate the performance,
combustion and emission characteristics of dynamic HCNG mixtures compared to
premixed HCNG mixtures. It was deduced that dynamically prepared mixtures
showed similar performance, combustion and emission trends as those of premixed
HCNG blends, implying that the prototype HCNG DMS developed was successful
in providing desired HCNG mixture compositions. Slight deviations were observed
in the mixture composition provided by both mixing systems because of the lim-
itations of flow control devices. A variation of 1 LPM in hydrogen flow rate and a
variation of 1.28 LPM in CNG flow rate were allowed as acceptable limits during
system validation.

From these experimental results, it can be concluded that the prototype
HCNG DMS can readily be used to conduct full-scale experiments, enabling
quicker and highly accurate investigations on wide range of HCNG mixture ratios.
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Characterization of Cycle-to-Cycle
Variations in Conventional Diesel Engine
Using Wavelets

Mohit Raj Saxena and Rakesh Kumar Maurya

Abstract Higher cycle-to-cycle variations in combustion engines lead to efficiency
losses, engine roughness, lower power output, and higher exhaust emissions.
Cycle-to-cycle variations in combustion engines are typically characterized by
several techniques such as statistical method, symbol sequence statistics, chaotic
methods, and wavelet analysis. Each strategy for cyclic variation characterization
has its benefits and limitations depending on the application. Wavelet transform has
a potential to analyze non-stationary signal in time domain as well as frequency
domain simultaneously. This strategy has better temporal and spectral resolution;
thus, wavelet analysis can be used to analyze the periodicities as well as magnitude
of variations in the engine combustion cycles. This chapter presents the charac-
terization of cycle-to-cycle variations in conventional diesel engine using statistical
technique as well as wavelet technique. Cyclic variations in various combustion
parameters (such as indicated mean effective pressure, total heat release rate, and
peak pressure) are discussed in diesel engine operated at different operating con-
ditions with diesel as well as butanol/diesel blends. Typically, cyclic variations in
indicated mean effective pressure, peak pressure, and total heat release rate are
found higher at lower engine loads and decrease with increase in engine load.
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1 Introduction

The World is facing the crises of depletion of fossil fuels and increase in the cost of
petroleum products. To fulfill the energy demand, the development of clean and
efficient combustion engines is required. Reciprocating internal combustion
(IC) engines are the basic prime movers in transportation sector of the modern
society. Two types of reciprocating IC engines are widely used for transportation in
current society, i.e., spark ignition (SI) and compression ignition (CI) engines.

The CI engines (typically operated on diesel) are more preferred over the SI
engines (typically operated on gasoline) due to its higher power output and thermal
efficiency, particularly in heavy-duty vehicles and commercial applications.
However, diesel engines emit nitrogen oxides (NOx) and particulate matter (PM) in
relatively higher concentration. In order to reduce the emissions and decrease the
dependency on fossil fuels, various alternative fuels (such as methanol, ethanol,
butanol, biodiesel) are proposed and demonstrated for the diesel engines [1–5].
However, some of these fuels are not prominently used for automotive engines due
to some limitations (such as miscibility, higher viscosity).

Combustion process in a diesel engine depends on various factors such as mean
in-cylinder temperature, fuel injection timing, injection pressure. Consecutive
engine combustion cycles of IC engines are not exactly the same, like fingerprints
of two human beings. The variations in the engine combustion cycles are known as
cyclic variations. Variation in combustion characteristics leads to cyclic variations
in the cylinder pressure of engine, which is the most widely measured and analyzed
signal by researchers for the analysis of engine combustion. Figure 1 presents the
variations in the cylinder pressure of 100 consecutive engine cycles of a four-stroke
single cylinder conventional diesel engine.

Fig. 1 In-cylinder pressure
history of 100 consecutive
engine cycles at idle condition
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Since the two consecutive engine cycles are not similar (Fig. 1), it affects the
combustion as well as emission characteristics of the engine. Higher cyclic varia-
tions in combustion lead to efficiency losses, lower fuel economy, variations in
engine torque and speed, higher emissions, and limiting the actual operating range
of the engine for practical applications. Excessive variations in engine cycles,
particularly at higher engine loads, may cause damage to engine or reduce the
engine life. To run an engine with stable combustion, these cyclic variations need to
be minimized. The phenomenon of cyclic variability in combustion is more com-
mon in SI engines, which is mainly due to the variations in the charge burning rate
of consecutive engine cycles. There are several factors responsible for cyclic
variations in engines such as excessive dilution, variations in the amount of fuel and
air inducted in each cycle, low ignition energy, variations in charge preparation
(droplet size, cone angle, targeting, swirl, etc.), and variation in the in-cylinder
flows. As compared to SI engine, cyclic variations are typically less significant in
CI engines. In spark ignition, combustion is mainly governed by flame kernel
development and flame propagation. These processes are highly sensitive to vari-
ations in engine operating conditions. In conventional diesel engines, the hetero-
geneous combustion (in which air–fuel mixing is governed by fuel injection in the
cylinder and then combustion occurs with autoignition) occurs. Modern automotive
diesel engine with electronic fuel injection systems has multiple fuel injection
which reduces the ignition delay. Therefore, mostly in diesel engines, combustion
occurs by diffusion combustion mode especially at higher engine load. However,
there exist significantly high cyclic variations in diesel engines at lower engine
loads, where ignition delay is longer. In advanced compression ignition engines
known as low-temperature combustion engines, cyclic variations are very high at
some of the operating conditions because of premixed charge engine operations [6].

A study demonstrated that cyclic variations in indicated mean effective pressure
(IMEP) of diesel engine cycle occur due to the variations in the injected fuel
quantity per cycle [7]. Another study investigated the fuel line pressure with respect
to ignition delay, which indicates that fuel pump system has no significant effect on
the cyclic pressure variations [8]. Rakopoulos et al. [9] experimentally investigated
the effect of different biofuel blends with fossil diesel (i.e., 15% ethanol, 24%
butanol, and 24% diethyl ether) on cycle-to-cycle variations in the CI engine using
statistical techniques. In-cylinder pressure history data for 400 consecutive engine
cycles was measured to diagnose the cyclic variations in peak pressure, peak
pressure rise rate (Pmax), and IMEP. Their results indicate that by using biofuels, the
cyclic variations slightly increase as compared to fossil diesel. The coefficient of
variation increases in the order of fossil diesel, n-butanol/diesel blend, ethanol/
diesel blend, and diethyl ether/diesel blends. Increase in cyclic variations in biofuel
blends is possibly due to corresponding increase in the ignition delay of blended
fuel. In previous studies [9–14], different strategies were suggested to investigate
the cyclic variations in the IC engine such as statistical technique, chaotic method,
symbol sequence statistics analysis, wavelet analysis. Each of the techniques has its
own benefits and limitations depending on the application. In past few years,
several researchers prominently used wavelet transform (WT) to diagnose the cyclic
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variations in an IC engine cycle [14–21]. Wavelet transform has a potential to
analyze non-stationary signal in frequency domain as well as time domain simul-
taneously. This strategy characterizes better temporal and spectral resolution; thus,
wavelets can be used to analyze the periodicities as well as magnitude of variations
in the engine combustion cycles. STFT (short-term Fourier transform) or WFT
(windowed Fourier transform) can also be used for this purpose but these tech-
niques have poor temporal resolution.

Sen et al. [14] used wavelet analysis to determine the cyclic variation in peak
pressure at different operating loads of spark ignition engine. Their results indicate
that for lower engine load conditions, the variation in the peak pressure is higher
and it reduces with increase in engine load. In other studies, Sen et al. [16–18]
investigated the different aspects of cyclic variations for different combustion
parameters of SI engine. The cyclic variations in MIP (mean indicated pressure) by
using wavelets at various engine speeds are investigated in compression ignition
engine [15]. The results showed that with an increase in engine speed, the variations
in IMEP reduce. It attributes to higher piston speed, which enhances the charge
swirl motion and combustion process. Ali et al. [20] investigated the effect of
diethyl ether addition in biodiesel/diesel blend on the cyclic variations for IMEP of
diesel engine and found that with an increase in the diethyl ether fraction in the
biodiesel/diesel blend, the cyclic variations increase. The cyclic variations possibly
increase because of the higher volatility and lower flash point of the diethyl ether,
which may lead to increase the variations. Maurya et al. [21] experimentally
investigated the impact of engine load and the CR (compression ratio) on the cyclic
variability in the combustion parameters of a stationary diesel engine. Their results
demonstrated that cyclic variations in THR are higher at lower load and reduce with
increase in operating load. Maximum cyclic variations were obtained at idle load
with lower CR. Cyclic variations were also reduced with an increase in the CR.

As discussed above, since the cyclic variations have significant effect on the
performance of the engine, it is essential to perceive the cyclic variations in the
diesel engine to operate the engine efficiently at any particular fuel. This chapter
focuses on the investigation of cyclic variations in diesel engine at different oper-
ating conditions using statistical technique as well as wavelet technique. The effect
of engine load, compression ratio, and butanol addition in diesel fuel on the cyclic
variations in combustion parameters such as total heat release (THR), IMEP, and
maximum pressure (Pmax) of compression ignition engine is discussed in Sect. 3.
Before discussing the cyclic variation, the methodology of cyclic variation analysis
is discussed in the following section.

2 Methodology of Cyclic Variation Analysis

To investigate and characterize the cyclic variations in combustion parameters, the
estimation of combustion parameter is required on cycle-to-cycle basis. Typically,
in-cylinder pressure is measured for analyzing combustion characteristics of
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reciprocating engines. Current piezoelectric pressure sensors have fast response,
which is required for engine combustion analysis. Heat release characteristics are
calculated from experimentally measured data of cylinder pressure. Combustion
parameters are calculated from heat release curve estimated from cylinder pressure
data. For cycle-to-cycle variation analysis, in-cylinder pressure traces of several
consecutive engine cycles for diesel engine are generally recorded. For the mea-
surement of in-cylinder pressure, a piezoelectric pressure transducer is installed in the
cylinder head of the engine. The crank angle position is measured by using a crank
angle encoder which is installed on the axis of crankshaft. Typical experimental setup
required for the measurement of cylinder pressure (which is used for the calculation
of combustion parameters on cyclic basis) is illustrated in Fig. 2. A high-speed data
acquisition system is used for online logging the experimental cylinder pressure data.

For the investigation of cycle-to-cycle variations, in-cylinder pressure of several
(2000 in present study) consecutive engine cycles is recorded. For each cycle,
combustion parameters are calculated by heat release analysis. Equations used for
calculating the combustion parameters are given below:

Rate of heat release (ROHR) is determined by using Eq. (1)

dQðhÞ
dh

¼ 1
c� 1

� �
V hð Þ dP hð Þ

dh
þ c

c� 1

� �
PðhÞ dVðhÞ

dh
ð1Þ

where
‘Q’ represents the rate of heat release (ROHR),
‘c’ denotes the specific heat ratio, and
‘PðhÞ’ and ‘VðhÞ’ denote the in-cylinder pressure and volume as a function of

crank position.

V hð Þ ¼ Vc þ p
4
B2 LþR� Rcos hð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 � R2 sin2ðhÞ

q� �
ð2Þ

Fig. 2 Schematic diagram of
typical cylinder pressure
measurement setup
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where
‘B’ denotes the bore of the cylinder,
‘L’ is the connecting rod length,
‘R’ denotes the radius of crank, and
‘Vc’ denotes the clearance volume.
THR is determined by integrating the ROHR between start of combustion

(SOC) and end of combustion (EOC). Figure 3c, b shows the time series of Pmax

and THR for 2000 consecutive engine cycles for diesel engine at idle load (0%
engine operating load) condition.

IMEP is defined as the ratio of indicated work ðWindÞ to the swept volume ðVsÞ.

IMEP ¼ Wind

Vs
ð3Þ

where
‘Wind’ denotes the indicated work and
‘Vs’ is the swept or displacement volume.

Wind ¼ 2p
360

Z180
�180

PðhÞ dV
dh

� �
dh ð4Þ

Figure 3a illustrates the time series of IMEP for 2000 consecutive engine cycles
for diesel engine at idle load (0% engine operating load) condition.

After calculating the time series of combustion parameters, cyclic variations are
analyzed by statistical method and wavelet methods, which are described in the
following subsections.

Fig. 3 Time series of a IMEP; b THR; c Pmax for diesel fuel different engine operating load
conditions at 17:1 compression ratio. Adapted from [24]
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2.1 Statistical Methods

Statistical methods are used most commonly for the quantification of the
cycle-to-cycle (cyclic) variations in the engine combustion parameters. Standard
deviation and coefficient of variation are two commonly used parameters to
quantify the variation in any combustion parameter. Standard deviation of the
combustion parameter determines how far the values are spread from the mean
values, and it is defined as follows:

Std: deviation in 'X ' ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
Xn
i¼1

Xi � Xð Þ2
n� 1ð Þ

s
ð5Þ

where
‘X represents the combustion parameter,
‘n is the number of samples, and
‘i is the sample of interest.
Coefficient of variation (COV) for any combustion parameter represents the

variations in that parameter and is calculated by using Eq. (6)

COV %ð Þ ¼ Std: deviation of 'X '
mean of 'X '

� 100 ð6Þ

From statistical technique, temporal variations in the time series can be easily
quantified. However, spectral variations in combustion parameters cannot be quan-
tified by using statistical technique, which is the main limitation of this technique.

2.2 Wavelet Transform

Wavelet analysis is a common technique used for quantifying the local variations in
a time series of non-stationary signal. In wavelet analysis, the time series is
decomposed into frequency domain as well as time domain, which helps to
quantify the leading mode of combustion variability. Additionally, with the help of
this technique, one can also quantify how that mode varies with time [23].
A wavelet is considered as an instantly decaying oscillation or wave. That means
amplitude of the wavelet starts increasing from zero, and within a short period of
time, it comes back to initial condition. A wavelet is defined as a function, which
has a finite energy and has zero mean. A continuous wavelet transform (CWT) for a
wavelet function WðtÞ is represented as follows:

CWT a; bð Þ ¼ 1ffiffiffiffiffiffi
aj jp Z1

�1
x tð ÞW� t � b

a

� �
; a; b 2 R; a 6¼ 0 ð7Þ
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where
‘W tð Þ’ and ‘W�ðtÞ’ imply the mother wavelet and its conjugate,
‘x(t)’ implies a continuous signal, and
‘a and ‘b’ denote the scaling and translating parameters.
To analyze the cyclic variations in combustion parameters, WPS (wavelet power

spectrum) and GWS (global wavelet spectrum) are used. WPS gives the informa-
tion about the fluctuation of variance at different frequencies or scales. The square
modulus of CWT represents the magnitude of signal energy at a certain scale ‘a’
and at a particular location ‘n’ which is called WPS or scalogram. WPS is nor-
malized by dividing with ‘r2’ so that power relative to white noise is obtained [23].
WPS is determined as follows:

WPS ¼ CWTnðaÞj j2 ð8Þ

WPS can be normalized by using Eq. (9)

WPSn ¼ CWTnðaÞj j2
r2

ð9Þ

where ‘r2’ denotes the standard deviation.
CWT is complex function; thus, modulus of CWT actually represents the

amplitude of CWT. WPS depends on the scale (frequency) as well as time repre-
sented by a surface. Timescale representation of WPS can be obtained by plotting a
contour of surface on a plane. From WPS, higher variance in the time series and
their frequency of occurrence can also be easily determined. In addition, time
duration of prevailing periodicities can be easily determined. GWS is defined as
time average of WPS and represented by ‘Ws’. Peak locations in the GWS represent
the dominant periodicities in the given time series. GWS is calculated from
Eq. (10).

GWS ¼ Ws ¼ 1
N

XN
n¼1

CWTnðaÞj j2 ð10Þ

3 Cycle-to-Cycle Variation Analysis

In this section, the effect of engine load, compression ratio, and butanol addition on
cycle-to-cycle variations in combustion parameters is discussed. The cyclic varia-
tions are discussed using wavelet analysis as well as statistical methods.
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3.1 Effect of Engine Load on Cyclic Variations

The cyclic variations have significant effect on the performance of diesel engine,
and it leads to higher emissions and lower fuel economy. In this section, the effect
of engine load on cyclic variations in combustion parameters of conventional diesel
engines is analyzed using statistical approach as well as wavelet approach. Figure 3
shows the time series of IMEP, THR, and Pmax for 2000 consecutive engine cycles.
Time series is generated by the analysis of measured cylinder pressure (as discussed
in Sect. 2) for each engine cycle. Figure 3 illustrates that IMEP, THR, and Pmax

increase with an increase in the engine operating load condition as higher amount of
fuel is burned in the cylinder. Figure also reveals that with an increase in the engine
operating load, the coefficient of variation (COV) decreases for all the combustion
parameters. The decrease of the COV in combustion parameters with engine load
indicates the reduction in the cycle-to-cycle variations. At 0% engine operating
load, the amount of fuel injected is lower which results in lower combustion
temperature. Lower combustion temperature leads to higher cyclic variations. At
lower engine load, combustion phasing is relatively retarded and significant amount
of combustion occurs during expansion stroke. Oxidation reactions occurring away
from TDC are more sensitive to cyclic variations in temperature. Therefore, cyclic
variation in combustion parameters is higher at lower engine loads. With increase in
the engine load, more amount of fuel is injected in the cylinder, which leads to
increase the mean in-cylinder combustion temperature and results in lower cyclic
variations in combustion parameters.

Wavelet transform is used to analyze the frequency of cyclic variation with time
in 2000 consecutive engine combustion cycles. It provides the time and frequency
information simultaneously [19, 23]. With the help of CWT, wavelet power
spectrum (WPS) and global wavelet spectrum (GWS) are created from the time
series of IMEP, THR, and Pmax of 2000 consecutive cycles. WPS reveals the energy
of the signal, and it is the square modulus of CWT. In this chapter, spectrogram is
mainly used to investigate the frequency band contribution to the signal energy.
Additionally, it is used to determine how periodicity changes with time. The time
average of WPS is called GWS.

Figure 4 illustrates the GWS and WPS of IMEP for neat diesel (D100) fuel at 0,
50, and 100% engine operating loads. Horizontal axis in WPS represents the engine
combustion cycles, and the vertical axis indicates the periodicities of particular data
series. Horizontal axis in GWS represents the power, and the vertical axis indicates
the period. Peaks in the GWS plot reveal the prevalent periodicities in the data
series of particular parameters. Colors shown in the WPS graph represent the
energy of the signal, which represents the WT magnitude [23]. Red and blue colors
indicate the maximum and minimum energy of the signal, respectively, over that
interval. U-shaped curve in the bottom of WPS is known as the cone of influence
(COI). It indicates the 5% significant level. It is the area where edge effect is
important [23]. The area above the COI is only considered. Figure 4a depicts the
GWS and WPS for IMEP at 0% engine operating load condition. Figure 4a
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indicates that band of periods 11–16, 16–28, 55–93, and 186–373 have higher
cyclic variations in the cycles ranging between 596–639, 1128–1187, 1215–1405,
and 982–1644, respectively. The strong intensity periodic band indicates higher
cyclic variability at 0% engine operating load condition. Figure 4b shows the WPS
and GWS for IMEP at 50% engine operating load condition. It has been observed
from the Fig. 4b that fewer periodic bands of 20–32 and 32–39 with strong
intensity of variance occur in the cycles ranging between 128–136 and 1576–1689,
respectively. GWS at 50% engine load is also reduced in comparison with 0%

Fig. 4 WPS and GWS of IMEP for neat diesel a at 0% engine load; b at 50% engine load; c at
100% engine load for compression ratio of 17 in a CI engine. Adapted from [24]
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engine operating load which indicates reduction in cyclic variations. The decrease
in cyclic variations is due to the higher mean in-cylinder combustion temperature at
higher load condition (because more amount of fuel is injected) which leads to
better combustion. Figure 4c shows the WPS and GWS for IMEP at 100% engine
operating load condition. The GWS in Fig. 4c shows that the peak power of GWS
is higher for 100% engine load condition which reveals higher cyclic variations.
WPS at 100% engine load represents that a periodic band of 90–128 with higher
intensity occurs between the cycles ranging from 1460 to 1870. Some weaker
periodic bands are also observed in Fig. 4c. However, the power of GWS is higher
at lower intensity periods. It is possibly due to the amplification of GWS power at
higher periods [25].

Figure 5 shows the WPS and GWS of THR at 0, 50, and 100% engine operating
load conditions for a fixed compression ratio of 17. Figure 5a shows the WPS and
GWS for THR at 0% engine operating load condition. Figure 5a indicates a peri-
odic band of 14–20 with strong intensity of variance observed during the cycles
ranging between 51–410, 571–875, 927–950, 1015–1075, 1180–1555, and 1650–
1870. The presence of strong periodicity in large number of engine cycles repre-
sents the higher cyclic variability. Additionally, some weaker bands of 46–54 and
128–157 periods with moderated or low intensity occur—in the cycle range of 145–
160 and 625–770, respectively.

Figure 5b shows the WPS and GWS for THR at 50% engine operating load
condition. Figure 5b shows that strong intensity of periodic band of 32–64 is
observed in the cycles ranging from 72 to 1950. This periodic band of strong,
moderated, and lower intensity (shown by decrease in the intensity of red color) of
variance seems continuous throughout the cycles ranging from 72 to 1950. Lower
intensity band represents the reduction in the cyclic variations. The decrease in the
cycle-to-cycle variations attributes to higher mean in-cylinder combustion tem-
perature at higher load condition which leads to better combustion. It can also be
noticed from Fig. 5a, b that the peak power of the GWS at 50% engine load is
higher in comparison to 0% (idle) engine load, which indicates higher cyclic
variations at 50% engine load condition. A shift from lower periodicity to higher
periodicity represents the lower frequency cyclic variations (as shown in WPS of
Fig. 5a, b). However, GWS power decreases at 100% engine operating load con-
dition, which indicates the decrease in the cyclic variations. Figure 5c shows the
WPS and GWS for THR at 100% engine operating load condition. Figure indicates
that a periodic band of 10–16 with strong intensity occurs intermittently in the
cycles ranging between 140–255, 325–426,467–499, 552–580,642–714, 738–780,
1023–1194, 1260–1497, 1505–1580, and 1889–1960 cycles.

Figure 6 illustrates the WPS and GWS of Pmax at different engine operating load
conditions. Figure 6a shows that periodic bands of 157–313, 40–60, 55–93, and
55–78 with strong intensity of variance occur in the cycles between 1135–1620,
222–382, 821–953, and 1305–1440, respectively. Figure 6b depicts the WPS and
GWS of Pmax at 50% engine operating load condition. Figure indicates that the
power of GWS increases in comparison with 0% engine operating load condition. It
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can be observed that peak GWS power is corresponding to intensity of period that is
outside the cone of influence which is not significant. Fewer strong intensity
periodic bands of 16–30, 21–28, and 30–38 occur in the cycle range of 818–845,
1333–1365, and 9420–1015 cycles, respectively. At 100% engine operating load
condition, periodic bands of 112–225 and 39–64 with weak intensity of variance
occur in the cycles ranging between 640–1055 and 960–1370 cycles, respectively.

Fig. 5 WPS and GWS of THR for neat diesel a at 0% engine load; b at 50% engine load; c at
100% engine load for compression ratio of 17. Adapted from [24]
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3.2 Effect of Compression Ratio on Cyclic Variations

This section presents the effect of compression ratio on cyclic variation in com-
bustion parameters of diesel engine. Figure 7 shows the time series of THR for
different compression ratios (CR) at lower engine load (0.28 bar BMEP) condition.

Fig. 6 WPS and GWS of Pmax for neat diesel a at 0% engine load; b at 50% engine load; c at
100% engine load for compression ratio of 17. Adapted from [24]
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Since the cyclic variations are higher at lower load condition, the effect of CR of
compression ratio on the cyclic variation was investigated at lower load condition
[21]. Cyclic variations in total heat release are highest at lowest compression ratio
(Fig. 7).

Figure 8 illustrates the WPS and GWS of THR at compression ratios (CRs) of
15, 16, and 17.5 at lower load condition (0.28 bar BMEP). Figure 8 depicts that
with an increase in the CR, the peak power of the GWS decreases which indicates
that cyclic variations reduce with increase in the CR. At a CR of 17.5, periodic
bands of 105–256, 64–110, and 100–540 with strong intensity occur between the
cycles 380–890, 1090–1410, and 1290–2080, respectively (shown in Fig. 8a).
Periodic bands with strong intensity and moderated intensity of variance indicate
the higher cyclic variations. At CR of 16, a periodic band of 16–32 occurs inter-
mittently throughout the cycles (shown in Fig. 8b). It can also be seen from Fig. 8b,
a that with an increase in the CR from 16 to 17.5, a shift occurs from lower
periodicity to higher periodicity which represents the variations occur with lower
frequency. It can also be depicted from the figure that peak power in GWS slightly
increases in case of CR of 16 in comparison with CR of 17. Figure 8c shows the
WPS and GWS of THR at CR of 15. Figure 8c reveals that the periodic bands of
220–315 and 430–650 occur between the cycles 445–1054 and 981–1807,
respectively. Figure 8c also reveals that power of GWS further increases with
decrease in the CR which indicates the higher cyclic variations.

Fig. 7 Time series of THR
for different compression
ratios at 0.28 bar BMEP
(lower engine operating load)
[21]
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Fig. 8 WPS and GWS of THR for neat diesel at a CR of 17.5; b CR of 16; c CR of 15 for
0.28 bar BMEP [21]

Characterization of Cycle-to-Cycle Variations in Conventional … 149



3.3 Effect of Butanol Blends on Cyclic Variations

In recent years, butanol is evolved as an alternative fuel for compression ignition
engine [1, 27–30]. The properties of butanol make it suitable candidate fuel for the
replacement of conventional diesel fuel for diesel engines. Butanol can be easily
mixed with diesel fuel, and no further additive is required for the preparation of
stable blend (i.e., no fuel layer separation). Butanol also has a higher cetane number
as compared to other primary alcohol fuels. Typical properties of butanol and diesel
are provided in the study [22]. Previous study [26] investigated the cyclic variations
in Pmax for neat diesel and butanol blends at different engine operating load con-
ditions. The results reveal that with an increase in the engine operating load, the
peak power of GWS decreases which means that the cyclic variability reduces with
increase in engine operating load. The increase in the butanol fraction in the
blended fuel up to a certain limit leads to the reduction in the cyclic variations.

Figure 9 shows the time series of IMEP for neat diesel (D100), 10% butanol/
diesel blend (B10), 20% butanol/diesel blend, and 30% butanol/diesel blend (B30)
of 2000 consecutive engine cycles at 0%, 50%, and 100% engine load conditions.
Figure 9 illustrates that the mean IMEP increases with an increase in the engine

Fig. 9 Time series of IMEP for D100, B10, B20, and B30 at 0%, 50%, and 100% load conditions
in CI engine
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operating load condition. At higher engine load, more fraction of fuel is burned in
each cycle which leads to increase the IMEP.

Figure 10 illustrates the COV in IMEP for 2000 consecutive engine combustion
cycles at different load conditions for D100, B10, B20, and B30 blends. Figure 10
reveals that the higher cyclic variations were obtained at 0% load condition. At 0%
engine operating load, the amount of fuel injected is lower which results in lower
combustion temperature. Lower combustion temperature leads to increase the cyclic
variations. Figure 10 also indicates that at lower load condition, up to 20 or 25%
addition of butanol in the diesel fuel, COV in IMEP is close to COV in IMEP with
neat diesel fuel. However, higher COV in IMEP was observed above 25% butanol
fraction in the blended fuel. Figure reveals that the cyclic variations decrease with
the addition of butanol fraction in the diesel fuel up to a certain limit. However,
with further increase in butanol fraction, cyclic variation increases at 0% engine
load condition. With increase in the butanol fraction in the blended fuel, the
combustion phasing is retarded which results in higher cyclic variations. When
combustion phasing is retarded, the velocity of the piston is comparatively higher,
which leads to more sensitivity for temperature and pressure because of change in
cylinder volume. Therefore, retarded combustion phasing results in higher cyclic
variations. At higher load condition, higher fraction of butanol could be added in
diesel fuel up to a certain limit which further needs to be investigated.

Since the cyclic variations were higher at 0% load, wavelet analysis is only
presented for D100, B10, B20, and B30 at 0% load condition. Figure 11a indicates
a periodic band of 16–32 with moderated intensity observed during the cycles
126–185. The presence of strong periodicity represents the higher cyclic variability.
In addition to this, a periodic band of 4–16 with moderated or low intensity occurs
intermittently till the 800 cycles. Figure 11b shows periodic bands of 16–32,
32–128, 64–128, and 256–512 with strong intensity observed during 458–524,

Fig. 10 Effect of engine load
on the COV in a IMEP for
different diesel/butanol blends
in compression ignition
engine
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Fig. 11 WPS and GWS of IMEP for a D100; b B10; c B20; d B30 blended fuel at 0% load
conditions in CI engine

152 M. R. Saxena and R. K. Maurya



304–479, 1168–1500, and 746–1622 cycles, respectively. Moderated intensity
periodic bands also observed alternatingly throughout the cycles.

Similarly, in Fig. 11c, strong intensity periodic bands of 128–256, 64–256, and
512–1024 were observed during 672–1159, 1280–1752, and 845–1200 cycles,
respectively. In case of 30% butanol/diesel blend, a strong intensity periodic band
of 256–512 was observed during 494–1426 consecutive cycles (as shown in
Fig. 11d).

In Fig. 11, GWS reveals that peak power in case of B10 and B20 blends is closer
to the GWS peak power of neat diesel at 0% engine load condition. It represents
that there was not too much difference in cyclic variation with 10 and 20% butanol
blends as compared to neat diesel fuel. However, intense cyclic variations were
obtained with B30 blended fuel. It might be because of the combined effect of lower
cetane number and higher oxygen contents which retards the combustion phasing
and results in unstable combustion.

4 Summary and Conclusion

This chapter discussed the characterization of cyclic variations in conventional
diesel engine using statistical technique as well as wavelet technique. Combustion
instability or cyclic variations in the engine cycle have significant deteriorating
effect on the performance of the engine. Statistical and wavelet analysis results
showed that cyclic variations are higher at lower load condition and decrease with
increase in the engine load. Global wavelet spectrum (GWS) results indicate that
with an increase in the engine operating load, peak power of GWS decreases. The
decrease in GWS power suggests the lower cyclic variations. The GWS analysis
also demonstrates the similar trend in cyclic variation with engine load as estimated
by statistical methods. The WPS results also indicate that with an increase in the
engine operating load, strong intensity variance shifts toward the higher frequencies
from lower frequencies. At higher load conditions, fewer number of strong/
moderated intensity periodic bands were found. It is also found that cyclic vari-
ability increases as compression ratio decreases. Butanol has a potential to reduce
the cyclic variations in diesel engine. Statistical analysis of cyclic variations in
IMEP indicates that at lower load condition, the cyclic variability is higher and it
reduces with increase in the engine load. The results showed that up to 20%
addition of butanol in the diesel fuel, cyclic variations in IMEP are close to the
variation with neat diesel fuel. On further increasing the butanol fraction in the
blended fuel, cyclic variations increase drastically. Finally, it can be summarized
that wavelet analysis has a potential to analyze the cyclic variations in the com-
bustion parameters and can provide additional information, which can be beneficial
to control the cyclic variations. However, a more detailed exploration is required to
utilize the full potential of wavelet analysis.
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Part III
Exhaust After-Treatment and its Heat

Recovery



Recent Advancements in After-Treatment
Technology for Internal Combustion
Engines—An Overview

Gaurav Tripathi, Atul Dhar and Amsini Sadiki

Abstract The increasing health problems due to engine exhaust and tightening of
emission norms for engine exhaust force us to use exhaust after-treatment tech-
niques. Carbon monoxide, carbon dioxide, unburnt hydrocarbon, particulate matter,
and oxides of nitrogen are main automobile engine exhaust emissions. Most
commonly, diesel oxidation catalysis effectively reduces unburnt hydrocarbon
emission, diesel particulate filter reduces particulate matter emission, and selective
catalytic reduction and NOx trap technology reduce NOx emissions. Recent
advances include reduction with and without filter, reduction with catalyst and
without catalyst, and some other after-treatment techniques such as plasma-assisted
techniques, NOx and soot combined reduction. This chapter provides overview of
recent advancement in various after-treatment techniques and challenges of these
technologies.

Keywords Exhaust after-treatment technology � Selective catalytic reduction
Emissions � DPF � DOC

1 Introduction

Adversely changing environment is alarming us to work in field of engine exhaust
emissions reduction. Engine exhaust can be reduced by modifying engine design,
enhancing combustion, improving injection strategies, and using after-treatment
technologies. The main engine exhaust emissions are nitrogen oxides, carbon
monoxide, unburned hydrocarbons, and particulate matter along with carbon
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dioxide. Different after-treatment technologies and combinations are used for
reducing the particular types of emission.

In Fig. 1, it can be seen that regulated pollutants from diesel engine are less than
1%. Nitrogen oxides and particulate matters are main pollutants in engine exhaust
for CI engines. To deal with emissions of CO and unburned HC, an after-treatment
device diesel oxidation catalyst is used to chemically convert carbon monoxide into
carbon dioxide and hydrocarbon into water by oxidation process. Reduction of
unburned hydrocarbons and carbon monoxides through diesel oxidation catalyst is
comparatively simple process than control of NOx and particulate matters. So, more
focus is put on after-treatment of nitrogen oxides and particulate matter emission. In
this chapter, attempt has been made to summarize the recent developments in
various after-treatment technologies.

2 Control of Nitrogen Oxides (NOx)

Nitrogen present in air reacts with oxygen in combustion chamber at temperature
greater than 1600 °C [2] to form NOx. Zeldovich mechanism is widely accepted to
explain the formation of NOx from atmospheric air [3]. Zeldovich mechanism is
represented by the following set of equation

OþN2 $ NOþN ð1Þ

NþO2 $ NOþO ð2Þ

NþOH $ NOþH ð3Þ

Rate constants for reactions (1)–(3) are k1, k2, and k3 are described in Table 1.
Most of them are either constant or function of temperature. The symbols f and r are
the rate constants for forward and reverse reaction and their unit is cm3/mol-s.
1600–1800 °C is important temperature range for Zeldovich mechanism for NO
formation. While in reaction (3), NO formation is independent of temp range [4].

Rate of formation of NO is given by the following reaction (4),

Fig. 1 Engine exhaust contents [1]
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d½NO�
dt

¼ k1; f ½O�½N2� � k1; r½NO�½N� þ k2; f ½N�½O2�
� k2; r½NO�½O� þ k3; f ½N�½OH� � k3; r½NO�½H�

ð4Þ

NOþHO2 $ NO2 þOH ð5Þ

NO2 þO $ NOþO2 ð6Þ

Here, reaction (5) shows conversion of NO into NO2. This reaction occurs in the
cooler region of flame where temperature is below 1000 K. At temperatures higher
than 1200 K, this NO2 further breaks into NO according to reaction (6). Here, air
nitrogen is main source of NO formation than fuel Nitrogen.

Formation of NOx depends on combustion temperature, residence time, and
oxygen content. On 100 °C increase in combustion temperature, NOx formation
becomes three times [5]. Major part of NOx is formed in diffusion flame, and small
part of NOx is formed in after combustion region [6].

2.1 De-NOx After-Treatment Approaches

In this approach, NOx is decomposed into nitrogen in the presence of some catalyst
with the help of some reductant. Selective catalytic reduction and non-thermal
plasma technology are important examples of de-NOx after-treatment technologies.

2.1.1 Non-thermal Plasma (NTP)

In NTP after-treatment approach, with the help of electricity, exhaust gas is ionized.
That ionized exhaust gas is known as plasma. Highly energetic electron from
plasma converts the oxygen into oxygen radical. Those radicals react with NO and
convert into NO2. Then NO2 converted into N2 with the help of catalyst as shown in
reactions (7) and (8) [7, 8].

Table 1 Reaction rate constants

S. No. Rate constant Description

1 Forward rate constant for reaction (1) k1; f ¼ 7:6� 1013 expð�38000=TÞ
2 Reverse rate constant for reaction (1) k1; r ¼ 1:6� 1013

3 Forward rate constant for reaction (2) k2; f ¼ 6:4� 109T expð�3150=TÞ
4 Reverse rate constant for reaction (2) k2; r ¼ 1:5� 109T expð�19500=TÞ
5 Forward rate constant for reaction (3) k3; f ¼ 4:1� 1013

6 Reverse rate constant for reaction (3) k3; r ¼ 2:0� 1014 expð�23650=TÞ
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PlasmaþNOþHCþO2 ! NO2 þHC� product ð7Þ

CatalystþNO2 þHC ! N2 þCO2 þH2O ð8Þ

In this way, NO reduction of 70% is achieved in large temperature range [9].
NTP after-treatment approach is preferred over de-NOx after-treatment approach
because it does not require any external catalyst or resource such as ammonia and it
does not produce secondary waste product.

Plasma in NTP process can be generated with the help of electron beam or by
electric discharge. In Fig. 2, plasma generated with the help of electron beam is
shown. When a high-voltage source is applied to cathode, the electrons are emitted.
These electrons are accelerated by anode and vacuum. These electron beams fall on
engine exhaust gas and ionize the gas, and this ionized gas produces number of
ionized electrons. This huge ionized electron cloud is known as plasma. This
plasma used for conversion of NO into NO2 and that NO2 converted into nitrogen
gas with the help of catalyst. NOx removal achieved is 80%. By-products are sent to
electrostatic precipitator (ESP) that is helpful in making fertilizer.

Figure 3 shows the NTP treatment by electric discharge method. In electric
discharge method, one electrode is connected with positive terminal of power
source and another electrode is connected with negative terminal of power source.
When both electrodes connect with power source, then electron starts flowing from
positive terminal to negative terminal and ionizes the exhaust gas in between. These
electrons produce more and more ions, and in this way, plasma is created, which is
used for NOx reduction present in exhaust gas. There are different electric discharge
methods for plasma generation such as corona electric discharge, dielectric barrier
discharge, microwave electric discharge, and plasma jet electric discharge. In
corona electric discharge method, one electrode shape is sharp or pinpointed and

Fig. 2 Non-thermal plasma treatment by electron beam [10]
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other in form of plate. But in dielectric barrier discharge method, both electrodes are
in plate form. In plasma jet electric discharge method, plasma is generated in the
form of jet so it is known as plasma jet electric discharge method. In microwave
electric discharge method, plasma is generated with the help of microwaves [11].
The chemical reaction which takes place is given as (9).

2NOx þ 2N ! 2N2 þ xO2 ð9Þ

This reaction occurs at room temperature. In which, NOx decomposed into
nitrogen and oxygen with the help of nitrogen radical.

NTP is in less use in road transportation because it has high energy requirement
and not economical for commercial purpose. NTP is preferred when NOx amount is
less (up to 500 ppm). In 14 kW engine, 70% NOx removal was achieved when
engine exhaust gas flow rate was 1200 l per min [12].

2.1.2 Selective Catalytic Reduction (SCR) de-NOx After-Treatment
Approach

In this process, some catalyst is used to reduce the activation energy required for
NOx reduction. SCR system is preferred over other de-NOx after-treatment
approach because it has high de-NOx efficiency

In SCR system, required reductant is injected into engine exhaust line to reduce
NOx, and it is selectively oxidized by oxides of nitrogen over the surface of catalyst
without reacting with oxygen and reduces NOx into nitrogen molecule. For lower
temperature range (<300 °C), ammonia as a reductant is preferred with noble metal
catalyst. For medium temperature range (<425 °C), ammonia is preferred with
vanadia/titania catalyst. For higher temperature range, N-containing reductant is
preferred with zeolite catalyst [13]. SCR system is generally used after diesel
oxidation catalyst in order to protect injected reductant from oxidation before
catalytic bed [14]. Performance of SCR system depends on fuel quality such as
sulfur content, nature of use catalyst, temperature of exhaust gas [15].

Fig. 3 Plasma generated by electric discharge
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SCR system commissioning cost depends on NOx level at input, NOx reduction
required at outlet, type of fuel, reactor arrangement, and other controls.
Cichanowicz [16] reported the operating cost of SCR system for boiler is
approximately hundred dollars per kW. Catalyst changing and reducing agent
consumption are main operating cost of SCR system, in which catalyst cost is
dominating [16]. SCR system is generally applicable for high NOx emission.
Sometimes, SCR is also used with selective non-catalytic reduction, low NOx

burner, and exhaust gas recirculation [17]. SCR system can also be used for low
NOx emission and operate on both small and large temperature differences [18].
Based on used reducing agent, SCR systems can be classified into following
categories.

Ammonia SCR After-Treatment

Here, ammonia is used as reductant for decomposition of NOx. The following are
the main chemical reactions in ammonia SCR system.

4NH3 þ 4NOþO2 ! 4N2 þ 6H2O ð10Þ

NOþNO2 þ 2NH3 ! 2N2 þ 3H2O ð11Þ

6NO2 þ 8NH3 ! 7N2 þ 12H2O ð12Þ

Reactions (10)–(12) are reactions of ammonia and nitrogen oxides in the pres-
ence and absence of oxygen that result in decomposition of nitrogen oxide [19].

Figure 4 shows the arrangement of ammonia SCR after-treatment system on
engine exhaust side. 70% reduction in NOx emissions is achieved in diesel–ethanol
blend-fueled DI engine when ammonia SCR after-treatment device is used with
0.75 l/h aqueous urea supply at 5 bar and uses titanium oxide-coated catalyst [20].

Fig. 4 Arrangement of NH3-SCR system on engine exhaust
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There is 82–84% conversion in NOx after applying 20 l, 300 cpsi SCR system on
heavy-duty diesel engine [21]. Ammonia storage, ammonia transport, ammonia
slip, and poisonous by-products are some problems related to ammonia SCR
after-treatment devices.

SCR system can be made more effective by combining it with low NOx trap
(LNT), ammonia slip catalyst (ASC) or ammonia oxidation catalyst (AMOC), or by
coating SCR catalyst on DPF. Formation of NH3 and N2O as by-products is a major
problem of NH3-SCR system. NH3 by-product can be reduced by using ammonia
slip catalyst (ASC) and ammonia oxidation catalyst (AMOC). In which, NH3

oxidizes to N2 and H2O. Three main reasons for N2O formation are reduction of
NOx by hydrocarbon emission in DOC, oxidation of ammonia in ammonia slip
catalyst (ASC), and excess NO2 and ammonium nitrate in SCR. At low temperature
(<200 °C), ammonium nitrate breaks into N2O and water as described in reaction
(13). At high temperature (>450 °C), oxidation of ammonia results in N2O for-
mation as described in reaction (14). In the presence of excess NO2 in SCR,
ammonium nitrate is formed that further decomposes into N2O as described in
reaction (15).

NH4NO3 ! N2Oþ 2H2O ð13Þ

2NH3 þ 2O2 ! N2Oþ 3H2O ð14Þ

2NH3 þ 2NO2 ! NH4NO3 þN2 þH2O ð15Þ

N2O is a stable species at lower temperatures, and for decomposing N2O,
temperature higher than 450 °C is needed. N2O formation can decrease in DOC by
effective designing. More conversion of NH3 and high nitrogen selectivity can
reduce N2O formation in ASC. By using N2O reducing catalyst like FeZ, N2O
formation can be reduced in SCR system [22].

Hydrocarbon SCR After-Treatment

In this SCR method, hydrocarbon is used as reductant for decomposition of NOx.
The main chemical reaction in hydrocarbon SCR system is (16).

4NOþCxHy þð4xþ y� 4Þ=4O2 ! 2N2 þ xCO2 þ y=2H2O ð16Þ

Reaction (16) shows decomposition of nitrogen oxide into nitrogen [23].
There is 95% conversion of NO at 200 °C and 35% conversion at 400 °C when

heptane and propene are used as reductants and Pt/Al2O3 as catalyst [24]. Use of
hydrocarbon as a reductant again has problem of fuel penalty.
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Carbon Monoxide SCR After-Treatment

Here, CO is used as reductant in SCR after-treatment device. The chemical reaction
in CO-SCR after-treatment device is as follows:

2NOþ 2CO ! N2 þ 2CO2 ð17Þ

Reaction (17) is decomposition of NO into nitrogen with the help of CO [23].
There is 98% conversion of NO when CO reductant is combined with NH3

reductant in SCR after-treatment. The arrangement of NH3 and CO combined
reductant SCR system can be easily understood with the help of following Fig. 5.

Figure 5 shows that NH3-SCR system is put above with Cu/Beta catalytic bed.
Here, operating temperature range is large, i.e., 160–600 °C. NO reduction is 88%.
Below 350 °C, there is no oxidation of CO over Cu/Beta bed. CO-SCR system is

Fig. 5 Arrangement of
combined NH3 and CO-SCR
system
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put below NH3-SCR system. Here, Wr3/Ir/SIO2 is catalytic bed and operating
temperature range is low (260–400 °C). After using NH3-SCR system with
CO-SCR system, there is more than 90% conversion of NO [25].

After combining both SCR systems, there is increase in NO conversion effi-
ciency but that is small while the system becomes bulky. Also, the CO-SCR system
has low temperature operating range.

Hydrogen SCR After-Treatment System

Hydrogen is an effective reductant in SCR after-treatment device. The following
kinetic model is used for representing NOx reduction by H2 on noble
metal-supported alumina.

NOþ S ! NOðsÞ ð18Þ

H2 þ 2S ! 2HðsÞ ð19Þ

NOðsÞ þHðsÞ ! NðsÞ þOHðsÞ ð20Þ

NOðsÞ þ S ! NðsÞ þOðsÞ ð21Þ

NðsÞ þNðsÞ ! N2 þ 2S ð22Þ

NOðsÞ þNðsÞ ! N2 þOðsÞ þ S ð23Þ

NOðsÞ þNðsÞ ! N2Oþ 2S ð24Þ

NOðsÞ þNOðsÞ ! N2OþOðsÞ þ S ð25Þ

OðsÞ þHðsÞ ! OHðsÞ þ S ð26Þ

OHðsÞ þHðsÞ ! H2Oþ 2S ð27Þ

In reaction (18), S represents vacant catalytic site. When NO molecule comes in
contact with S, it forms adsorbed NO. In reaction (19), hydrogen is adsorbed on
catalytic surface and forms adsorbed hydrogen. In reaction (20), hydrogen reduces
adsorbed NO and forms N atom. N atom can also be formed by excess adsorption
of NO, given by reaction (21). Reactions (22) and (23) describe the formation of
stable nitrogen molecule with the help of two adsorbed N atom or with the help of
adsorbed N atom and NO. If temperature reaches below 150 °C, then N2O species
will form either by combination of N atom and adsorbed NO (reaction 24) or by
combination of two adsorbed NO (reaction 25). Reaction (26) shows that adsorbed
oxygen and hydrogen atom combines and again vacate the catalytic site. Reaction
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(27) shows the formation of stable species that is water. Calculation of rate of
important species is given by the following equation.

RNO ¼ 2k20kNOpNO
ffiffiffiffiffiffiffiffiffiffiffiffi

kHpH2

p

1þ kNOpNO þ ffiffiffiffiffiffiffiffiffiffiffiffi

kHpH2

p� �2 ð28Þ

RH2 ¼
2k23 þ k24
k23 þ k24

k20hNOhH ð29Þ

RN2 ¼
k23

k23 þ k24
k20hNOhH ð30Þ

RN2O ¼ k24
k23 þ k24

k20hNOhH ð31Þ

RH2O ¼ 2k23 þ k24
k23 þ k24

k20hNOhH ð32Þ

Rate of formation of NO, H2, N2, N2O, and H2O are given by Eqs. (28)–(32),
where k is exponential decay constant, p is partial pressure of corresponding gas, h
is concentration of corresponding species, and k is kinetic constant of corre-
sponding reaction. These constants are calculated by using the following equations:

k ¼ A exp
�E
RT

� �

ð33Þ

k ¼ f exp
�DabsH
RT

� �

ð34Þ

Equations (33) and (34) are used to calculate kinetic constant of reaction and
exponential decay constant, where A is frequency factor, E is activation energy
constant, DabsH is enthalpy of reaction, f is initial constant, T is temperature in
Kelvin, and R is universal gas constant (=8.314 J/K-mol). For Pd (1% by weight)/
Al2O3 catalyst, values of these constants are A is 2.69 � 1013 mol/m3/s, E is
82 � 103 J/mol, fNO is 7.11 � 10−10 Pa−1, fH is 3.45 � 10−9, DabsH

NO is
−42.6 � 103 J/mol, DabsH

H is −16.6 � 103 J/mol [26, 27].
There is more than 95% conversion of NO when hydrogen is used as reductant

in SCR after-treatment device over Ni/Al2O3 catalyst at 220 °C [28].
Hydrogen efficiently reduces NOx in the presence of various catalysts. Table 2

shows conversion of NOx by hydrogen with different operating conditions and
parameters.

In Table 2, GHSV is gas hourly space velocity. On investigating different
H-SCR system data, it is known that hydrogen supplied is four times the NO
present for complete reduction of NO. Noble metal-supported alumina and
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zirconium oxide catalyst show better potential. In optimum case, maximum NOx

conversion occurs in 100–200 °C temperature range.

Alcohol-SCR After-Treatment System

Alcohols can be used as reductant in SCR after-treatment system but it has poor
reducing capacity [37]. The reaction mechanism of NOx reduction with the help of
Ag/Al2O3 can be easily understood by Figs. 6 and 7. The formation of enolic
species and acetate from alcohol and formation of nitrates by NO and O2 start the
reduction mechanism. There is also the formation of intermediate species NCO
either by adsorbed species directly or by R–ONO and R–NO2 that are
organo-nitrogen compound. NCO species yield to N2 by reacting with nitrates and
NO and O2. There is more than 80% conversion of NOx by ethanol over Ag/Al2O3

in temperature range of 300–400 °C [38].
SCR system is effective in temperature range of 200–600 °C [2]. Use of SCR

system below 200 °C is still a challenge, because below 200 °C, catalyst becomes
inactive [39].

2.2 Use of NOx Trap After-Treatment Device Approaches

NOx trap after-treatment device uses a base metal oxide and a blend of noble metal
group for NOx reduction. Base metal oxide is used to trap NO2 during lean oper-
ation and emits it during rich operation. Noble metal surface helps in oxidation and
reduction reaction. On base metal surface, NOx is reduced to N2. The physical
arrangement of NOx trap can be seen in Fig. 8. In this case, DOC and NOx trap have

Fig. 6 Primary step in NOx reduction, i.e., formation of enolic species from alcohol over
Ag/Al2O3
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same diameter (143.76 mm) and same cell density (400 cpsi) but different length
(152.4 mm in NOx trap and 76.2 mm in DOC) [40].

The reaction mechanisms of NOx trap are divided into two parts: storage
mechanism (reactions 35 and 36) and purge mechanism (reactions 37–41).

2NOþO2 ! 2NO2 ð35Þ

2BaCO3 þ 4NO2 þO2 ! 2BaðNO3Þ2 þ 2CO2 ð36Þ

2BaðNO3Þ2 ! 2BaOþ 4NO2 þO2 ð37Þ

4C3H6 þ 18NO2 ! 12CO2 þ 12H2Oþ 9N2 ð38Þ

4COþ 2NO2 ! 4CO2 þN2 ð39Þ

4H2 þ 2NO2 ! 8H2OþN2 ð40Þ

BaOþCO2 ! BaCO3 ð41Þ

Reaction (35) shows the oxidation of NO and formation of NO2 over Pt/Rh
surface. Reaction (36) shows the adsorption of NO2 over BaO surface during lean
burning operation. Reaction (37) shows the release of NO2 during rich burning
mixture. Reactions (38)–(40) show the reduction of NO2 and formation of ele-
mentary nitrogen. BaCO3 that is used during reaction (36) is restored in reaction
(41) [41].

Fig. 7 Selective catalytic reduction of NOx by ethanol

Fig. 8 Arrangement of NOx trap after-treatment device
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The mechanism of NOx trap after-treatment device is described in Fig. 9. In first
part, NO and O2 molecules combine on platinum surface and form NO2. During
lean mode of engine (second part), this NO2 is adsorbed on Ba surface and forms
barium nitrate. In third part, NO2 is released from Ba surface because of excess
adsorption of NO2 during rich mode of engine. This released NO2 is reduced into
N2 on platinum surface with the help of engine exhaust (CO, H2, HC, and so on) as
shown in fourth part of figure [42].

NOx trap has some problems such as (i) it can trap NO2 up to a limit, after that,
NOx slippage occurs, (ii) NOx trap is efficient in small temperature range, (iii) sulfur
sensitivity of NOx trap etc.

Fig. 9 Mechanism of NOx trap after-treatment
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3 Control of Particulate Matter (PM) Emissions

PM is combination of soluble material, insoluble material, and dry fraction in
engine exhaust line. Soot is a part of PM which comes under insoluble material
exhaust emissions category. Approximately 50% of PM is soot while remaining
50% PM is unburnt hydrocarbon, partially burnt hydrocarbon, unburnt or partially
burnt lubricating oil, engine wear material particle, and sulfate derived from fuel
[43, 44].

A heavy-duty diesel engine has 41% carbon as soot, 14% sulfates and water,
13% ash, and remaining are soluble organic compound in which 25% unburnt oil,
and 7% unburnt fuel. Along with mass and chemical characterization of particu-
lates, its size number distribution is also important, which plays crucial role in
deciding its residence time and consequent toxicity. Based on size distribution,
there are mainly three modes of particulate matter. First is nuclei mode in which PM
diameter is 5–50 nanometer. This mode contains 1–20% PM mass and 90% PM
number. Second is accumulation mode that contains most of the PM mass in which
diameter of PM is in the range of 100–1000 nanometer size. Third is coarse mode in
which PM diameter is in the range of 1–10-micrometer size and it contains 1–20%
particulate matter mass [45]. Generally, soot is generated between 10 to 20° after
top dead center (ATDC) [46].

There are six steps in soot formation as shown in Fig. 10. These six steps are
pyrolysis, nucleation, coalescence, surface growth, agglomeration, and oxidation.
Soot formation occurs in two phases (gas phase and solid phase). In gas phase,
formation of small fuel molecules and radicals by the process of pyrolysis or oxi-
dation occurs. The main step in pyrolysis is the formation of aromatic ring that is
mostly benzene or phenyl. This aromatic ring results in the formation of polycyclic
aromatic hydrocarbons (PAH) at the nucleus. Then, growth of aromatics by
hydrogen abstraction and carbon addition (HACA) and by other species takes place.
In second solid phase, after enough growth of PAH, PAH is treated as solid particle
in place of treating it as molecule. This process is known as soot particle inception.
Then soot particle growth occurs with the help of acetylene and PAH. During this,
sticking of smaller soot particles is known as coagulation. Soot oxidation occurs
parallel to growth. Main oxidants are O, OH, O2, and CO2. After certain growth,
coagulation is not possible because no more surface growth is possible. Then, 10–
100 particles accumulate together. This process is known as soot agglomeration [48].

Following sub-sections describe the after-treatment devices for reduction of
particulate matter.

3.1 Diesel Oxidation Catalyst (DOC) and PM Control

For the sake of completeness and role of DOC in the regeneration of DPFs, the
short description of DOC in the context of PM reduction is needed though their
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main role is oxidation of CO and unburned hydrocarbons. DOC is a stainless steel
cylindrical-shaped material that contains honeycomb monolithic substrate. On
substrate, wash coating is done with catalyst of platinum base metal group [49].
When raw exhaust passes through DOC, carbon monoxide, hydrocarbon, and
nitrogen oxides are oxidized. DOC after-treatment also deals with approximately
32% mass of PM, that is, soluble organic fraction; in this way, DOC also helps DPF
to filter PM. The following are the main reactions in DOC.

COþ 1
2
O2 ! CO2 ð42Þ

C3H6 þ 9
6
O2 ! 3CO2 þ 3H2O ð43Þ

NOþ 1
2
O2 ! NO2 ð44Þ

Reactions (42) and (43) show the oxidation of CO and HC results in formation
of stable species CO2 and H2O. Reaction (44) shows the conversion of NO to NO2.

In reactions (42) and (43), with increase in temperature, conversion increases.
Conversion of CO2 and H2O below 250 °C is less because less reactivity of pal-
ladium–rhodium catalyst [50] while reaction (44) occurs between temperature range
of 270–430 °C [51]. There is 30% reduction in CO emission and 50% reduction in
HC emission by the use of oxidation catalyst on engine exhaust [52]. Selection of
catalyst is very important in case of DOC. Use of nanostructured perovskite-based

Fig. 10 Steps involved in formation of soot [47]
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Nanoxite catalyst makes DOC effective at low temperature with high catalytic
efficiency [53]. Use of PGM-free formulation shows 20% higher carbon monoxide
reduction and 10% higher HC reduction than Pt catalyst [54]. Future DOC designs
focus on making balance between CO and HC conversion along with higher NO to
NO2 conversion [55].

3.2 Diesel Particulate Filter (DPF) After-Treatment Device

DPF is a ceramic monolithic wall filter. When exhaust gas passes through DPF,
soot particles stick inside wall of DPF. Inertial impaction, interception, diffusion,
and sedimentation are the basic principles in DPF process. The inertial impaction is
the process in which particles in engine exhaust are unable to remain in main gas
stream; particles change its direction and strike with some stationary obstacle. In
interception process, particles remain in main exhaust stream but strike some sta-
tionary part because of its dimension of body or part. In sedimentation process,
particles in main exhaust stream strike with bottom part of body and settle down
because of gravity effect. In diffusion process, particles strike with each other
because of thermal motion and get away from main exhaust stream [56]. DPF
after-treatment device should have high filtration efficiency; less pressure drop with
high soot-storing capacity along with this DPF device should be mechanically,
thermally, and chemically stable and compatible with regeneration methods [57].
There is approximately 90% filtration efficiency by the use of honeycomb ceramic
wall DPF [58].

Due to continuous use of DPF, there is a chance of clogging of DPF. To avoid
clogging, there is a need to oxidize the soot particle. But for oxidation, soot requires
higher temperature (approximately 550 °C). The temperature of engine exhaust line
is approximately 200 °C. So, there is a need for some external source for heating.
Active regeneration and passive regeneration methods are used for cleaning the
DPFs.

3.2.1 Regeneration of DPF

In active regeneration of DPFs, the temperature required in DPF for soot oxidation
is generated through DOC (Fig. 11). In DOC, heat is generated through complete
burning of hydrocarbon and sent into DPF. For high soot emissions as in passenger
cars and commercial vehicles, active regeneration after-treatment device is used.

Passive regeneration after-treatment device is also known as continuous regen-
eration traps (CRT). As shown in Fig. 12, here, combination of DOC and DPF is
used. For soot oxidation, NO2 species is utilized, which is formed in DOC. Since
there is no external heat requirement, so it is termed as passive regeneration
technique. Since soot is continuously oxidized with the help of NO2, so it is also
known as CRT after-treatment device.
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3.3 Summary

SCR, NTP, and NOx trap are modern after-treatment devices for NOx reduction. All
after-treatment devices have some merit and demerit. NOx trap is a cost-effective
device. It has low light-off temperature and high NOx conversion activity. On the
other hand, it has penalty of fuel consumption, poisonous behavior because of no
de-sulfureting process. It has limited temperature range and limited NOx trap
capacity. SCR system has better fuel efficiency, it is used in exhaust line without
any modification in combustion unit, and it has higher NOx reduction capacity. But
it has problems such as poor efficiency at lower temperature operations, reductant
refilling station, secondary pollutant, and some by-products are poisonous. While
dealing with SCR and NTP after-treatment device, it is found that in reducing NOx

emission, NTP is better than SCR because it does not use any reducing agent such
as urea, hydrocarbon. NTP after-treatment device is able to reach zero secondary
emission. But NTP after-treatment device requires higher energy consumption for
production of plasma. NTP after-treatment device requires costlier components and
arrangement. SCR after-treatment device is considered as overall better
after-treatment device. In future, use of SCR with other available techniques such as

Fig. 11 Arrangement of active regeneration after-treatment devices [59]

Fig. 12 Arrangement of passive regeneration after-treatment devices [59]
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selective non-catalytic reduction (SNCR), low NOx burner (LNB), exhaust gas
recirculation (EGR), NOx traps, and ammonia slip catalyst (ASP) can result in more
effective output.

DOC, DPF, and DPF with regeneration are PM-reducing after-treatment devices.
Use of DOC effectively reduces CO, HC, PM, and NO. But it has problem with
sulfur content in fuel and variation of exhaust gas temperature. Development efforts
for DOC are attempting to find some catalyst that increases the conversion of CO,
HC, and PM and also ensures conversion of NO into NO2. DPF is an effective
after-treatment device for reducing the PM emission. But it has problem of pressure
drop and clogging. DPF with regeneration is effective in reducing PM emission and
also dealing with clogging problem. But there is a need to modify and develop the
geometry of DPF to make it more effective. For combined reduction of PM and
NOx, there is a need to use combination of DOC, DPF, and SCR devices. Coating
of SCR on DPF is a new concept, which can effectively reduce PM as well as NOx.
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Calcium Oxide Nanoparticles
as An Effective Filtration Aid
for Purification of Vehicle Gas Exhaust

B. Bharathiraja, M. Sutha, K. Sowndarya, M. Chandran, D. Yuvaraj
and R. Praveen Kumar

Abstract Calcium oxide nanoparticles and its potential towards purification of
vehicle gas exhaust were investigated in this work. Calcium oxide nanoparticles
were synthesised and its efficiency in absorbing constituents of vehicle gas exhaust
has been estimated. Calcium oxide nanoparticles were synthesised by chemical
coprecipitation and thermal decomposition of chicken egg shells. The obtained
powdered particles were characterised using Fourier transform infrared spec-
troscopy, SEM and X-ray diffraction techniques. The powdered products on the
addition of polyvinyl alcohol (PVA) have been fabricated into a nanoporous
membrane using electrospinning technique. The thin film was made with varying
weight per cent of CaO particles. The efficiency of these membranes was estimated
by passing exhaust gas through it using exhaust gas analyser/smoke metre. The
FT-IR analysis confirms the presence of CaO particles. The SEM and XRD of the
obtained samples showed the crystalline nature of CaO nanoparticles, and the size
of the powdered CaO was found to be *15–20 nm. The nanoporous electrospun
membrane has low filtration capacity. The other two CaO nanoparticles with
varying weight percentage showed great potential towards purifying vehicle gas
exhaust. It reduces the quantity of HC, CO, CO2 in high rates. It is also proved that
increase in the concentration of CaO increased the efficiency of filtration.
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1 Introduction

Generally, metal oxide nanoparticles are found to possess good structural charac-
teristics, and they are found to be very stable [1]. They are being employed in air
and water purification due to their non-toxic nature and high oxidation potential [2].
Ca-based materials are found to be better sorbents [3], and hence, they can be used
as Co2 acceptor aiming towards air purification. Calcium oxide, when synthesized
in nanoscale will act as an excellent sorbent because when particles are synthesized
in nanoscale, the reactivity of CaO with CO2, SO2, NOX may increase. CaO
nanoparticles are reported to be synthesized by many methods which include sol–
gel method [4], thermal decomposition method [5], microwave processing [6],
sonochemical method [7], solution combustion method [8], coprecipitation method
[9]. In our work, we synthesized CaO nanoparticles using coprecipitation method
and thermal decomposition of chicken egg shells. In case of chemical coprecipi-
tation method, polymers such as PVP and PVA are used as capping agents for CaO
nanoparticles and those polymers will maintain small particle size and prevent
agglomeration of CaO nanoparticles [9]. Both the coprecipitation and thermal
decomposition methods are easier and cost-effective methods for producing CaO
nanoparticles. And by this method, an efficient pollution control aid can be made
using waste egg shells can be eliminated [5]. CaO is found to be a cheap
antibacterial agent [10], and photocatalyst for dye degradation [11], and nanosize
semiconductor [8], and catalyst in transesterification [12], as moisture adsorbents in
OLEDS [13] and in wall paint conservation [4]. Moreover, CaO was reported to be
used in low-cost desulfurization [14] and in detoxification of pollutant such as
2-CEPS [9]. Since CaO has such potential reactivity and adsorption characteristics,
we chose to use CaO for purification of the exhaust. Electrospinning is generally
used for fabricating nanoparticles into nanofibrous membranes. Poly vinyl alcohol,
gelatine and polycaprolactone were reported to be suitable polymers for CaO for
electrospinning. In the present work, we fabricated CaO both by electrospinning
and conventional thin film formation technique for the purification of vehicle gas
exhaust. The filtration efficiency of the membranes and the films were analysed
using gas analyser or smoke metre.

2 Materials and Methods

2.1 Materials

Chicken egg shells, calcium nitrate, sodium hydroxide, polyvinylalcohol, moulds
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2.2 Methodology

Calcium oxide nanoparticles were synthesized via both chemical coprecipitation
and thermal decomposition of egg shells.

2.2.1 Chemical Coprecipitation

0.5 M of Ca(NO3)2�4H2O solution was prepared. To the above solution, 0.7 M of
NaOH was added in drops and stirring was done simultaneously until the resulting
final solution turned white. The above solution was subjected to microwave heating
for 5 min at 160 °C and. Then, the solution was filtered to collect the white pre-
cipitate. The collected white precipitate was dried in hot air oven at 80 °C for
1 hour. Calcination at 700 °C for 5 hours ensures the purity of CaO nanoparticles.

2.2.2 Thermal Decomposition of Egg Shells

Waste chicken egg shells are a cost-effective source of obtaining CaO nanoparti-
cles. Waste egg shells were collected, washed and dried for about 48 h. Using
pestle and mortar, the egg shells were crushed into fine powder. This fine powder
material was calcined at 700 °C for 7 h yielding pure CaO nanoparticles.

2.2.3 Fabrication of CaO

Fabrication of CaO nanoparticles was carried out by two methods
(1) Electrospinning technique (2) Conventional method of thin film formation.

Electrospinning

Before electrospinning, the solution for electrospinning must be prepared. Three
steps are involved in the preparation of solution required for electrospinning.

(a) Preparation of solution of CaO nanoparticles
(b) Preparation of polymer solution of PVA
(c) Mixing of polymer with nanoparticle solution and fabrication of membrane by

electrospinning.

(a) Preparation of solution of CaO nanoparticles

CaO nanoparticles at varying concentrations (say 0, 0.1, 0.3, 0.5 g) was added to
10 ml of distilled water and ultrasonicated for about 4 h to obtain a well-dispersed
solution of nanoparticles.
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(b) Preparation of polymer solution of PVA

15 wt% of PVA solution was prepared by adding 15 g of PVA in 100 ml
distilled water. The above solution was continuously stirred with the help of
magnetic stirrer set at a temperature of 60 °C initially. After we get a well-dissolved
PVA solution, the temperature was set to zero when the solution foams. Stirring
was maintained until a clear solution of PVA develops.

(c) Mixing of PVA solution With CaO nanoparticle solution and fabrication of
membrane by electrospinning

The supernatant of the solution containing nanoparticles was drawn out and 2 ml
of this supernatant was mixed with double the volume of PVA solution and
overnight stirring was maintained to obtain a homogeneous solution. The above
procedure was carried out with nanoparticles obtained by both methods. 5 ml of the
above homogenously mixed solution was loaded into a 5 ml syringe which was
then fixed in the electrospinning apparatus. The apparatus was run with parameters
such as 0.5 g/ml flow rate 1500 rpm drum rotation speed 25 kv voltage, and a
15 cm distance between the syringe and collector was maintained. The membrane
was obtained only for CaO from egg shell as shown in Fig. 1.

Thin Film Formation (Conventional Method)

8 wt% of PVA polymer solution was prepared as specified above. Different wt% of
CaO nanoparticles say 0.5, 1.0, 1.5, 2.0 g were added to PVA solution and mixed
with the help of magnetic stirrer. After the particles get well dispersed, the solution
was poured into a circular mould, and it was allowed to dry in a hot air oven at
100 °C. The dried thin films of CaO nanoparticles were then peeled from the
moulds.

Fig. 1 Electrospun membrane of CaO from egg shells
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2.2.4 Characterisation of CaO Nanoparticles

CaO nanoparticles synthesized were confirmed for functional groups by FT-IR
analysis. The structure, shape and size of the CaO nanoparticles were analysed by
SEM and XRD analysis.

Analysis of Thin Films and Membranes

For evaluating the potential of CaO thin films and membranes in the absorption of
harmful gases of vehicle gas exhaust, a setup was made as in Fig. 1. This setup
includes a long cylindrical metal tube with an opening at both ends, and it also
contains an opening covered with a lid at the centre where the membrane/film of
CaO was fixed and closed with the lid. One end of the tube was connected to the
silencer of a vehicle and the other end to the heat resistance hose of gas analyser/
smoke metre. Once the setup was arranged, the engine of the vehicle was accel-
erated to release exhaust gas which as known passes through the membrane/film of
CaO. The gas that has passed via the membrane and film of CaO was analysed for
its composition by gas analyser, and its values are recorded.

3 Results and Discussion

Calcium oxide nanoparticles were synthesized by coprecipitation of calcium nitrate
and thermal decomposition of chicken eggshell. The powdered products obtained
from coprecipitation and thermal decomposition were white and greyish white in
colour, respectively.

3.1 Confirmatory Studies for CaO

3.1.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The presence of calcium oxide in the obtained powdered products was confirmed
by Fourier Transform Infrared Spectroscopy. Figure 2 represents the FT-IR spectra
of CaO nanoparticle obtained from coprecipitation method and thermal decompo-
sition method. The powdered product obtained from coprecipitation of calcium
nitrate showed only peaks at 875.524 cm−1 which represents the presence of Ca–
O–Ca bond, and the powdered product from calcined egg shell showed a peak at
both 874.524 and 711.604 cm−1. This indicates the presence of both Ca–O–Ca
bond and Ca–O. The results obtained is almost similar to the results for CaO from
green synthesis using green tea leaves and papaya leaves and thermal decompo-
sition of duck egg shells by Aswini Anatharamam et al. and Tangboriboon et al.,
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respectively. This shows that CaO from egg shell will have more efficiency than
coprecipitated CaO while filtration of vehicle exhaust. FT-IR analysis of different
samples with different calcination temperature showed that calcination with
increasing temperature increases the purity of CaO obtained by removing the
unwanted OH bond. Thus, calcination ensures the purity of the products obtained.

3.2 Physical Characterisation of CaO Nanoparticles

3.2.1 Powder X-Ray Diffraction Studies

Using X-ray diffraction studies the size of the particles was found to be *21.33
and *15 nm using Debye Scherrer equation for the coprecipitated CaO and CaO
from chicken egg shells, respectively. This showed that the obtained powdered
product is in nanosize and nanocrystalline nature. The XRD images of CaO from
coprecipitation and thermal decomposition of eggshells were shown in Fig. 3.

3.3 Morphological Studies Using Scanning Electron
Microscope

SEM images of CaO from calcium nitrate and egg shells at different scales of
500 nm, 1, 3, 5 µm were shown in Figs. 4 and 5, respectively. The morphology of
the powdered CaO products obtained by coprecipitation and decomposition of
eggshells were analysed by scanning electron microscope. These results show that

Fig. 2 1: Thin films of CaO from egg shells at varying wt% of a 0.5 g b 1.0 g c 1.5 g d 2.0 g. 2:
Thin films of coprecipitated CaO at varying wt% of a 0.5 g b 1.0 g c 1.5 g d 2.0 g

186 B. Bharathiraja et al.



Fig. 3 Experimental setup for exhaust filtration

Fig. 4 FT-IR spectra of CaO from a coprecipitation of calcium nitrate and b thermal
decomposition of eggshells
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Fig. 5 XRD pattern of CaO from a coprecipitation of calcium nitrate and b thermal
decomposition of eggshells

Calcium Oxide Nanoparticles as An Effective Filtration … 187



calcium oxide nanoparticles were obtained with particle size 14–21 nm.
Agglomeration showed that the particles are porous in nature (Figs. 6 and 7).

3.4 Filtration Studies Using Gas Analyser

The powdered product obtained was fabricated into membranes and thin films. The
nanofibrous membrane was formed using electrospinning technique, and the thin
films were formed using a conventional method using PVA. The fabricated
membranes and films were used for filtration of vehicle gas exhaust. The CaO
particles in membrane and film, when exposed to the vehicle exhaust, absorb
carbon dioxide and hydrocarbon and carbon monoxide.

Fig. 6 SEM images of CaO nanoparticles by coprecipitation method at different scale of
a 500 nm b 1 µm c 3 µm d 5 µm
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3.4.1 Filtration Studies Using Thin Films of Coprecipitated CaO

The thin films were fabricated with varying weight percentage of powdered CaO.
The filtration potential of thin films of coprecipitated CaO and CaO from egg shells
were depicted in Tables 1 and 2. In order to check the exact potential of calcium
oxide, we need to neglect the absorption value of the added polymer (PVA).
The PVA film was also used for filtration, and it showed that it can also reduce few
amounts of carbon dioxide and HC and CO content. The composition of gas
constituent without the filtration aid was also determined using gas analyser to
observe the amount of reduction and filtration of CaO membrane. With the
reduction in the quantity of CO, HC, CO2 by reaction with CaO, there is an increase
in the level of oxygen this is due to the breakdown of HC and its reaction with
PVA. It is found that the filtration efficiency increases with increasing concentration
of calcium oxide nanoparticles. Calcium oxide from egg shells showed better

Fig. 7 SEM images of CaO by thermal decomposition of eggshells at different scales of a 500 nm
b 1 µm c 3 µm d 5 µm
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filtration than coprecipitated CaO. The films with 2.0 g can reduce CO2, HC, CO to
the maximum extent. This could be nearer to the optimal value for complete fil-
tration of vehicle gas exhaust.

3.4.2 Filtration Studies With CaO From Egg Shell

See Table 2.

3.4.3 Filtration Studies Using Electrospun Membrane

From Table 3, membranes were formed using only PVA to set as a blank and only
the CaO from egg shell formed was fabricated into fibrous membrane but the
coprecipitated membrane did not form fibrous membrane but resulted in bead
formation at all varying parameters. Since it contains only 0.1 g of CaO it showed
very low filtration potential. The filtration of PVA blank of nanofilm and fibrous
membrane is almost similar. But the nanoporous membrane does not have as much
potential as nanofilms.

Thus, this work showed that CaO can be a better candidate in the purification of
vehicle gas exhaust. This could be a cheapest and efficient way for pollution
control. Though it has a great potential in purification it has a limitation in its

Table 1 Different filtration potential of coprecipitated CaO

Content CO (%) HC (%) CO2 (%) O2 (%)

Without filtration 3.69 1405 12.40 1.63

PVA blank 2.97 460 12.00 1.03

I (0.5 g) 2.92 340 10.10 4.11

II (1.0 g) 2.68 273 9.30 5.65

III (1.5 g) 1.21 395 10.80 4.39

IV (2.0 g) 0.02 44 0.10 4.11

Table 2 Different filtration potential of CaO from egg shells

Content CO (%) HC (%) CO2 (%) O2 (%)

Without filtration 3.69 1405 12.40 1.63

PVA blank 2.97 460 12.00 1.03

I (0.5 g) 3.69 410 11.70 0.84

II (1.0 g) 0.71 108 2.30 16.26

III (1.5 g) 0.37 113 1.30 17.98

IV (2.0 g) 0.05 48 0.20 19.88
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durability because of absorption of CO2 will soon result in a carbonate formation.
Further works were going on to enhance the efficiency and durability of the film.

4 Conclusion

Calcium oxide nanoparticles synthesised from coprecipitation and thermal
decomposition of egg shells were fabricated into nanofibrous membranes and thin
films. Both the coprecipitated CaO and CaO from egg shells were characterised
using FT-IR, XRD, SEM. The size of coprecipitated CaO was *21.33 nm and
CaO from eggshells was in *14.6 nm FT-IR results showed the presence of Ca–O
bond at 875.524 and 711.604 cm−1. The nanoporous electrospun membrane has
low filtration capacity. The other two CaO nanoparticles with varying weight
percentage showed great potential towards purifying vehicle gas exhaust. It reduces
the quantity of HC, CO, CO2 in high rates. It is also proved that increase in the
concentration of CaO increased the efficiency of filtration.
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Exhaust Heat Recovery Using
Thermoelectric Generators: A Review

Sarthak Nag, Atul Dhar and Arpan Gupta

Abstract With the major concern to increase the efficiency of internal combustion
(IC) engines, various technologies and innovations have been implemented to
improvise efficiency and reduction of emissions. Since 60–70% of the energy
produced during combustion is rejected as heat through exhaust and coolant
channels, it is important to recover that waste heat. Numerous technologies have
been invented and applied to the diesel engine unit to harness the waste heat. One
such is the use of solid-state device thermoelectric generator (TEG). In the late
1980s, many automobile manufacturers implemented automotive exhaust thermo-
electric generators (AETEGs) in their respective vehicles, and since then, the work
on AETEGs has picked at gradual pace. Advantages of using TEG are its noise-free
operation, low failure rate and lack of moving components. However, it is not a
very popular solution due to the low energy conversion efficiency (*6–8%) of
thermoelectric modules and the incompetence to produce high power at
low-temperature gradient. Engineers and researchers are basically working for
improving the conversion efficiency of TEG modules by developing and doping
semiconductors and optimization of the AETEG system to utilize and recover
maximum heat available from the exhaust line by designing efficient heat exchanger
systems, thus trying to improve its feasibility. This chapter covers the wide spec-
trum of feasibility of application of TEG modules in diesel engines with possible
ways to utilize the generated power.
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1 Introduction

There is growing concern for degrading environment, depleting natural resources
and incorporating efficient and environment-friendly technologies. India Energy
Outlook states that net oil consumption for 2014 was 3.8 million barrel per day out
of which 40% is consumed by the transport sector [1]. Diesel is the primary fuel
with its utilization being 70% of the net consumption [1]. It is expected that the
consumption of oil for transport sector will increase from 43 million tonnes of
equivalent oil (MTOE) in 2014 to 132 MTOE in 2040 [1]. The number of the new
vehicles on the road is increasing at the rate of 19% every year, which adds up to
the already existing vehicles on the road. Figure 1 shows the recent data for the
vehicles registered from 2006 to 2013. Therefore, the energy demand for the
transport sector, majorly the road transport, is increasing at a gradual pace which
puts pressure to look for more sustainable technologies.

Most of the vehicles of the present day run on conventional fuels. Fuel is
supplied to the engine, where combustion takes place and the energy released is
used for the mobility. It is important to note here that only 25–30% energy is
utilized for mobility and the major part of remaining energy either is lost to the
coolant or goes out in the form of heat from exhaust [2]. Figure 2 shows the net fuel
energy distribution in an engine. Hence, it is important to recover and utilize the
energy lost in the form of heat. Heat is lost both from coolant and exhaust, but the
latter is more viable option when it comes to heat recovery due to high temperature
and high flow rate. Exhaust heat recovery (EHR) simply converts the waste heat of
the exhaust into some useful energy. The recovered energy can be used to either
produce electric energy for storage in batteries or can be reintroduced as mechanical
energy into the engine.

EHR methods can be broadly classified in two approaches: (1) fluid-based EHR
and (2) solid-state-based EHR [2]. Fluid-based EHR basically uses simple Rankine

Fig. 1 New vehicles
registered in India [1]
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cycle for exhaust heat recovery. The working fluid is circulated to extract heat from
the exhaust. Rankine cycle can be further divided into steam Rankine (SRC) and
organic Rankine cycles (ORC). The major difference is in the type of working fluid
used. SRC uses water as working fluid, whereas ORC uses organic fluids.
Solid-state-based EHR is another approach which uses thermoelectric generator
(TEG) to recover heat from the exhaust to reduce fuel consumption. TEG works on
the principle of Seebeck effect simply converting temperature difference into
electricity. This chapter deals with the solid-state EHR, its advantages, challenges
and further possibilities.

2 Thermoelectric Generation

Thermoelectric generator is a solid-state device based on thermoelectricity, which
converts heat directly into electricity. The phenomenon of thermoelectricity was
first discovered by Thomas Seebeck in 1821 [3]. TEG works on Seebeck effect
which states that when there is a temperature difference between two dissimilar
electrical conductors or semiconductors, a voltage difference is produced between
the two materials. Electrons may be considered as the working fluid in TEGs. Since
electrons are the only moving species, TEGs enjoys great simplicity due to the lack
of moving components [4]. Other added advantages of using TEGs are the small
size, low failure rates, robustness and fast response [5]. Along with these, they are
silent in operation, have high reliability and dos not cause pollution [6]. However,
to utilize thermoelectricity to the fullest, there is still a need to improve thermo-
electric materials and the way of utilization of the TE modules.

Figure 3 shows a single thermocouple of TE module. Two dissimilar semicon-
ductors, a p-type and an n-type, are joined with temperature difference at their ends.
This results in the flow of electrons from p-type to n-type semiconductor, leading to

Fig. 2 Energy distribution in
a typical engine
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the flow of electricity in direction opposite to the flow of electrons. The magnitude of
current or, more precisely, the electromotive force (emf) generated depends on the
magnitude of temperature difference. The net emf may be defined as:

Vo ¼ SDT

where Vo is the emf, S is the Seebeck coefficient, and DT is the temperature
difference.

The properties of materials, which are beneficial to TE modules, are high
electrical conductivity (r) and low thermal conductivity (j) of the material [7]. Low
thermal conductivity helps in maintaining the temperature difference between the
cold and the hot side, whereas high electrical conductivity helps in ensuring the
rapid flow of electrons through the material. Efficiency of TE modules is set using a
dimensional parameter known as figure of merit (ZT) [8]. ZT depends on Seebeck
coefficient (S), thermal conductivity (j), electrical conductivity (r) and average
operating temperature (T) and is given by [7–9]:

ZT ¼ S2rT
j

ZT values of various TEG materials and their variation with temperature are
shown in Table 1. Although Bi2Te3-based TEGs are low in cost, they have a low
ZT above 400 K. Therefore, based on the temperature range and the ZT value,
lead-based TEGs are best suited for automotive application. Si-Ge TEGs also find
their application in automobiles at high temperatures (up to 1200 K). Bi2Te3
super-lattices have high ZT values but are functional at low temperatures.
Lead-based quantum dots have the best ZT, but their high cost is a major concern
for deployment.

Thermocouples, the building unit of a thermoelectric module, are electrically in
series but thermally in parallel [10]. Parallel thermal connection ensures equal heat
transfer through each thermocouple. Figure 4 shows the conduction paths in a TE
module.

Fig. 3 Single thermocouple
of TE module for power
generation
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3 Basic Components of AETEG

For the recovery of waste heat from engine’s exhaust, the major components of
AETEG unit are (see Fig. 5):

1. Heat exchanger: to extract heat from the engine exhaust.

Table 1 ZT values of
various TEG materials [6]

Material of TEG Temperature
(K)

ZT
Value

Bi2Te3 200 0.4

400 0.95

600 0.45

PbTe 400 0.6

600 0.86

800 0.77

Si-Ge 400 0.17

600 0.31

800 0.52

1000 0.78

1200 0.93

AgPb18SbTe20 400 0.73

600 1.4

800 2

Yb0.19Co4Sb12 (n-type) 200 0.16

400 0.47

600 0.87

La0.9CoFe3Sb12 (p-type) 400 0.28

600 0.7

800 0.96

Bi2Te3/Sb2Te3 super-lattices 200 1.7

400 K 2.8

PbSexTe1-x/PbTe quantum
dots

400 2.3

600 3.4

Fig. 4 Conduction paths in
TE module [10]
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2. TE modules: to convert the heat energy to electrical energy. The TE modules
are the most important component. They must be able to withstand exhaust
temperatures with failures and solder melting. Lead-based TE modules are best
suited for exhaust applications.

3. Cold side heat exchanger: to maintain the temperature at the cold side of the
TE module. It needs to be efficient to provide a good temperature gradient.

4. Power unit: to match the output with automobile’s electrical unit. It is basically
a DC-to-DC convertor, which matches TEG’s output voltage to automobile’s
bus voltage.

5. Auxiliaries: temperature sensors, electronic unit, coolant pump.

Figure 6 shows the typical heat recovery system using AETEG.

Fig. 5 Schematic diagram for basic components of AETEG

Fig. 6 Schematic of typical waste heat recovery system
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4 AETEG Positioning

The exhaust line of any automobile consists of emission control components such
as catalytic converter and particulate filter and sound attenuation components such
as silencers or mufflers, depending on the type of vehicle. The exhaust is hottest at
just after the exhaust manifold, and the temperature gradually decreases as the
exhaust moves further. Hence, AETEG unit can be installed at various positions
depending on the TEG material and the required output. Some of the TEG
mounting positions are [11, 12]:

1. Engine manifold: exhaust is hottest in this region. Temperature may range up to
1000 °C. Preferable TEG material for application at this region is lead-based
alloys. Si-Ge alloys can also be used.

2. Just before catalytic converter: the exhaust temperature at this region is between
750 and 400 °C. Lead telluride TE modules can be used at these regions.

3. Just before exhaust muffler: the exhaust temperature at this region is between
400 and 150 °C. Bismuth telluride semiconductors can be used at this region
due to their high ZT at this temperature range.

5 Major Milestones in AETEG Development

The application of thermoelectric generators in vehicles goes back to the second
decade of the twentieth century when Leigh E Hale [13] filed a US patent on
thermoelectric battery for motor vehicles where a thermoelectric battery was
attached to the motor of the vehicle to generate electricity to assist lighting systems
and ignition. In 1962, another patent was filed based on the same theory of
application of TEG for assisting auxiliary electrical units in an automobile [14].
Neild reported thermoelectric-based automobile waste heat recovery system
(WHR) in 1963 [15] where he reviewed the major thermal design aspects of
AETEG units and their application in specialized military equipment with portable
thermoelectric generators. This provided the initial work on the concept of appli-
cation of TEG in automobile WHR.

Bauer studied the feasibility to recover heat from engine coolant and found it to
be an unviable option [16]. Anthony also carried a feasibility study of replacing
generator with TEG unit with heat recovered from exhaust gases and reported that
the minimum power requirement for electrical auxiliaries was met only at speeds
above 20 mph [17]. Parallel to their work, Birkholz et al. [18] designed a AETEG
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unit using FeSi2 thermoelectric material and tested it on Porche 944. They used 90
thermoelectric modules and reported a peak power of 58 W at full power.

In the 1990s, many organizations like Hi-Z, Nissan entered in the field of WHR
using thermoelectric modules. Hi-Z studied various heat sources in an automobile
and the thermoelectric material compatible with these sources. They concluded the
best option being the exhaust gas for the heat recovery, whereas the best material
being Bi2Te3 [19]. They designed a AETEG unit and tested it on 14 L Cummins
engine and got a maximum output of over 1000 W [20]. Nissan worked on
Si-Ge-type thermoelectric modules where they designed AETEG unit with water
cooling and produced a maximum output of 36 W on a 3 L road vehicle at 60 kmph
uphill drive [21].

In 2004, US Department of Energy sponsored a project on Thermoelectric WHR
for passenger vehicles [22–24] for BSST, BMW, Ford, Faurecia, Visteon, Caltech,
Virginia tech, National Renewable Energy Laboratory (NREL). They designed
AETEG unit for BMW X6 vehicle and Ford fusion. The system produced 500–
750 W of electricity, thus increasing the fuel economy by 2–5% by assisting in
car’s electrical components. The reduction in fuel usage directly leads to reduction
in emissions. This was a 7-year programme with great outcomes in the field of
WHR using thermoelectrics. US DOE has targeted it for vehicles in 2018 models.

A similar project was initiated by General Motors in 2012 with an objective of
improving fuel economy by 5% and developing low-cost TEG units. AETEG unit
was installed on GM Suburban Vehicle, and an average power output of 50 W was
achieved. The cooling system was integrated with engine cooling unit. A notable
fuel economy gain of 2% has been achieved so far in the testing phase with much
scope of improvements.

In 2014, researchers from Wuhan University developed AETEG unit with power
output of 944 W [25]. Their TEG’s output is said to meet the automotive electrical
requirement. Their AETEG is called “four-TEG system” and is made from
240 thermocouples [25]. It was installed on prototype vehicle “Warrior”, a military
purpose vehicle. It was then tested on various speeds, and the results showed the
feasibility of the replacement of alternator with AETEG unit.

6 Challenges in TEG Implementation

Since the introduction of TEGs, they have made a huge progress in terms of
materials and cost cutting. TEGs are seen as a technology which can help in solving
climate issues. TEGs are known to increase the fuel efficiency of vehicles by
assisting the power unit with electrical power. However, there are various chal-
lenges that stand in the way for large-scale TEG implementation.

Figure of merit (ZT) is the measure of efficiency of TEGs. TEGs have a low ZT
value. The problem is on the materials end: physics and chemistry associated with
materials [7]. ZT value of best-known TEGs is near to 1 only. The thermal effi-
ciency of TEG is also low, less than 4% [26]. Other known EHR technologies have
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much higher thermal efficiency values. Since ZT values are dependent on tem-
perature, material’s ZT values peak at nearly the melting point of that material. This
causes degradation of TEG material and defeats its goal. The decrease in the
temperature decreases the ZT values by significant amount resulting in lower
efficiencies. Moreover, TEG materials are hard and brittle; thus, they may develop
cracks owing to vibrations and thermal loading. These cracks decrease the electrical
conductivity, resulting in decrease in ZT values and the life of TEGs.

Other major challenge is the efficient cooling on the cold side of the TEG. The
cooling unit for TEGs can be merged with existing engine cooling unit. This leads
to the need for bigger radiator for efficient cooling. With this, the pipes carrying the
cooling fluid need to be extended till the exhaust unit of the automotive, thus adding
to the cost and making the system more complex. Figure 7 shows the schematic
diagram for complete radiator circuit for cooling of TEG. The viable solution to this
problem is the use of nanofluids, which tends to enhance the heat transfer char-
acteristics of the cooling fluids. Researchers have reported up to 30% enhancement
of heat transfer coefficient in radiator of automobile using nanofluids [27].
Moreover, heat transfer can be improved by efficient circulation of cooling fluid
through proper channelized copper cooling blocks.

7 Broad Advantages of AETEG

Presently, the use of AETEG assists the requirement of both users and the gov-
ernment. AETEG can be solution to both energy crisis and environmental degra-
dation. The users want their vehicles to be more fuel efficient, whereas the
governments are pushing towards stringent emission norms.

Fig. 7 Schematic diagram of
cooling of TEG from radiator
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1. Fuel economy improvement: Fuel economy of a vehicle can be enhanced by
using AETEG unit. Since the power produced by engine also provides support
to the electrical components such as headlights, AC, electronics, AETEG can
directly charge a battery and can provide assistance to aforementioned com-
ponents. This will decrease the load on the engine as all the power is now
available for drive train and hence improves fuel economy. General Motors have
reported a fuel economy improvement up to 5% with the assistance of AETEG
unit [28]. Freedom car, an initiative by US Government, aims at improving fuel
economy by 10% [7].

2. Limiting exhaust emissions: Less fuel burnt leads to less exhaust emissions.
Governments across the world are moving to stringent emission norms.
Since AETEG unit supplies some power back to the battery, the decreased load
on the engine leads to less fuel burning which directly leads to lower emissions.

8 Possible AETEG Applications

The heat recovered by AETEG systems can be used to power various electrical
components. One such critical system where this power can be used is air condi-
tioning system of automobiles. An air conditioning unit, in general, uses 2–3 l/
100 km of fuel. But fuel consumption may increase depending on the load on the
unit. If a vehicle covers a distance of 10,000 km annually, the fuel consumption by
the air conditioner may be between 200 and 300 l. This much fuel gives around
460–700 kg of CO2 emissions. All of this emission can be prevented by using the
heat recovered by AETEG unit to power air conditioning systems. Feasibility of
powering AC unit with AETEG is low since conventional AC system requires
around 180–2000 W depending on conditions; however, improvements on AETEG
unit may help us in running air conditioning units. Researchers have successfully
developed AETEG-assisted temperature-controlled car seat to increase the comfort
level while driving [29].

AETEG can also assist other car electrical equipment such as headlamps,
parking lights, wipers. Conventionally, these units are powered by batteries which
are charged by alternators. Alternators use car’s energy to recharge battery.
However, it is very difficult to replace alternator due to its ability to provide high
power. Moreover, AETEG needs some initial warm-up time to start producing
electricity and the amount of electricity produced may vary with driving patterns.
But once the efficiency is improved from materials’ field, it can definitely replace
alternator unit of car.
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9 Some Case Studies on AETEGs

9.1 BMW X6 and Lincoln MKT Vehicles

AETEG unit was installed on BMW X6 and Lincoln MKT [30]. This project was
the outcome of US Department of Energy’s 7-year programme on thermoelectric
waste heat recovery. Fuel economy improvement was estimated by researchers.
They built liquid/liquid AETEG unit in their second phase of development, which
produced power in access of 500 W. They also attempted gas/liquid AETEG unit.
The role of pressure application to reduce contact resistance for efficient heat
transfer is important. They were able to harness a power of 100 W. After viewing
the shortcomings of flat plat design, they developed a cylindrical AETEG unit.
A provision of bypass was kept for excessive pressure drop across AETEG unit.
They were able to achieve more than 200 W of power with this configuration. The
cooling unit was integrated with engine radiator with an additional pump for the
flow of coolant to the TEG unit. The electrical power improved with vehicle speed
from 100 W at 50 kmph to around 600 W at 125 kmph. The increase in the fuel
efficiency was also calculated, and it improved from 0.7% at 50 kmph to 1.2% at
130 kmph. The cold start performance of TEG was also studied for Lincoln MKT.
The AETEG unit required 800 s to produce any substantial power. At a speed of
120 kmph, the AETEG unit produced a power of 225 W. At the city driving
conditions, a power output of 80 W was observed, which is low pertaining to the
electrical requirements. The major conclusions of this work were: improvements in
ZT value will greatly affect the scope of use of AETEG values in a positive manner;
critical management of the thermal expansion coefficients of TEG material; TEGs
require a warm-up time before efficient functioning.

9.2 1995 Kawasaki Ninja 250 R

Schlichting et al. tested the feasibility of AETEG unit on a motorbike [31]. They
used 1995 Kawasaki Ninja 250 R and mounted a TEG unit on its exhaust pipe.
Since motorcycle does not have catalytic converter, the positioning of AETEG unit
was not a big concern. The only deciding factor was the maximum allowable
operational temperature of TE modules. The alternator of the bike produced 14 V at
17 A. They aimed at replacing the alternator with AETEG unit. They ran various
test trials at different speeds and driving conditions. They obtained an average
output power of 0.47 W from the module. They estimated the use of 570 modules,
10 modules in series and 57 combinations in parallel with matching the output of
alternator. The conclusion was that the feasibility to replace alternator was low.
There is still a major need to improve TEG materials.
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9.3 1999 GMC Pickup Truck

Clarkson University attempted the development of AETEG unit for 1999 GMC
Pickup Truck. The model for power measurement, exhaust temperature and back
pressure was also developed [32]. They aimed at developing a 330 W AETEG unit
using 16 HZ-20 modules. They also designed a power conditioning unit (PCU) for
power management and DC/DC conversion. Their experiments were able to reach a
power of 150 W at 70 mph at coolant temperature of 80 °C, with improvement to
255 W at 25 °C coolant temperature. They also developed a PCU with 88% effi-
ciency. They also concluded that the cooling load on engine radiator was not very
high. They reported an increased fuel efficiency of 2% [33].

9.4 GMZ 1000 W AETEG for US Military

GMZ Energy developed a 1000 W AETEG for US military diesel vehicles. It was
developed by the integration of 5200 W AETEG units. They used the half-Heusler
material for the TE module development [34]. The major advantage of this unit was
the continuous power production. It was tested at 15 l V8 engine. GMZ is a leader
in TEG materials with best ZT values. In the past, GMZ has also produced AETEG
units with 3.45% improvement in fuel consumption and removal of belts and
alternator from the engine.

10 Outlook

There is a large potential of waste heat recovery technologies. Thermoelectric
technology has been progressive since its advent and has gained a lot from where it
started. With the introduction of new materials and nanostructures, ZT values are
already increasing. Some cases have also shown a possibility of replacement of
alternator with AETEG units to save on fuel consumption and exhaust emissions.
However, there is still a need to improve the ZT value for further replacement of
mechanical systems. The design of heat exchangers to extract exhaust heat and to
cool the colds side of TE modules is also critical, while designing AETEG unit
since temperature gradient is beneficial to its operation. There has been an extra
challenge to integrate the TEG cooling with automobile’s radiator system and the
requirement of bigger radiator, but with the use of nanofluids, this problem can be
solved very easily. The recovered exhaust heat can be used in various ways and can
be stored in batteries too. In a nutshell, analysing the current scenario of TEG and
the improvement it does on fuel economy, there are systems which are more
efficient than TEG unit, but the fullest potential of TEG will be unveiled once there
is an improvement on materials side.
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Chemical Kinetic Simulation
of Syngas-Fueled HCCI Engine

Rakesh Kumar Maurya, Mohit Raj Saxena, Akshay Rathore
and Rahul Yadav

Abstract Energy safety concern and depletion of fossil fuel resources lead towards
the investigation of an efficient and clean alternative combustion strategy as well as
renewable biofuels. Homogeneous charge compression ignition (HCCI) engine has
demonstrated the potential for higher thermal efficiency along with simultaneous
reduction of NOx and PM emissions to ultra-low level. Syngas is a potential
alternative fuel. Syngas-fueled HCCI engine combines the advantages of advanced
combustion strategy and biofuels. This chapter provides the overview of HCCI
combustion and its chemical kinetic simulation using stochastic reactor model
(SRM). This chapter also presents the comparative analysis of performance of
various syngas reaction mechanisms in the HCCI engine at different inlet temper-
ature and equivalence ratio using stochastic reactor model. For validating the
reaction mechanisms, experimental in-cylinder pressure data is compared with the
numerically simulated data. Syngas reaction mechanism CRECK-2014 (consisting
of 32 species and 173 reactions) is found suitable for syngas-fueled HCCI com-
bustion simulation.

Keywords HCCI � Combustion � Reaction mechanism � Syngas
Compression ignition � Diesel engine

1 Introduction

The advancement in modern society tremendously depends on the utilization of
hydrocarbon fossil fuels. Combustion of these fossil fuels generates the energy for
human requirement like electricity generation, transportation. However, combustion
of these fuels emits harmful emissions in the significant amount. Diesel engines are
the most preferred combustion engine for heavy-duty transportation and power
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generation due to its higher fuel conversion efficiency. Additionally, diesel engine
also emits nitrogen oxides (NOx) and particulate matter (PM) in relatively higher
concentrations. To meet the energy demand and overcome the challenges of con-
ventional diesel engines, researchers have suggested two strategies, either to replace
the fossil fuel with renewable fuel or employ premixed low-temperature combus-
tion (LTC) strategies instead of conventional non-premixed combustion strategy.
Premixed LTC strategies have a relatively higher thermal efficiency along with
lower NOx and soot emissions. In recent decades, various LTC strategies were
proposed such as homogeneous charge compression ignition (HCCI), premixed
charge compression ignition (PCCI), partially premixed combustion (PPC),
reactivity-controlled compression ignition (RCCI). In all the LTC strategies, sig-
nificant fraction of fuel is premixed, which wards off the diffusion combustion
phase, and higher fraction of charge is burnt in premixed combustion phase.
Combustion of premixed homogeneous charge leads to reduction in the PM
emission. In this type of premixed combustion, typically fuel–air mixture used for
combustion is leaner, which results in lower combustion temperature leading to
lower NOx emissions. Figure 1 illustrates the operating range of conventional diesel
engine, spark ignition (SI) engine, and advanced LTC engines with respect to
soot-NOx map with local equivalence ratio and local combustion temperature.

Figure 1 depicts that conventional diesel engine operates at relatively higher
temperature region and higher (fuel-rich) local equivalence ratio. Therefore, diesel
engines generate higher levels of NOx and PM from the combustion chamber. For
cleaner engine operation, it is recommended to operate the engine with local
combustion temperature in the range of 1400–2000 K (approximately) and local
equivalence ratio less than two (Fig. 1). In LTC engine, lower combustion tem-
perature is kept by using charge dilution (either by using EGR or excess oxygen)
and lower local equivalence ratio, which is achieved by premixing of charge.

Among all the premixed LTC strategies, homogeneous charge compression
ignition (HCCI) is the most investigated engine combustion strategy by the
researchers because of its potential of higher thermal efficiency along with ultra-low

Fig. 1 Operating range of
different combustion
strategies. Adapted from [37]
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NOx and soot emissions [1, 2]. The HCCI engine has a higher fuel conversion
efficiency as compared to conventional engines of same size [3]. However, the
HCCI combustion strategy has demerit of higher hydrocarbon (HC) and carbon
monoxide (CO) emission due to lower combustion temperature. The HCCI engine
also lacks the direct control on the combustion phasing; however, conventional
engine has direct control on combustion phasing by spark or fuel injection timings.

To meet the future energy demand and decline in the supply of fossil fuels,
renewable fuels (such as biofuels) are presently investigated as one of the options for
internal combustion engines. The HCCI combustion strategy has a potential to
utilize any such fuels which can be autoignited in the combustion chamber using
suitable control strategy. Several studies [4–6] have demonstrated that HCCI engine
can be operated with various fuels such as methanol, butanol, ethanol, and hydrogen.

In the past few years, syngas has attracted the attention of researchers for
application as fuel in internal combustion engines [7, 8]. Syngas is produced by the
gasification process of biomass or coal. Composition of syngas (mainly consist of
CO, N2, H2, and CO2) depends on the type of biomass used, process of gasification,
etc. Syngas can also be utilized in HCCI combustion engine, which combines the
advantage of alternative fuels as well as alternative combustion strategy. To reduce
the cost and time of detailed experimental investigation, numerical studies are quite
helpful. This chapter presents insight into chemical kinetic modeling of
syngas-fueled HCCI engine. Different reaction mechanisms developed for syngas
combustion [9–15] are compared for utilization in HCCI engine simulation. Before
discussing details on chemical kinetic model of syngas HCCI, fundamentals of
HCCI combustion and syngas application in combustion engines are discussed in
the following subsections.

1.1 HCCI Combustion Engine

The HCCI engines have received significant attention in recent decades because of
their potential of lower NOx and PM emission along with higher fuel conversion
efficiency. The HCCI combustion is an alternative engine operating mode. HCCI
combustion relies on the independent ignition of a premixed charge rather than on
an external source of ignition. As the name suggests, HCCI engine uses well-mixed
or premixed fuel–air mixture. Typically in HCCI engine, fuel is injected into the
intake manifold to prepare close to homogeneous charge (air–fuel mixture) towards
the end of compression stroke. During intake stroke, fuel–air mixture is typically
inducted into the cylinder. After the intake stroke, the piston starts moving from the
bottom dead center (BDC) to top dead center (TDC) in the compression stroke.
During compression stroke, in-cylinder pressure and temperature increase. Towards
the end of compression stroke (when the piston reaches close to TDC position),
fuel–air mixture autoignites when charge temperature reaches the autoignition
temperature. During autoignition process, the fuel starts oxidizing and releasing
chemical energy of fuel that further increases the pressure and temperature of the
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cylinder. Power is produced by the engine in expansion stroke after the combustion.
In HCCI engine, typically autoignition occurs simultaneously throughout the
combustion chamber at different locations leading to very high heat release rate
(HRR). High HRR in the engine cylinder leads to very high peak pressure rise rate
(PPRR) in comparison with conventional diesel combustion engines. However, the
peak in-cylinder combustion temperature in HCCI combustion is relatively lower
due to lean engine operation. In HCCI engine, the combustion is chemical kineti-
cally controlled as combustion is initiated by autoignition reactions of premixed
charge. The chemical kinetics is mainly controlled by charge temperature and
concentration of fuel species. At particular equivalence ratio of fuel–air mixture,
kinetics of reaction is mainly controlled by pressure and temperature of the charge
(air–fuel mixture) at the beginning of the compression stroke (at intake valve
closing position). Typically, temperature of charge at the end of intake valve
closing is indirectly controlled by either preheating of air or by using exhaust gas
recirculation (EGR).

The HCCI combustion strategy has very short combustion duration (i.e., 6–
15 CAD) as compared to conventional diesel engine (i.e., 30–90 CAD) [16].
Combustion duration has significant effect on the HCCI combustion, and it limits
the HCCI engine operating range in terms of engine load. The HCCI combustion is
limited by high and lower operating load limits. The high load limit is constrained
by very high heat release rate, leading to ringing operation. High load limit occurs
at richer mixture and higher inlet temperature engine operation. The HCCI engine
load limit is typically characterized by a threshold value of ringing intensity or peak
pressure rise rate. To reduce the combustion rate, HCCI engine is typically operated
at leaner charge, which increases the combustion duration and thus lower HRR is
achieved. At very lean engine operation, misfire or partial burn cycle occurs due to
lower combustion temperature. The lower engine load is limited by misfire or
partial burn. Generally, lower engine load limit is characterized by cyclic variation
of IMEP, which is defined by acceptable value coefficient of variation in IMEP.

The HCCI combustion can be achieved by using gasoline as well as diesel like
fuels. Depending on the autoignition characteristics of fuel, adequate control
strategies need to be selected to achieve combustion/autoignition in the cylinder.
Diesel is relatively less volatile fuel, and therefore, it is directly injected into the
cylinder at higher pressure and temperature condition for premixed charge prepa-
ration. For diesel fuel, typically port injection is not preferred for well-mixed charge
preparation. However, for gasoline like fuels, well-mixed charge preparation is
done by port injection of fuel due to high volatility. However, diesel has relatively
lower autoignition temperature than gasoline. To achieve the autoignition using
gasoline fuel in cylinder, higher charge temperature is required. Higher charge
temperature requirement is typically fulfilled by intake preheating or by trapping
internal residual gases.

Combustion process in HCCI engine can be summarized as

• Preparation of well-mixed highly diluted charge to achieve acceptable com-
bustion rate by extending the combustion duration;
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• Achieve the autoignition of homogeneous charge toward the end of compression
stroke by rise in charge temperature by compression;

• Precise control of HRR and combustion phasing for better performance [17].

Table 1 presents the summary of important characteristics of conventional
engines (spark ignition and compression ignition) along with HCCI combustion
engine. In HCCI combustion, charge preparation is similar to spark ignition engine
and combustion is similar to compression ignition engine.

In HCCI engines, the air–fuel mixture is well premixed similar to spark ignition
engines. Combustion of well-premixed charge leads to lower particulate matter
emission. Effective charge preparation and avoiding fuel–wall interactions are
crucial issues in HCCI engine for having high fuel conversion efficiency, lower
unburned hydrocarbon and particulate matter emissions, and lubricating oil dilution
prevention. The HCCI fuel–air mixture preparation strategies can be divided into
three categories: port injection (external mixture preparation), in-cylinder injection
(internal mixture preparation), and strategies using both port and in-cylinder
injections (in case of dual fuel injection). This method consists of mixing fuel with
air prior to entering the cylinder. In port fuel injection method, fuel is injected
upstream of the intake valves and mixture is inducted into the engine cylinder
during intake stroke. In port fuel injection, fuel has relatively more and sufficient
time for evaporation and mixing. Fuel is injected into intake manifold at relatively
lower fuel injection pressure. However, in case of direct injection, fuel is directly
injected into the cylinder at higher fuel injection pressure. Fuel injection is kept in
such a way that fuel has sufficient time for evaporation and mixing to prepare a
premixed charge in the cylinder. Too early direct injection timings can lead to
cylinder wall wetting, while too late injection timing can result in insufficient
mixing of air and fuel.

Although term “homogeneous charge”, is used for HCCI combustion engine.
However, mixture inhomogeneity or temperature inhomogeneity always exits to a
certain extent in the combustion chamber. In real engine, it is impossible to create a
perfectly homogeneous fuel-air mixture and purely homogeneous temperature
distribution in the cylinder. The inhomogeneity in fuel and temperature distribution

Table 1 Summary of important characteristics of different combustion concepts

Spark ignition Compression ignition HCCI

Spark ignition Autoignition Autoignition

Homogeneous charge
(stoichiometric)

Heterogeneous charge
(over all lean)

Homogeneous charge (lean)

Premixed combustion Premixed and diffusive
combustion

Premixed kinetically controlled
combustion

Throttled engine operation Un-throttled engine
operation

Un-throttled engine operation

Port injection Direct injection with
swirl

Port or direct injection depending
on fuel quality
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exists due to imperfect mixing of fuel, air, and residual gases along with heat
transfer through combustion chamber surfaces [18]. Figure 2 illustrates the com-
bustion in HCCI combustion using DME (dimethyl ether). Two different port fuel
injection timings during closed and open intake valve condition are used at intake
temperature of 125 °C. Injection timings have relatively less difference at this
temperature, and difference is more visible at lower intake temperatures [18].
However, at particular injection timing, chemiluminescence images show sufficient
inhomogeneity in the combustion (Fig. 2). Study summarized that the port fuel
injection timing, different intake and coolant temperatures, and turbulence produced
by higher engine speed can affect HCCI combustion processes [18]. These factors
affect temperature distribution in the combustion chamber during HCCI combus-
tion. Relatively larger stratification of local charge temperature in the combustion
chamber can reduce the rate of pressure rise through smoothing the reaction rates
and extend the HCCI engine operating range [19].

1.1.1 Advantages of HCCI Engine

The potential advantages of HCCI combustion, which make this combustion
strategy attractive that can replace the conventional engine combustion modes in
the future, are as follows [19, 20].

Fig. 2 Combustion images,
pressure, and ROHR under
different injection strategies as
start of injection
(SOI) = −750° ATDC (first)
and −300° ATDC (last) [18]
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• HCCI engine has a relatively higher fuel conversion efficiency due to lower heat
transfer loss, higher compression ratio engine operation, and leaner mixture
operation (higher ratio of specific heat). In addition, this strategy has no throt-
tling loss at part load engine operation as it occurs in spark ignition engine.

• The HCCI combustion simultaneously reduces the NOx and PM emissions to an
ultra-low level.

• The HCCI engine operation has a flexibility to use both gasoline and diesel like
fuels.

• Higher fuel economy can be achieved in HCCI engines due to higher fuel
conversion efficiency.

1.1.2 HCCI Engine Challenges

Even though HCCI engine has benefits over conventional diesel combustion
strategy, there are several challenges which must be resolved before commercial-
ization of HCCI combustion engine for automobiles. The HCCI engine challenges
are as follows [19, 20].

• Control of ignition timing and combustion rate over wide engine operating
range;

• Higher level of CO and HC emissions particularly at lower engine loads;
• Higher level of combustion noise particularly at higher engine loads;
• Lower engine load operating range;
• Cold-start problems.

1.2 Syngas Application in Combustion Engines

Syngas mainly consists of CO, N2, H2, and CO2. Syngas composition depends on
the type of biomass used and process of gasification. Common examples of syngas
production processes are gasification of coal and steam reforming of natural gas
(NG) to produce hydrogen. The energy density of syngas is typically 50% energy
density of the NG, and syngas has a potential to be used as engine fuel.

Application of syngas in internal combustion engine can possibly reduces the
emissions (as compared to conventional fuels) and could be a good replacement for
conventional fuels. Several researchers investigated the application of syngas in
internal combustion engines [21–26]. Yamasaki and Kaneko [21] investigated the
impact of mock syngas composition on autoignition and combustion characteristics
of HCCI engine. Main composition of mock syngas is H2, CO, CO2, N2, and small
fraction of methane. Their results reveal that ignition timing depends on the
autoignition temperature (i.e., 1100 K, which is almost similar to hydrocarbon
fuels) and in-cylinder gas temperature. Additionally, rate of combustion can be
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estimated by CO2 and H2 contents. Their results also indicated that conversion time
of H2 into final product is longer as compared to CO. Combustion duration can be
roughly determined by the ratio of H2 to CO2 in the fuel. Przybyla et al. [22]
experimentally investigated the producer gas-fueled SI and HCCI engines of similar
displacement volume under similar load condition. Results indicate that HCCI
engine has higher CO emissions as compared to SI engine. In addition, SI engine
has higher indicated thermal efficiency as compared to HCCI engine. Study also
reveals that combustion duration in HCCI engine is four times shorter as compared
to SI engine. Sahoo et al. [23] investigated the impact of H2 and CO fraction (i.e.,
100% H2, 75% H2, and 50% H2) in syngas on the performance and emissions
characteristics of dual fuel diesel engine. Study showed that at higher load condi-
tion, brake thermal efficiency increases with increase in H2 fraction but at lower
load condition, the efficiency reduces for all the H2 and CO fractions. Hydrogen has
higher energy content and flame speed, and thus, peak pressure and in-cylinder
temperature are higher with 100% H2 which leads to NOx formation. In syngas
combustion engines, CO emission depends on the concentration of CO fraction in
syngas and increases with increase in CO fraction.

2 Simulation Methodology

The HCCI combustion engine is numerically investigated by different simulation
and modeling strategies including 0-D stochastic reactor model (SRM), single and
multi-zone models, and 2-D computational fluid dynamics (CFD) models. To
compare the simulation ability of different syngas reaction mechanisms, SRM based
simulation approach is used and results are presented in Sect. 3. This section briefly
discusses the SRM approach. The syngas HCCI engine is numerically investigated
using stochastic reactor model. Numerical investigation is conducted during closed
valve conditions. Various syngas reaction mechanisms are validated by comparing
the in-cylinder pressure data from previously published study [27].

A single-cylinder four-stroke direct injection diesel engine was used in original
study. Detailed specifications of the engine used for the study are specified in
Table 2. Intake manifold of the engine was modified for port fuel injection of
syngas (mixture of H2 and CO) during the intake stroke. Details of the experimental
setup are provided in the original study [27]. All the simulations were conducted
using zero-dimensional SRM model. This model replaced the homogeneity inside
the cylinder and real fluid particles with statistical homogeneity and virtual
stochastic particles, respectively. All these virtual stochastic particles have its own
chemical composition, mass, and temperature. In addition to this, these virtual
particles have a capability to mix with other virtual particles and they can also
exchange heat from the cylinder wall. In this study, SRM engine suite software is
used which is an in-cylinder engine combustion simulator.

The details of the governing equations used in numerical investigation (simu-
lation) by SRM are discussed in detail in the previous studies [28–30]. SRM model
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is based on probability density function, which predicts better results close by
3D-CFD analysis. In SRM, statistical homogeneity is assumed throughout the
combustion chamber which means that probability density function is not changed
throughout the combustion chamber. SRM determines the progression of Ns

chemical species, their temperature and mass fraction as a function of time. The
‘Ns+1’ random scalar variables are combined into the vector w ¼
ðw1; w2; w3; � � � ; wNs

; wNsþ1
Þ whose probability density function is ‘f’ [28]. In

internal combustion engines, the density of charge (air–fuel mixture) is varying in
combustion cycles. Thus, the mass density function was used in place of probability
density function in SRM [31]. The mass density function (F) is related to proba-
bility density function (f) and represented as

F w; tð Þ ¼ q wð Þf ðw; tÞ ð1Þ

where q denotes the mass density.
The variation in mass density function with time is represented as follows [31]

@
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where

the term �PNsþ 1
j¼1

@
@wj

Gj wð ÞF w; tð Þ� �
describes the in-cylinder chemistry process,

the term
PNsþ 1

j¼1
@
@wj

A wð ÞF w; tð Þ½ � describes the turbulent mixing,

the term 1
V
dV
dt F w; tð Þ describes the piston movement,

the term � @
@wNsþ 1

U wNþ 1

� �
F w; tð Þ� �

describes the convective heat transfer,

Table 2 Engine
specifications

Engine characteristics Specifications

Piston shape Reentrant bowl

Bore (mm) 86

Stroke (mm) 75

Compression ratio 19.0

Engine speed (RPM) 1825 ± 25

Swept volume (L) 0.435

Injection system Direct injected (pump–line–nozzle)

Crank radius 3.22

Connecting rod 120.75 mm
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the term Fc w;tð Þ
screv

� F w;tð Þ
scycle

describes the crevice flow,

and the term Ff ðw;tÞ
sf

describes the fuel injection [28].

This multi-dimensional mass density function is then computed by using Monte
Carlo particle method with a second-order operator splitting algorithm [30].

The chemical reactions have significant effect of the temperature and composi-
tion of the species in the combustion chamber. The effect is described by a function
GðwÞ and represented as

Gj wð Þ ¼ Mj _xj

q
j ¼ 1; 2; 3; . . .;Ns ð3Þ

GNsþ 1 wð Þ ¼ � 1
cvq

XNs

j¼1

ejmj _xj � p
cvq

dV
dt

ð4Þ

where

_xj denotes the production rate,
Mj denotes molecular mass,
ej denotes specific internal energy of species j,
cv denotes specific heat capacity at constant volume, and
m and V are the total mass and volume of cylinder.

A more completed discussion of SRM model and relevant equations can be
found in the study [5].

By SRM model, thirteen syngas combustion mechanisms developed by
researchers are used to simulate HCCI combustion engine. Table 3 presents the
details about the reaction mechanisms used in this study for comparison. A study
conducted by Olm et al. [32] compared various syngas reaction mechanisms for
general combustion. Most of the reaction mechanism used in this study is used to
compare in the present study. In few reaction mechanisms, updated version of
reaction mechanism is used in the present study. A recently developed mechanism
ELTE-2016 [33] is also used for comparison in the present study, which is not
compared in earlier study [32].

3 Comparison of Different Syngas Reaction Mechanisms

This section presents the performance of several syngas oxidation reaction mech-
anisms for predicting combustion characteristics of HCCI engine. Combustion
characteristics are analyzed by heat release analysis of cylinder pressure data. To
experimentally validate the different syngas reaction mechanisms, measured
in-cylinder pressure data of the syngas HCCI engine from a published study [27] is
used. Experimental results of the syngas HCCI engine are validated by comparing
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numerically simulated data using various syngas combustion reaction mechanisms
at different operating conditions [such as different inlet valve closing temperature
(Tivc) and equivalence ratio (/)]. A combustion reaction mechanism
(CRECK-2014) [14] consisting of 32 species and 173 reactions is best matched
with experimental results of the study [27]. Figure 3 shows that SRM is able to
simulate syngas fueled HCCI engine accurately using CRECK-2014 reaction
mechanism.

Figure 3 shows the comparison of predicted in-cylinder pressure with experi-
mental data using different reaction mechanisms at different Tivc and /. Figure 3
indicates that for both the equivalence ratios, with an increase in the Tivc, start of
combustion (SOC) is slightly advanced. That means during compression stroke
combustion chamber temperature increases and reaches to an autoignition tem-
perature relatively early, which results in the advanced SOC at higher inlet valve
closing temperature. A study reported that SOC mainly depends on the Tivc and has
lower dependency on / [34]. However, at same operating conditions, some of the
syngas reaction mechanisms do not show even the autoignition of the charge and
some mechanism has predicted higher peak pressure during HCCI combustion.
Detailed comparison reaction mechanism in predicting different combustion
parameters is presented in Figs. 4, 5, 6, 7, and 8. For combustion process, other
than HCCI engine, a detailed comparison of syngas reaction mechanism can be
found in the study [32].

To determine the optimal syngas reaction mechanism for HCCI engine, error in
maximum cylinder pressure (Pmax), SOC (CA10), crank angle position for 50% heat
release (CA50), crank angle position for 90% heat release (CA90), and combustion
duration (CA90–10) are calculated for different Tivc and /. The error is calculated
with respect to experimental data or best-matched syngas reaction mechanism
CRECK-2014 [14], which predicted experimental data accurately. Figure 4

Table 3 Details of syngas combustion reaction mechanisms used for comparison

No. Mechanism No. of species No. of reactions References

1 Ahmed-2007 14 37 [38]

2 Davis-2005 14 38 [11]

3 ELTE-2016 15 44 [33]

4 GRI 3.0-1999 15 48 [35]

5 Keromnes-2013 15 49 [10]

6 Li-2015 14 37 [12]

7 NUIG-NGM-2010 15 41 [9]

8 Ramussen-2008 15 59 [39]

9 Starik-2009 16 44 [15]

10 Sun-2007 15 48 [40]

11 USC-II-2007 14 48 [13]

12 Zseley-2005 13 44 [36]

13 CRECK-2014 32 173 [14]
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indicates the variations in the error percentage of Pmax for various syngas reaction
mechanisms relative to experimental results at different Tivc and /.

Figure 4 reveals that some of the syngas reaction mechanisms such as GRI
3.0-1999 [35], Keromnes-2013 [10], and Zseley-2005 [36] have small variations at
lower equivalence ratio (/ = 0.26) for both Tivc. In addition to this, the variation of
Pmax is higher for higher equivalence ratio (/ = 0.3) for all the test mechanism.
Combustion of rich mixture (higher /) leads to increase the Pmax, and reactions
show slightly higher variations in prediction of Pmax at higher fuel concentration
(/).

Fig. 3 Comparison of predicted in-cylinder pressure with experimental data using different
reaction mechanisms in HCCI engine
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In HCCI combustion strategy, SOC mainly depends on the chemical kinetics,
along with initial pressure and temperature of the combustion chamber. However,
SOC is an essential parameter for performance of HCCI engine. With an increase in
the air intake temperature [for any equivalence ratio (/)], SOC advances because of
increased reaction rates at higher air intake temperature, which leads to prior
autoignition. Figure 5 shows the variations in predicting SOC for various syngas
reaction mechanisms relative to experimental results at different Tivc and /. It can
be depicted from Fig. 5 that reaction mechanisms ELTE-2016 [33], GRI 3.0-1999
[35], and Keromnes-2013 [10] have lower variations at both the equivalence ratio
and Tivc. However, Starik-2009 [15] reaction mechanism has higher variations in
CA10 for both the Tivc and /.

Fig. 4 Error in predicting
Pmax for different syngas
reaction mechanisms in HCCI
engine

Fig. 5 Error in predicting
CA10 using different syngas
reaction mechanisms in HCCI
engine
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The overall combustion phasing during an engine combustion cycle is charac-
terized by CA50. A study reported that early or late combustion phasing directly
affects the efficiency of HCCI engine [5]. With the variation in the air intake
temperature, ignition timing strongly affects the combustion phasing (CA50).
In HCCI combustion strategy, with an increase in the air intake temperature,
combustion phasing advances. Additionally, combustion phasing is very sensitive
to air intake temperature in HCCI engine. Therefore, prediction of CA50 by syngas
reaction mechanism is essential. It has been observed that with the reaction
mechanisms ELTE-2016 [33], GRI 3.0-1999 [35], Zseley-2005 [36], and
Keromnes-2013 [10] have small variations at both the equivalence ratio and Tivc (as
shown in Fig. 6). Results also reveal that variations in end of combustion (CA90)
are also lower for same mechanisms as for CA90 (as shown in Fig. 7).

Fig. 7 Error in predicting
CA90 for different syngas
reaction mechanisms in HCCI
engine

Fig. 6 Error in predicting
CA50 for different syngas
reaction mechanisms in HCCI
engine
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Combustion duration is defined in terms of difference in crank angle position
between 90% and 10% rate of heat release during combustion, i.e., CA90–10. In an
HCCI engine, with the retarded start of combustion timing, combustion duration
increases rapidly due to reduction in reaction rate at lower combustion temperature.
Figure 8 represents the variations in combustion duration for various syngas
reaction mechanisms at different Tivc and /. It is observed that with an increase in
air intake temperature, combustion duration decreases for both the equivalence
ratios. Figure 8 also reveals that for both the equivalence ratio, the reaction
mechanisms ELTE-2016 [33], GRI 3.0-1999 [35], and Keromnes-2013 [10] have
lower variations for higher Tivc as compared to lower Tivc. However, with some of
the reaction mechanism higher reductions in combustion duration are observed.

From the above discussion, it can be summarized that CRECK-2014 is most
suitable mechanism for the syngas HCCI engine simulation. However, GRI
3.0-1999 and Keromnes-2013 are the other most preferred mechanism for syngas
simulation with minimum error in combustion characteristic prediction of HCCI
engine.

4 Summary

This chapter presented the overview of HCCI combustion engine and its simulation
using stochastic reactor model. This model is able to accurately simulate the
experimental cylinder pressure data using CRECK-2014 syngas oxidation mecha-
nism. The simulation ability of thirteen syngas reaction mechanisms in HCCI
engine using the SRM is also compared at different Tivc and equivalence ratio (/).
Ability to predict the syngas HCCI combustion characteristics is analyzed using
error in prediction of Pmax, SOC (CA10), combustion phasing (CA50), end of

Fig. 8 Error in predicting
combustion duration
(CA90–10) for different syngas
reaction mechanisms in HCCI
engine
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combustion (CA90), and combustion duration (CA90–10) for different Tivc and /. It
is concluded that CRECK-2014 reaction mechanism (consisting of 32 species and
173 reactions) provides best accurate prediction of experimental in-cylinder pres-
sure data. It is also found that GRI 3.0-1999 and Keromnes-2013 are the other most
preferred mechanism for syngas simulation with minimum error in combustion
characteristic prediction of HCCI engine. However, other syngas reaction mecha-
nisms have higher error at certain or all the test conditions, and thus, these
mechanisms are not suitable for chemical kinetic modeling of syngas HCCI
combustion.
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Gasoline Compression Ignition—A
Simulation-Based Perspective

Janardhan Kodavasal and Sibendu Som

Abstract Gasoline compression ignition (GCI) is an advanced combustion concept
for internal combustion engines, where gasoline is ignited purely through com-
pression, without the use of a spark. Combustion is the result of a sequence of
autoignition events based on reactivity stratification within the charge. In recent
years, GCI has garnered significant interest owing to its potential to deliver
diesel-like efficiency with much lower engine-out soot and nitrogen oxides (NOx)
emissions. In this work, we present results from a series of computational fluid
dynamics (CFD) simulation studies performed by us to understand the impact of
design features and operating conditions on GCI, focusing on idle to low loads,
where igniting gasoline purely through compression is challenging. These simu-
lations are based on experiments performed at Argonne National Laboratory
(Argonne) on a four-cylinder diesel engine modified to run in GCI mode. We
studied the impact of factors like injector nozzle inclusion angle, injection timing,
injection pressure, boost level, and swirl ratio. The preignition reaction space from
the results was analyzed to understand the interplay between these factors and the
overall reactivity. We also delve into the impact of uncertainties in CFD model
inputs such as model parameters and initial and boundary conditions on simulation
results by performing a global sensitivity analysis (GSA), based on thousands of
CFD calculations run on a supercomputer at Argonne.

1 Introduction

With increasingly stringent emissions and fuel economy regulations, there is sus-
tained interest in advanced internal combustion (IC) engine concepts that simul-
taneously reduce emissions and improve fuel economy over conventional engines.
Low-temperature combustion (LTC) encompasses a wide array of combustion
modes for IC engines that keep in-cylinder temperatures low primarily through the
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use of techniques like dilution and flame-less combustion. Gasoline compression
ignition (GCI) is one such LTC mode, wherein gasoline is used in a compression
ignition engine, without the use of a spark plug or throttle [1–16]. GCI can be
thought of as the spiritual successor to homogeneous charge compression ignition
(HCCI) which garnered significant research interest in the 1980s through the late
2000s. The main challenge with HCCI, where port fuel injection or early direct
injection is used for fuel delivery, is that controlling ignition timing is quite chal-
lenging, since ignition in HCCI is primarily controlled by chemical kinetics, and we
do not really have any control over the charge after intake valve closing (IVC). This
control challenge is the main reason why HCCI has been primarily limited to
research projects and has not found its way into production vehicles. On the other
hand, GCI presents an additional fluid mechanics-based dimension of control that is
more closely coupled in time to the ignition event (than IVC)—direct injection of
fuel during the compression stroke. Through manipulating injection system design
(injector number, geometry, and location) and injection strategy (start of injection
or SOI timing, injection pressure, multiple injections, etc.), one can achieve a
greater degree of control over the ignition event and burn duration, than is possible
with traditional HCCI. Combustion occurs because of sequential autoignition
without significant flame propagation [1]. Operation is overall lean, with the
absence of significant flame-based combustion, which keeps in-cylinder tempera-
tures low, resulting in reduced heat losses and improved thermodynamic efficiency
over traditional spark-ignited gasoline engines, and significantly lower engine-out
nitrogen oxides (NOx) emissions compared to diesel engines. Further, since gaso-
line is more volatile compared to diesel, fuel–air mixing is improved, resulting in
much lower engine-out soot emissions compared to diesel engines [1]. Combustion
is the result of sequential autoignition of the fuel–air charge within the cylinder
based on reactivity stratification in the charge. This is typically achieved through
higher compression ratios (diesel-like) compared to SI engines. Since there is no
need to sustain a propagating premixed flame front (as in SI engines), GCI engines
do not need throttling at low loads, which results in significant gains in terms of
reducing pumping losses compared to SI engines.

Among the major bottlenecks associated with realizing GCI is ensuring stable
idle and low-load operation, with brake mean effective pressures (BMEPs) in the
range of 0–2 bar. This is because it is difficult to ignite gasoline through com-
pression alone as it has a relatively high octane number, which makes it resistant to
autoignition. High octane numbers are desirable in traditional SI combustion, where
we do not want the end-gas to autoignite and cause knock; however for GCI, we
depend on autoignition for combustion, as there is no flame front. Charge prepa-
ration is critical to ensure that the gasoline–air mixture within the cylinder main-
tains a high level of reactivity under these conditions. One way to ensure this is
through optimization of the injection system as well as injection strategy, which can
be expedited through computer simulation. This forms one of the big motivations
for our simulation work. Through our simulation work [13], we discovered that
there is an optimum start of injection (SOI) timing that facilitates reactivity under
low-load conditions for a diesel engine that we are running in GCI mode at
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Argonne [9]. This optimum injection timing is advanced enough compared to
diesel, to provide enough chemical residence time to autoignite gasoline, while at
the same time not being too advanced where the fuel spray gets into the squish
region, resulting in reactivity losses.

Thus, computer simulations play a critical role in providing insights into the
complex interactions between the injection process, spray–geometry interactions,
thermal and compositional stratification, and chemical kinetics—insights that
simply cannot be obtained from metal engine experiments alone. These insights are
vital in designing injection systems and operating strategies that can realize the
emissions and efficiency benefits of GCI while maintaining stable ignition and
combustion. Computational fluid dynamics (CFD) techniques and computing
hardware have evolved significantly over the last decade, enabling higher fidelity of
simulation. Other researchers have also performed simulation studies to better
understand and optimize GCI [6–9], but there has not been an extensive
simulation-driven analysis of this concept unlike traditional gasoline and diesel
concepts, which is one of the motivations for our work.

Additionally, another important consideration for simulation-based studies is
understanding the sensitivity of model predictions to uncertainties in model inputs.
Our group has performed such studies using a technique called global sensitivity
analysis (GSA) for diesel spray [17] and diesel engine [18] simulations. Using GSA
in conjunction with CFD simulations, we can understand the interactions between
different inputs to the model and their relative importance on target predictions from
the computer model. In a GSA, a set of model inputs is chosen to be perturbed, and
uncertainty ranges are assigned to the inputs about their baseline values. Then,
multiple CFD simulations are performed (realizations), where each of the inputs has
a random value within its uncertainty range. Further, all inputs are perturbed
simultaneously for each realization, resulting in a Monte Carlo sampling of the
uncertainty hyperspace. This is different from brute force sensitivity analysis, where
each input is perturbed individually. The strength of the GSA approach arises from
two factors—(1) interactions between input perturbations are implicitly accounted
for and (2) fewer simulations (realizations) are needed to characterize the uncer-
tainty space with the same level of fidelity as the brute force method.

This chapter describes the computational simulation efforts underway at
Argonne to inform GCI combustion system design and provide a fundamental
understanding of the GCI combustion process. We start off by describing the
simulation model used and the engine that forms the basis for this model. We then
describe results from our studies investigating the effects of injector design and
operating strategy on GCI combustion. This work is primarily focused on the idle to
low-load portions of the operating map, since one of the biggest challenges asso-
ciated with GCI on this engine is achieving gasoline autoignition at lower reactivity
(lower fueling) conditions. Then, we explore the sensitivity of this model to
uncertainties in model constants as well as experimental measurements through a
technique called global sensitivity analysis (GSA).
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2 Computer Model and Engine Specifications

The engine that forms the basis for this work is a production four-cylinder 1.9 L
turbocharged diesel engine, with an 1800-bar capable common rail diesel injection
system. This engine was manufactured by General Motors (GM) for offerings in the
European market. At Argonne, this engine has been run—without any functional
modifications—in the GCI mode by running 87 anti-knock index (AKI) gasolines
with a lubricity enhancer. The stock common rail injection system is employed;
however, injection pressures on the order of 250–500 bar are used with gasoline.
The key specifications of this engine are listed in Table 1. Note that there are two
values of injector inclusion angle shown—148° represents the stock diesel injector
for this engine, on which initial experimental testing was performed. Based on the
experiments and simulation studies, it was concluded that a smaller, 120° inclusion
angle would perform better in the context of GCI (with earlier injection timings
compared to conventional diesel), and this is the injector that is currently fitted onto
the engine.

Simulations were performed with a 1/7th sector mesh which represents one
cylinder of the four cylinders. The mesh is shown in Fig. 1. Only the closed portion
of the cycle is simulated going from 132° (intake valve closing—IVC) through

Table 1 Engine
specifications

Cylinders 4

Geometric compression ratio 17.8:1

Bore (mm) 82

Stroke (mm) 90.4

Connecting rod length (mm) 145.4

IVC (°bTDC) 132

EVO (°aTDC) 116

Number of injector nozzle holes 7

Nozzle hole diameter (lm) 141

Injector inclusion angle (°) 148/120

Injection pressure (bar) 250–500

Fig. 1 Sector mesh for CFD
model of the engine
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116° (exhaust valve opening—EVO), with combustion top dead center (TDC) at 0°.
A fuel surrogate comprised of 87% isooctane and 13% n-heptane (by mass) was
used to represent 87 AKI gasolines. A primary reference fuel (PRF) mechanism by
Liu et al. [19] consisting of 48 species and 152 reactions was used to model
chemistry. The simulations used a lower compression ratio of 17.5 (relative to
measured) to account for potential blow-by-effects and better match motoring
pressure.

A base mesh size of 0.7 mm was used with two levels of adaptive mesh
refinement (AMR) based on temperature and velocity gradients. Two levels of fixed
embedding were activated in the nozzle area and walls. The minimum cell size with
these settings is 0.175 mm. A multi-zone model was used for chemistry with bin
sizes of 0.5 in equivalence ratio and 5 K in temperature. All simulations performed
used Reynolds-averaged Navier–Stokes (RANS) with the renormalization group
(RNG) k-e turbulence model and other standard models within the CFD software
CONVERGE v2.1 [20]. We have validated this model against experimental data at
low load for this engine in our previous work [13], where we also showed that the
simulation was converged with respect to grid resolution. More details on models
and settings are provided in [21]. The operating conditions studied representing low
load and idle are listed in Table 2.

Table 2 Operating
conditions for the simulations

Parameter Low
load

Idle

Commanded SOI (°aTDC) −30 −18.0

SOI actual (°aTDC) −27.0 −16.2

Fuel (mg/cycle/cylinder) 10.0 4.0

Engine speed (RPM) 1500 850

Load (bar BMEP) 2 0

TIVC (K) 400 400

PIVC (bar) 1.14 1.14

Equivalence ratio 0.35 0.14

EGR (% mass due to leakage) 5 5

Estimated internal residual (%
mass)

5 5

Number of injector nozzle holes 7 7

Nozzle hole diameter (lm) 141 141

Baseline nozzle inclusion angle (°) 120 120

Baseline injection pressure (bar) 250 250

Baseline swirl ratio 1.7 1.7

Nozzle inclusion angle (°) 70–160 70–160

Injection pressure (bar) 100–500 100–500

Swirl ratio 0.7–2.0 0.7–2.0
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3 Effect of Design and Operating Parameters

With the baseline settings listed in Table 2, we performed a simulation sweep of
nozzle inclusion angle for both idle and low load. The sweep ranged from 70° to
160° total inclusion angle. The stock injection system for this engine uses a 148°
inclusion angle injector since this is a diesel engine, with a conventional bowl in
piston design, with SOI being near top dead center (TDC) when operated in diesel
mode. However, relatively early injection timings are needed with gasoline com-
pared to diesel to achieve GCI. This is because gasoline is less chemically reactive
than diesel (it has a high octane number, or resistance to autoignition), and thus, it
needs more chemical residence time to autoignite, and hence earlier SOI timings.
With these early SOI timings, and the larger inclusion angle of 148°, we found that a
significant portion of the injected fuel gets into the squish region resulting in reduced
reactivity and difficulty in autoignition. A smaller inclusion angle is thus desirable
when early SOI timings are used to retain all the injected fuel in the more reactive
bowl region of the piston. Based on performing a sweep of various inclusion angles
ranging from 70° to 160°, we found that an inclusion angle of 120° is optimum for
this particular engine for both low-load and idle conditions with the injection timings
used here. In our previous work [12], we showed that inclusion angles larger than
120° tend to spray fuel into the squish, while angles smaller than 120° result in the
fuel spray going tangentially across the bowl and also ending up near the head and
squish regions due to momentum. Fuel in the squish suffers from higher rates of heat
losses, which results in retarded ignition. This is illustrated in Fig. 2.

We also evaluated the effect of injection pressure (ranging from 100 to 500 bar)
on charge preparation and ignitability under both these operating conditions. In
general, we find that varying injection pressure does not have as strong an impact as
varying inclusion angle. The idle condition is more affected by variations in
injection pressure than the low-load condition. As injection pressure is reduced, we
found that there is a higher degree of local reactivity being retained under idle

Fig. 2 Fuel vapor
distribution for smaller
inclusion angles
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conditions (where reactivity is at a premium) enhancing autoignition, as lower
injection pressure avoids over-mixing and leaning out of the fuel–air mixture. The
preignition reaction space under idle load for injection pressures of 100 and 500 bar
is shown in Fig. 3. We note that at the 100 bar condition, there is more stratification
in the fuel as compared to the 500 bar condition, resulting in higher overall
fuel-mass-weighted equivalence ratio (1.75 at 100 bar vs. 0.75 at 500 bar) at the
lower injection pressure. In the figure, the horizontal black-dashed line indicates the
fuel-mass-weighted equivalence ratio for both cases. The colors and isolines indi-
cate constant volume ignition delays computed using the Goldsborough [22] cor-
relation for isooctane in every CFD cell for each of these simulations. This kind of
visualization of the U temperature space gives us a better idea of the actual reac-
tivity of various parts of this space from a qualitative standpoint, as the real fuel
chemistry (gasoline) is more complicated, and a constant volume ignition delay
does not account for thermodynamic history of the charge through compression.
Nevertheless, this is a useful metric to characterize the reaction space. We note that
the 100 bar injection pressure has a larger portion of the fuel distributed in the
high-reactivity region (as evidenced by lower constant volume ignition delays) of
the U temperature space.

Under low-load conditions, reactivity is not at as much of a premium as under
idle conditions, and lower injection pressure does not help in this case. In fact, the
lowest injection pressure of 100 bar resulted in an elongated injection duration, thus
reducing the chemical residence time available for the later portions of the fuel
injected, reducing autoignition propensity.

Both the idle and low-load conditions showed increased autoignitionpropensity and
advanced ignition with increasing levels of boost. This is expected as GCI is primarily
kinetically controlled andhigher pressures increasemixture chemical reactivity. This is

Fig. 3 Effect of injection pressure (100 bar on the left and 500 bar on the right) on preignition
reaction (−10° aTDC) space for the idle condition (non-reacting simulations). The horizontal
black-dashed line indicates the fuel-mass-weighted equivalence ratio for both cases. The colors
and isolines indicate constant volume ignition delays computed using the Goldsborough [22]
correlation in every CFD cell for each of these simulations

Gasoline Compression Ignition—A Simulation-Based Perspective 233



in spite of the fact that with higher boost there is a higher level of dilution and overall
lower global equivalence ratio for both cases, as the fueling was kept fixed.

Another parameter that we varied was the swirl ratio, which we swept from 0.7
to 2.0. Note that the engine used is a conventional diesel engine and hence swirl is a
relevant parameter here. The baseline value is 1.7 for both operating conditions. We
found that increasing the swirl ratio tends to retard ignition under both conditions.
Our initial hypothesis was that higher swirl ratio values would result in an increase
in the mixing of the fuel with the rest of the charge and over-leaning of the charge.
However, upon examining the preignition reaction space (at −10° aTDC) for
non-reacting simulations corresponding to the reacting CFD simulations, we found
that the swirl ratio does not have an appreciable impact on the stratification in the
reaction space. As shown for the idle load case as an example (Fig. 4), the distri-
bution of fuel in the U temperature space does not appear too different, and the
fuel-mass-weighted equivalence ratio is roughly the same for both cases. This
indicates that the swirl ratio does not alter the fuel mixing under these conditions.

From Fig. 5, examining the in-cylinder temperatures from non-reacting simu-
lations based on the reacting simulations, we find that with an increased level of
swirl ratio, there is a reduction in the in-cylinder temperature near TDC. This is due
to increased heat loss with the higher levels of swirl. Since GCI is primarily
kinetics-driven, the lower in-cylinder temperatures for the higher swirl ratio cases
result in later ignition for those cases, compared to those with lower swirl ratios.

4 Sensitivity to Uncertainty in Model Inputs

Another focus of our efforts was to determine the impact of uncertainty in CFD
model inputs (including model parameters, initial and boundary conditions) on the
simulation predictions. To do this, we adopted a technique called global sensitivity

Fig. 4 Effect of swirl ratio on preignition reaction space for the idle condition (non-reacting
simulations). The horizontal black line indicates the fuel-mass-averaged equivalence ratio for both
cases
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analysis (GSA) wherein we randomly perturb a selected set of model parameters
and inputs simultaneously, within their prescribed uncertainty ranges, to generate
multiple realizations (on the order of 100–1000) of the baseline CFD simulation.
Using GSA, nonlinear relationships between multiple inputs and a given target can
be accounted for. Within the chemical kinetics community, GSA is typically used to
understand the effects of uncertainties in reaction rates on targets such as ignition
delay [23–25]. Based on the predicted values of the targets of interest (such as
emissions and combustion characteristics) from all these realizations, we can cal-
culate the sensitivity of these simulation targets to each of the perturbed inputs and
also rank these sensitivities. To calculate the sensitivities, we first build a regression
model of each of the targets as a function of all the perturbed inputs. This regression
model includes a constant term, linear terms, and square terms, and the model
parameters (coefficients) are calculated analytically using the normal equation
method, which gives us coefficients that minimize the residual sum squares error of
the fit with respect to the data. This analytical model is then used to compute
individual sensitivity indices. Suppose there are ‘N’ input variables (34 perturbed
inputs in this study) to the model with each of these variables having a uniform
probability distribution within their respective uncertainty ranges, then we define
the following:

vi 2 vLi v
H
i

� �
; i ¼ 1; 2; . . .;N ð1Þ

Here, mi represents the ith input variable, and mLi and mHi are the lower and upper
limits of its uncertainty, respectively. For example, one of the N inputs perturbed in
our study is the intake valve closing temperature (TIVC), and this can take values
anywhere between 386.5 K (Tmin or mTIVC

L ) and 392.5 K (Tmax or mTIVC
H ). Similarly,

we would have ranges of values for other inputs such as intake valve closing
pressure (PIVC) and nozzle inclusion angle (hnoz). To illustrate how the simulations
performed are distributed in the input space, Fig. 6 shows what the distribution of
the CFD simulations performed to generate data for the sensitivity analysis would
look like if only two inputs were perturbed (N = 2), and Fig. 7 shows the distri-
bution if only three inputs were perturbed (N = 3). Of course, we cannot visually

Fig. 5 In-cylinder
temperatures for the low- and
high-swirl cases under idle
load (non-reacting)
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represent a hypercube that has more than three dimensions. In our current work, the
hypercube has N = 34 dimensions, and we sample randomly and uniformly from
this 34-dimensional hypercube.

To generalize and represent mathematically, the probability distribution of each
of the N variables is assumed to be uniform within the N-dimensional uncertainty
hypercube [25] given by Eq. (2).

X ¼ vL1 vH1
� �� � � � � vLi vHi

� �� � � � � vLN vHN
� � ð2Þ

To obtain the values of the input variables within the uncertainty hypercube, the
Monte Carlo method is used to generate a large number, ‘M’ sets, of values for the
variables independently and randomly selected from their ranges. In the present study,
1024 simulations are used for each operating conditions, i.e.,M = 1024. Each of the

Fig. 6 Illustration showing how CFD simulations would be distributed if only two variables were
perturbed—each green dot represents a unique CFD simulation that has a certain value of TIVC and
a certain value of PIVC, between their minimum and maximum allowed values based on the
uncertainty ranges prescribed to them

Fig. 7 Illustration showing how CFD simulations would be distributed if only three variables
were perturbed—each green dot represents a unique CFD simulation that has a certain value of
TIVC, a certain value of PIVC, and a certain value of hnoz, between their minimum and maximum
allowed values based on the uncertainty ranges prescribed to them
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targets (outputs) obtained from the simulations based on the randomly sampled
variables can be written as:

f ¼ fðvÞ; ð3Þ

where f is a regression function that predicts the target, based on the perturbed
inputs represented by the vector m.

f við Þ ¼
XN
i¼1

Xn
k¼0

aikv
k
i ; ð4Þ

where n is the order of the expansion or the degree of the polynomial we use to fit
our regression curve; here, n = 2. Note this is a diagonal expression; i.e., there are
no cross-terms. The effect of cross-terms, which require larger numbers of simu-
lations, will be a topic of future studies.

For a specific example illustration of what Eq. (4) looks like, let us say we are
trying to represent the output CA50 (crank angle of 50% mass percent burned), as a
function of the perturbed inputs. Let us assume that we have only perturbed two
inputs, TIVC (m1) and PIVC (m2) for ease of explanation. Thus, here, N = 2 (two
inputs), and n = 2 (polynomial of degree = 2), and we do not have cross-terms.
Then, we would like to represent CA50 as follows:

CA50 ¼ f mð Þ ¼ a0 þ a1TIVC þ a2PIVC þ a3T
2
IVC þ a4P

2
IVC ð5Þ

Here, we have essentially fit a quadratic polynomial model, without cross-terms
(we do not have the term TIVC * PIVC) to predict CA50, given TIVC and PIVC. Here,
f is the function represented by the right-hand side of Eq. (5). We can treat this as a
linear regression problem and determine the model parameters (a0…a4), by con-
sidering TIVC

2 and PIVC
2 as new, distinct inputs for the model. We can then use the

normal equation method (linear regression) to find what values of a0…a4 give us
the best fit, or in other words the smallest sum of the squares of the errors of our
regression model’s prediction compared to the actual value of CA50 from the CFD
simulations we have performed.

The sensitivity coefficient (Si) for each variable can then be calculated based on
the ratio of the partial variance and the total variance as shown below:

si ¼ r2i
�
r2t ; ð6aÞ

r2t ¼ target2
� �� targeth i2; ð6bÞ

r2i ¼ var E f jmið Þð Þ ¼ E E f jmið Þ2
� �

� E E f jmið Þð Þð Þ2 ð6cÞ

Here, r2t represents the total variance of the target (say CA50) over the whole
dataset, and the brackets “〈 〉” indicate the mean value over the M simulations, and
Eq. (6b) just represents the formula for computing variance for a set of
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observations. We compute this quantity directly from the CFD predictions of that
target (total M observations) and do not use the regression model to calculate r2t .
The quantity r2i stands for the partial variance of the regression function f in Eq. (4)
over the ith input, which is calculated as the variance of the expected value of the
regression function (f) as a function of mi alone over the range of values that mi can
take. The notation E( ) represents “expected value” of the quantity within the
parentheses. Note that the variance of any quantity x, var(x), is equal to E(x2) minus
[E(x)]2, and this is how we calculate var E f jmið Þð Þ.

Since the mathematical notation can be quite confusing, we illustrate here by
reverting to our simple example from Eq. (5). Let us assume we want to evaluate
the partial variance of CA50 (our target) over the input TIVC only ðr2TIVCÞ. First, we
want to find E(CA50|TIVC). To do this, we have to take our expression for f in
Eq. (4) and integrate over the other inputs (in this case, only one other input, PIVC),
and apply limits of integration as Pmin and Pmax to find the expected (in other words
average over the whole PIVC dimension) value of the f as a function of TIVC only.

E CA50jTIVCð Þ ¼ ZPmax

Pmin

f ðTIVC;PIVCÞ � PDF PIVCð ÞdPIVC ð7Þ

To simplify evaluation of this integral, let us assume that all our inputs were
normalized between 0 and 1, where 0 represents the minimum value of the input
and 1 represents the maximum value of the input. Further, since we have uniformly
sampled our inputs between their minimum and maximum (normalized to 0 and 1),
the PDF or probability density function of every input is equal to 1, i.e., PDF
(TIVC) = PDF(PIVC) = 1 in the interval [0,1] and 0 everywhere else. Thus, the
expression for E CA50jTIVCð Þ simplifies to:

E CA50jTIVCð Þ ¼ ZPIVC¼1

PIVC¼0

f TIVC;PIVCð ÞdPIVC ð8Þ

r2TIVC ¼ varðE CA50jTIVCð ÞÞ
¼ E E CA50jTIVCð Þ2

� �
� E CA50jTIVCð Þð Þ2

¼ ZTIVC¼1

TIVC¼0

E CA50jTIVCð Þ � PDFðTIVCÞð Þ2dTIVC

� ZTIVC¼1

TIVC¼0

E CA50jTIVCð Þ � PDF TIVCð ÞdTIVC
 !2

¼ ZTIVC¼1

TIVC¼0

E CA50jTIVCð Þð Þ2dTIVC

� ZTIVC¼1

TIVC¼0

E CA50jTIVCð ÞdTIVC
 !2

ð9Þ
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The sensitivity coefficient can provide the sensitivity of each input variable to the
target function over the entire input space. Therefore, the sensitivity coefficient can
provide the sensitivity of each input variable to the target function over the entire
input space. A more detailed derivation is given in our prior paper [26]. The input
variables that were selected for this study are listed in Tables 3, 4, and 5. In total, 34
variables representing initial or boundary conditions from experiments, fuel prop-
erties, and CFD model parameters were chosen to be perturbed in this GSA, for
each of the low-load and the idle operating conditions. Each variable is assigned an
uncertainty range (i.e., a minimum and maximum value), which is a combination of
measurement uncertainty and cyclic variations. For the CFD model parameters, the
range was based on the range of values typically used in engine simulations. For the
experimental boundary conditions, the ranges were based on typically observed/
expected variation in these quantities. A total of 1024 simulations were run for each
operating condition on an IBM Blue Gene/Q supercomputer. The reader is advised
that changing the ranges of these uncertainties can result in a different ordering of
the sensitivities. The baseline setup values for these variables are also listed in the
table.

Table 3 Experimental and fuel property inputs perturbed for the low-load case

Variable Units Description Baseline Min Max

Tpiston K Piston temperature 400 385 415

Tcylinder K Cylinder temperature 380 370 390

Thead K Cylinder head temperature 400 385 415

RPM – Engine speed 1500 1495 1505

SR – Swirl ratio 2.2 2.0 2.4

Ttke m2/s2 Initial turbulence 1.6 1.2 2.0

Li mm Initial turbulence length scale 8.2 3.0 13.0

EGR fraction – Exhaust gas recirculation 0.1 0.08 0.12

TIVC K Temperature at IVC 389.5 386.5 392.5

PIVC bar Pressure at IVC 1.38 1.35 1.40

Tf,crit K Fuel critical temperature 540 530 550

qf – Fuel density 1.00 0.95 1.05

HOVf – Fuel heat of vaporization 1.0 0.9 1.1

VPf – Fuel vapor pressure 1.0 0.9 1.1

lf – Fuel viscosity 1.0 0.7 1.3

Dnoz lm Nozzle diameter 141 139 143

hnoz
o Nozzle inclusion angle 148 144 152

Cd – Discharge coefficient 0.80 0.75 0.85

SOI °CA Start of injection −21.0 −21.2 −20.8

DOI °CA Duration of injection 9.0 8.8 9.2

Minj mg Fuel mass injected 9.68 9.20 10.16

Tinj K Injected fuel temperature 353 348 358
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Figures 8 and 9 show the spread of in-cylinder pressure and NOx evolution,
respectively, for the 1024 cases of the low-load operating condition. Figures 10 and
11 show the spread of in-cylinder pressure and NOx evolution, respectively, for the
1024 cases run of the idle operating condition. It may be seen from these figures
that there is a significant spread in combustion and emission predictions under both
operating conditions based on the perturbed inputs. The reason for this variation is
that the inputs going into each of the 1024 simulations are different, based on our
imposed perturbations. Some inputs such as TIVC can have a large impact on the
ignition timing, combustion characteristics, and consequently emissions, as GCI is a
kinetically controlled combustion mode, where in-cylinder temperature largely
determined ignition timing.

Table 4 Experimental inputs perturbed for the idle case (only the inputs that have different ranges
compared to those listed in Table 3 are listed here)

Variable Units Description Baseline Min Max

RPM – Engine speed 850 845 855

SR – Swirl ratio 1.7 1.5 1.9

TIVC K Temperature at IVC 400 397 403

PIVC bar Pressure at IVC 1.14 1.10 1.18

hnoz ° Nozzle inclusion angle 120 116 124

Cd – Discharge coefficient 0.70 0.65 0.75

SOI °CA Start of injection −16.2 −16.4 −16.0

DOI °CA Duration of injection 2.15 2.10 2.20

Minj mg Fuel mass injected 4.0 3.8 4.2

Tinj K Injected fuel temperature 340 335 345

Table 5 CFD model parameters perturbed and their ranges for both the low-load and idle
conditions

Variable Description Baseline Min Max

ceps1 Turbulence dissipation const 1.42 1.35 1.5

ceps2 Turbulence dissipation const 1.68 1.6 1.76

c_s Turbulent spray source const 0 0 1.5

c_ps Drop turbulent dispersion const 0.03 0 0.16

schmidt Schmidt number 0.78 0.6 0.9

prandtl Prandtl number 0.9 0.85 0.95

Balpha KH breakup model size const 0.6 0.55 0.65

kh_cnst2 KH breakup model time const 7 5 9

rt_cnst2b RT breakup model time const 1 0.5 2

cnst3rt RT breakup model size const 0.1 0.1 1

cone_noz Spray cone angle 9 7 12

new
parcel
cut off

Fraction of injected mass per parcel used to
determine when to create a child parcel in the KH
breakup model

0.05 0.03 0.07
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Fig. 8 Spread in in-cylinder
pressure traces from all 1024
cases simulated at the
low-load condition—baseline
pressure trace shown as solid
black line

Fig. 9 Spread in NOx

emissions from all 1024 cases
simulated at the low-load
condition—baseline NOx

shown as solid black line

Fig. 10 Spread in in-cylinder
pressure traces from all 1024
cases simulated at the idle
condition—baseline pressure
trace shown as solid black
line
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Figures 12, 13, 14, 15, 16, and 17 show the rankings of the sensitivities of
selected targets to the perturbed inputs, under both operating conditions. The top ten
ranking inputs have been shown in every figure. The sensitivity index is normalized

Fig. 11 Spread in NOx

emissions from all 1024 cases
simulated at the idle condition
—baseline NOx shown as
solid black line

Fig. 12 Sensitivity of
ignition timing (CA10) to
various inputs at the low-load
condition

Fig. 13 Sensitivity of
ignition timing (CA10) to
various inputs at the idle
condition
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based on the sum of all the sensitivities of all the 34 inputs perturbed. One key
observation from these figures is that both uncertainties in boundary conditions and
fuel properties, as well as uncertainties in CFD model parameters, have a similar
order effect on the targets of interest; i.e., they both show up in the rankings of the

Fig. 14 Sensitivity of
combustion phasing (CA50)
to various inputs at the
low-load condition

Fig. 15 Sensitivity of
combustion phasing (CA50)
to various inputs at the idle
condition

Fig. 16 Sensitivity of NOx to
various inputs at the low-load
condition
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top ten parameters for various targets, without one form of uncertainty completely
dominating any given target. It must be noted that in our previous work [27], we
studied the effect of only perturbing experimental boundary conditions and fuel
properties.

Figures 12 (low load) and 13 (idle) show the impact of uncertainties in input
parameters for the CA10 ignition timing target. From Fig. 12, we note that TIVC and
PIVC seem to have a significant impact on CA10 under low load, whereas for the
idle condition (Fig. 13), TIVC has a relatively smaller impact. Does this perhaps
indicate that at idle conditions, reactivity enhancement by means of boosting might
have a bigger impact than elevating TIVC through some means? Of course, this
cannot be conclusively said as this is a sensitivity study on uncertainties, and not an
actual parametric variation. The range of perturbation of these values is much
smaller, than if the objective were to examine the ability of an input to control a
target. Another important note here is that the Schmidt number seems to have a
significant effect on CA10 under low-load conditions, but does not feature in the
ranking for this target at idle. It is interesting to note that the imposed uncertainties
in the turbulence model constants, ceps1 and ceps2, have a significant impact on
CA10 for the idle condition, but not as much for the low-load condition. The
sensitivities of the CA5 ignition timing target have been omitted for brevity.

Figures 14 (low load) and 15 (idle) show the impact of uncertainties in input
parameters for the CA50 combustion phasing target. As with CA10, we note that
TIVC and PIVC seem to have a significant impact on CA50 for low load, whereas for
the idle condition, these have a relatively smaller impact. We further note that
CA50 is significantly impacted by the nozzle inclusion angle for the idle condition,
while this is not the case for the low-load condition. It must be noted that the
low-load condition has a baseline nozzle inclusion angle of 148°, while the idle
condition has a baseline nozzle inclusion angle of 120°. Again, as with CA10
ignition timing, the turbulence model constants, ceps1 and ceps2, seem to have a
significant impact on CA50 combustion phasing for the idle condition, while this is
not the case for the low-load condition.

Fig. 17 Sensitivity of NOx to
various inputs at the idle
condition
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Figures 16 and 17 show the sensitivity of NOx emissions to various inputs at low
load and idle, respectively. From these figures, it seems that the Schmidt number is
an important input for NOx predictions under both low-load and idle conditions.
The turbulence constant ceps2 seems to dominate NOx for the idle condition, but
does not have a large impact on the low-load condition. The turbulence constant
ceps1 has a notable impact on NOx at both low-load and idle conditions. The
inclusion angle has a significant impact on NOx for the low-load condition, but not
for the idle condition. The nozzle cone angle and discharge coefficient (Cd) have an
impact on NOx for the idle condition, but do not show up in the top ten inputs for
the low-load condition. The exhaust gas recirculation (EGR) percentage has
somewhat of an impact on NOx for the low-load condition, but not on the idle
condition. This is understandable, as both conditions have quite low overall
equivalence ratio, and EGR is practically fresh air.

Additionally, we examined the impact on HC and CO emission predictions. The
rankings for these are not shown for brevity. We found that perturbations in charge
temperature (affected by TIVC and Tpiston) have the biggest impact on HC emission
predictions. Additionally, we found that fuel mass and swirl ratio have a significant
impact on HC predictions at low load, but this is not the case at idle. The nozzle
inclusion angle and the turbulence constant, ceps1, have a notable impact on this
target for the idle case, while this target does not seem as sensitive to these inputs
for the low-load condition. We found that the perturbation in the nozzle inclusion
angle has a significant impact on the predictions of CO, for both operating con-
ditions. The input TIVC also has a marked impact on this target for both conditions.
The turbulence constant ceps1 has a significant impact on CO for the idle condition,
but a minor impact on the low-load condition. Fuel mass has a high impact on CO
for the low-load condition, but this is not the case for the idle condition.

In order to understand the impact of variation in fuel properties alone, we
performed another GSA—only for the low-load condition as an example—where
we perturbed just the fuel properties (Tf,crit, qf, HOVf, VPf, and lf) in the same
Monte Carlo fashion based on the ranges provided in Table 3. We performed 128
simulations (realizations) for this analysis. Figure 18 shows the sensitivity rankings
for various fuel properties in terms of the impact of their uncertainties on the target
predictions CA50, CO, NOx, and HC.

We note from Fig. 18 that clearly the uncertainty in HOV dominates target
predictions. The critical temperature also has a major impact on all the targets.
Viscosity has a not insignificant impact on the emissions, but its impact on CA50 is
negligible. Uncertainties in density and vapor pressure do not seem to be a major
factor in terms of these target predictions.
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5 Summary

In this work, we have presented a simulation perspective on GCI. We investigated
the effect of various operating and design parameters on achieving stable idle to
low-load operation with GCI. In general, parameters that enhance reactivity of the
charge within the combustion chamber are desirable under these conditions in order
to facilitate compression ignition of gasoline without a spark. We found that for this
engine, under these conditions there is an optimum nozzle inclusion angle, which is
120°. Inclusion angles larger or smaller than this value both tend to deposit fuel in
the squish region, resulting in reduced reactivity and retarding of ignition. Injection
pressure does not play a significant role under low-load conditions (for the range of
injection pressures studied here—100 to 500 bar). However, under idle conditions,
lower injection pressures reduce the possibility of over-leaning of the charge,
retaining a higher level of reactivity, resulting in earlier ignition. Higher levels of
boost aid GCI under these idle to low-load conditions, as ignition in GCI is pri-
marily driven by kinetics. Higher in-cylinder pressures result in higher rates of
reactions leading to autoignition, and thus earlier combustion phasing even when
overall dilution is increased with boost. Swirl ratio does not have a significant
impact on the charge stratification in the reaction space; however, higher values of
swirl ratios tend to increase heat losses, resulting in lower in-cylinder temperatures
and retarded ignition.

Fig. 18 Sensitivity CA50, CO, NOx, and HC to uncertainties in fuel properties at the low-load
condition
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In order to understand the impact of uncertainties in model inputs on model
predictions of key combustion and emissions targets, we performed global sensi-
tivity analysis based on this GCI CFD simulation. The analysis indicates that there
can be a significant spread in the predicted combustion and emissions based on the
uncertainties in these model inputs. In particular, the uncertainties in temperature
and pressure at IVC, inclusion angle, Schmidt number, and piston temperature have
the greatest impact on the combustion and emission targets. Uncertainty in inputs
such as initial turbulence, RPM, SOI, DOE, nozzle diameter, injection temperature,
head temperature, and liner temperature did not have a significant impact on the
predicted targets. Based on the stand-alone GSA on fuel properties at the low-load
condition, we note that the HOV has the highest impact on combustion and
emission targets. The fuel critical temperature is also a significant factor. The
viscosity impacts emissions, but not combustion phasing. Uncertainties in density
and vapor pressure do not have a major impact on any of the targets.

GCI is a viable alternative to current gasoline and diesel engines, by simulta-
neously addressing the efficiency issues associated with gasoline spark-ignited
engines and emission issues associated with diesel engines. Simulations play a vital
role in developing the GCI concept, as demonstrated in this chapter, by providing
valuable fundamental insights into this novel combustion mode.
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Application of CFD for Analysis
and Design of IC Engines

Vijayashree and V. Ganesan

Abstract Most of us are not familiar with the concept that an internal combustion
(IC) engine is working on a four-stroke six-event principle. The six events are
suction, compression, combustion, expansion, blow-down and exhaust. However,
the expansion and blow-down happen in the power stroke and they can be clubbed
together. Therefore, we can say that an engine, whether diesel or gasoline, is
working on four-stroke five-event principle. The purpose of this chapter is to make
the reader to familiarize with the complexities involved in the working of a
four-stroke engine. The five events which are completed in four strokes are: suction,
compression, combustion, expansion and exhaust. Application of computational
fluid dynamics (CFD) principles for each process mentioned above is a challenging
job. The difficulty in understanding the working of an IC engine is due to the fact
that we cannot see what is happening inside the cylinder piston arrangement. All
that is described in textbooks is based on our knowledge gained over a period of
time by conducting experiments. There is no doubt in saying that “seeing is
believing”. As it is next to impossible to have a complete experimental flow
visualization, nowadays CFD comes in handy to have theoretical flow visualization.
Well-developed software is available for the simulation in 3D geometries. In this
chapter, we explain step-by-step the details required for the CFD simulation of
various processes in an IC engine. Extensive results obtained over a period of
20 years of research by the application of CFD in analysing the flow in engines are
comprehensively presented and discussed. CFD can be very well applied for ana-
lysing any particular process. It can also be used for the modification of the existing
engine design or can also be employed for a new design of an engine. It is hoped
that readers may be benefitted in understanding the application of CFD for fluid
flow analysis and engine design by reading this chapter. Therefore, the main aim of
this chapter is to make the reader appreciate how exactly CFD can be applied for
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design of an engine. As it is application oriented, we are not going deep into the
equations, modelling, etc. A number of case studies are presented and discussed.

1 Introduction

Engineers always look for improvement in the design and manufacture of internal
combustion (IC) engines because there is tremendous competition and pressure in
achieving higher performance with lower and lower emissions. The next generation
of engines needs to be compact, flexible, light, and powerful. At the same time, they
should discharge minimum amount of pollutants and use less fuel. This is a
conflicting requirement. To achieve this, innovative engine design is a must to meet
these competing requirements. The ability to accurately and rapidly analyse the
performance of multiple engine designs is very critical. This chapter explains in
detail the various processes in an IC engine, and the results are presented as case
studies at appropriate places. Details regarding these aspects are organized into the
following sections in this chapter.

2 Engine Performance

The performance of an IC engine depends upon complex interactions between
chemical, electronic, fluid, and mechanical systems. However, the major challenge
in design is the complex fluid dynamics of turbulent reacting flows interacting with
moving parts through the intake/exhaust manifolds, valves, cylinder, and piston.
The timescales of the intake air flow, fuel injection, vaporization of fuel, turbulent
mixing process, species transport, chemistry, and pollutant formation all overlap
and need to be considered simultaneously.

Computational fluid dynamics (CFD) has emerged as a useful and powerful tool
in understanding the fluid dynamics of IC engines for design purposes. This is due
to the fact that, compared to analytical, experimental, or lower dimensional com-
putational methods, multidimensional CFD modelling allows designers to simulate
and visualize the complex fluid dynamics involved. This has become possible due
to the availability of superfast digital computers in solving the governing physical
laws for mass, momentum, and energy transport on a 3D geometry, along with
submodels for critical phenomena such as turbulence and fuel chemistry. Insight
provided by CFD analysis helps in design of appropriate geometry, such as ports,
valves, and pistons, as well as engine parameters such as valve timing and fuel
injection.

It should be noted that engine analysis using CFD software has always been
hampered due to the inherent complexity in:
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• creating a computational mesh in both the moving and non-moving portions of
the domain;

• decomposing the geometry into a topology which should exactly duplicate the
piston motion;

• specifying the motion of the valves;
• solving the unsteady equations for flow, turbulence, energy and chemistry;
• post-processing of results for extracting useful information from very large

number of data sets.

Those who are contemplating to venture on CFD studies on engines should be
aware that this is a time-consuming and error-prone process. Further, it can create a
significant impediment to rapid engine analysis and design feedback. The solution
to this problem is an integrated approach and environment specifically tailored to
the needs of modelling the IC engine. The environment requirements should have:

• minimal inputs from the user;
• the necessary tools to automatically perform a problem set-up;
• the ability to transfer information very rapidly between the different stages of the

CFD analysis;
• the capability to significantly compress the set-up and analysis process;
• minimal loss in the accuracy;
• minimal errors.

The IC Engine Analysis System should provide such an integrated environment
with the capabilities of integrating the setup of most IC engine designs. Further, it
should include:

• bidirectional CAD connectivity to mainstream CAD systems;
• powerful geometry modelling tools in design mode;
• flexible meshing;
• solution using appropriate software;
• powerful post-processing;
• persistent parameterization and design exploration;
• provision to allow users to modify geometry or problem set-up parameters; and
• provision to automatically regenerate analysis results.

Over a period of last one decade, the time taken for geometry adaptation, mesh
generation, and solution convergence has been reduced considerably from several
hours of work to minutes, with minimum errors. The user should specify the engine
parameters and geometry at the beginning of setting up the problem, instead of at
the solution stage.

The next few sections we will introduce the tools in the IC Engine Design and
Analysis System. A deeper examination of the fluid dynamics issues in IC engines
and the CFD modelling process will be carried out first, followed by details of the
IC engine port flow analysis, using STAR-CD platform.
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3 Engine Design

Efficient design of an IC engine requires a number of critical decisions to establish
the impact of fluid dynamics on the overall performance of the engine. The major
decisions on the design involve in taking care of the following:

• the type of engine and its specifications;
• peak power to be developed at the design speed;
• the number of cylinders;
• the type of fuel and its emissions characteristics;
• the cubic capacity of the engine;
• overall “packaging” of the engine including all the subsystems.

In future, electronics may play an important role. However, at present,
mechanical systems, especially the port design using different cam configurations
and analysing the flow through them, are quite important. For this, there may be
further specifications, such as the output of the engine at idling speed or at low
RPM.

These design decisions are vital for the evaluation of air–fuel ratio needed by the
engine at that particular operating conditions. This will lead to a number of design
decisions in order to achieve the maximum overall efficiency of the engine. The
power output in terms of various efficiencies is given by the following equation:

pb ¼ gigcgmgvqiVdN
nFQ

ð1Þ

where

gi is the indicated thermal efficiency
gc is the combustion efficiency
gm is the mechanical efficiency
gv is the volumetric efficiency of the engine
qi is the density of the air at the intake
Vd is the engine displacement volume
N is the rotational speed
N is the number of revolution per power stroke (n = 2 for 4-stroke and 1 for

2-stroke engine)
F is the fuel air ratio
Q is the calorific value of the fuel per unit mass

• The important point to be taken into account in port design is to achieve
maximum value for each of the efficiency mentioned above. This is required to
obtain maximum power from the minimum fuel input. Of the various efficien-
cies mentioned in Eq. (1), fluid dynamics plays a vital role in the volumetric and
combustion efficiency.
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• The secondary goal of engine design is to meet emissions standards. These are
always imposed by regulations. The major pollutants include three oxides, viz.
COx, NOx and SOx, where COx, refers to oxides of carbon [CO, CO2], NOx

refers to oxides of nitrogen [NO, NO2], and SOx, refers to oxides of sulphur
[SO2, SO3]. Further there are unburned hydrocarbons (HC), and polyaromatic
hydrocarbons (PAH or “soot”), which are all products of combustion.

• Pollutants are formed inside the engine due to intense interactions of the
mechanical and chemical processes. They are intimately associated with the
fluid dynamics inside the combustion chamber. With after treatment, the pol-
lutants in the exhaust stream can be considerably reduced. However, it becomes
very costly. Therefore, it is desirable to minimize the pollutant formation at the
source itself. In this, fluid dynamics in the port plays a vital role.

4 Fluid Dynamics During the Four Strokes

Achieving the maximum volumetric efficiency is one of the most important factors
in engine design. It depends on several fluid dynamic phenomena in the intake and
exhaust tracts leading to the combustion chamber. This is the subject matter of this
chapter.

• When the air is sucked into the cylinder during the intake cycle, it passes
through the gap between the intake valve and the valve seat. As it squeezes
through the gap, the flow separation takes place from the walls of the port and
valve surfaces, forming a tangential jet. The jet coming out of the gap may
impinge on the cylinder walls and tumble into the space between the valves and
the piston. This jet imparts angular momentum known as swirl and tumble, to
the fresh charge.

• Swirl is usually defined by a normalized angular momentum value about the
vertical axis through which the piston motion is constrained. Swirl can be
imparted to the incoming air by the proper design of the intake port. This is
called suction swirl.

• The gross motions of the fresh charge in the cylinder form recirculation regions
that enhance mixing. If there is strong swirl, the flow may develop stratification
with regions of high and low velocities. The intake port should be designed to
impart additional angular momentum to the air.

• Squish happens during the last part of the compression stroke where there is a
narrow region between the piston and the cylinder head, and the air may be
squeezed (or “squished”) from the sides of the cylinder into the combustion
chamber. This converts the energy in the swirl into turbulence. Further, it is to
be noted that when the piston travels towards the top during the compression
stroke, most of the energy contained in the tumble (or angular momentum
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orthogonal to the swirl axis) of the jet is converted to turbulence as the available
space in the vertical direction is reduced significantly. The swirl will become
stronger as the air is squeezed out to the side. Flow phenomena that affect
volumetric efficiency are:

– flow separation, jet formation and reattachment on the cylinder wall/head;
– mixing due to swirl and tumble in the cylinder volume;
– turbulence production during the compression of air due to squish;
– flow stratification in the cylinder.

Engines that utilize carburetion or port fuel injection (PFI) are known as pre-
mixed engines. If an engine uses a carburettor, then the air and fuel are mixed in the
carburettor and the fuel–air mixture enters the intake manifold. In this type of
engine, at least from the fluid mechanical point of view, a mixture of fresh air and
fuel is inducted into the engine through the intake port. For a port fuel-injected
engine, the fuel is sprayed into the ports. Usually, spraying takes place onto the
back of the intake valve, where it vaporizes and mixes with the intake air.

In all modern direct injection diesel (DI diesel) engines, high-pressure fuel is
injected directly into the combustion chamber as the piston nears the end of the
compression stroke. The liquid fuel spray breaks up into finer droplets and
vaporizes into the surrounding air taking the latent heat of vapourization from air.
High pressure of the fuel spray enhances break-up, and high levels of turbulence in
the cylinder enhance the mixing. In any engine, proper charge motion at the start of
the combustion process is essential for efficient burning of the mixture. However,
often some compromises are needed when an engine operates in the range of speeds
as in the case of automotive engines.

In a spark ignition (SI) engine, a flame front is formed which travels outwards
from the ignition point, consuming the available fuel air mixture. Turbulence again
plays an important role in flame propagation, since the flame travels at the turbulent
flame speed. Hence, if the turbulence levels are high, then the flame front will move
very fast to all parts of the combustion chamber. In case of SI engines, the rapid
flame propagation avoids knock due to autoignition of fuel–air mixture ahead of the
flame. The flame speed depends on the air–fuel ratio of the mixture. If the mixture is
outside of the flammability limits, usually between equivalence ratios of less than
0.5 and greater than 4, the flame will not propagate. The engine starts misfiring.
Similarly, if regions exist inside the cylinder that are outside of the flammability
limits, these regions will not burn. The unburnt mixture will most likely be pushed
out through the exhaust and into the atmosphere.

In compression ignition (CI) engines, due to higher compression ratio, air is
compressed to a high temperature and pressure. Fuel is injected directly into the
combustion chamber. After sometime (physical delay period), spray break-up,
mixing and low-temperature chemical reactions occur. The mixed air and fuel in the
spray plume ignites and starts burning, usually forming a stratified or diffusion
flame. CI engines have no knock limit. However, they are limited by the amount of
mixing in the cylinder and the material strength of the components.

256 Vijayashree and V. Ganesan



Combustion increases pressure and temperature as the energy contained in the
fuel is liberated and the chemical reaction is completed. The combustion of fuel
produces a spike in pressure and temperature due to sudden energy release taking
place with the production of exhaust gases. Some of the energy is radiated and
convected to the cylinder walls, cylinder head, piston and the valves, and some of it
is lost. One-third of the energy goes into the power stroke, where the exhaust gases
expand under high pressure and push the piston down towards bottom centre
position. A thermodynamic energy balance will show that the energy produced due
to combustion is used for work done due to expansion. The thermal losses include
heat losses through the walls and the enthalpy loss in the exhaust gases at high
temperature.

During the exhaust stroke, the exhaust gases are pushed out through the exhaust
valves, which start opening towards the end of the expansion stroke. Like intake
process, this process also involves formation of a high-speed, high-temperature jet
in the gap between the exhaust valves and ports.

During the process of combustion, the fuel, which is a long chain hydrocarbon,
breaks up into smaller molecules. The carbon and hydrogen contained in these
molecules combine with the oxygen in the air in exothermic reactions. If the fuel–
air ratio is stoichiometric at each location in the combustion chamber, carbon
dioxide and water vapour will be formed. However, at some regions, where the
fuel–air ratio is rich due to inadequate mixing, there will be insufficient oxygen
molecules and the combustion will not be complete. Because of this, carbon
monoxide (CO) and unburnt hydrocarbon molecules will be produced.

Some of the unburnt hydrocarbons will be polycyclic or polyaromatic as the
carbon chains wrap around each other and form solid particles. This is called soot.
If the carbon monoxide and unburnt hydrocarbons are then transported to a region
with adequate oxygen, then there is a possibility of combustion to reach comple-
tion. Otherwise, they will leave with the exhaust gases and cause loss of energy.
Due to high temperatures in cylinder, the nitrogen molecules contained in the air
break up under intense heat. The nitrogen ions combine with the available oxygen
radicals to form nitrous oxides or NOx. If the fuel contains nitrogen or sulphur
atoms, they will also form NOx and sulphur oxides (SOx).

Now, it must be clear that the combustion efficiency of the engine and pollutant
formation depends upon:

1. fluid dynamics of swirl;
2. tumble;
3. mixing;
4. turbulence production during the intake and compression strokes.

Energy loss is mainly due to incomplete combustion, the heat transfer losses to
the wall, and the exhaust losses. Engine emissions include COx, NOx, SOx, soot,
unburnt hydrocarbons and water.
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5 Design of Engines with High Efficiency

The design of engines with high efficiency has to take into account the complex
fluid dynamics that occurs in the manifolds and cylinders. Several design issues
come to the forefront here:

• port flow design;
• combustion chamber and piston shape;
• squish;
• compression ratio;
• design for low speed and idle;
• spark and injection timing.

5.1 Port Flow Design

The air flow rate through the intake manifold ports depends on the pressure dif-
ference between the cylinder and the manifold. Further, it also depends on the
throttle position in case of SI engines. A critical factor here is the packaging. That is
to say, the engine and its supporting systems have to fit in a certain amount of
space. Further, it should allow easy access for future maintenance. This means that
the intake manifolds and engine ports might be routed around other parts. This
introduces an additional resistance to the air flow and affects the swirl and tumble in
the cylinder. Port flow design to achieve a given air flow rate and desired levels of
swirl/tumble within a certain packaging layout to maximize volumetric efficiency
thus becomes a critical fluid dynamics design problem. This chapter is devoted to
understanding the fluid dynamics of port flow right from the straight port and ports
with bend angle

5.2 Combustion Chamber and Piston Shape

Apart from port flow, another critical design issue is the size and shape of the
combustion chamber, the piston crown shape, and the layout of the valves. Here,
the chamber can be flat, a hemispheric dome or a pent roof, while the piston crown
can be flat, domed, inclined or a bowl.

The valves can be positioned as “straight”, i.e. the valves are aligned with the
cylinder axis as shown in Fig. 1, or they can be “canted”, i.e. they are at an angle to
the cylinder axis and normal to the surfaces of the combustion chamber (Fig. 2).

It is a known fact that the volumetric efficiency and the amount of air intake into
the cylinder are dependent on the ratio of the intake valve area relative to the
cross-sectional area of the cylinder. Hence, it is desirable to have the intake valves
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be as large as possible relative to the bore. Therefore, modern engines are designed
with four valves (two intakes and two exhausts) instead of two. However, if the
combustion chamber is flat, the surface area available gets limited for the valve
layout to just the cross section. If the combustion chamber is hemispheric or pent
roof, it opens up more surface area for the intake and exhaust valves, allowing them
to be larger and more efficient. The deficiency in such a design is that the com-
bustion chamber volume and surface area are large. This implies that the flame front
for combustion has to travel a longer distance, increasing the chance of incomplete
combustion. Further, the compression ratio will decrease since there is a larger
volume at the top centre. A larger wall surface area increases the heat losses during
combustion. This will affect combustion efficiency.

Fig. 1 Straight valve engine [1]

Fig. 2 Canted valve engine [1]
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This deficiency can be overcome by changing the piston shape from the flat to a
domed or any desirable shape to reduce the volume. This means that the flame front
has to travel around the piston dome to reach all parts of the combustion chamber
volume. Again, this will increase the time taken for complete combustion which in
turn increases the possibility of knocking in SI engines. To overcome this defect,
the piston could be incorporated with a bowl in the centre, which would reduce the
flame travel time. However, this will reduce the compression ratio.

5.3 Squish

In addition, geometric design consideration is to have a “squish” region. Squish is
nothing but the region around the perimeter of the combustion chamber with as
minimum clearance volume as possible between the piston and the cylinder head at
top centre (refer Fig. 3). As mentioned earlier, a small or low squish region causes
the swirling air flow to get squeezed out into the combustion chamber. This causes a
turbulent jet to form, which converts the mean flow energy in the swirl into tur-
bulence, increasing the turbulent flame speed and the compression ratio and the
combustion efficiency. However, if the squish clearance is too low, there is a chance
of collision between the piston and the cylinder head when the engine material
expands due to high temperature. Further, mass manufacturing of engines requires
that there should be room for production and manufacturing tolerances. Therefore,
the squish needs to be low enough to allow higher turbulence production, but at the
same time high enough to allow room for variability due to thermal expansion and
manufacturing tolerances.

Fig. 3 Illustration of swirl and squish
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5.4 Compression Ratio

The compression ratio is defined as the ratio of the total cylinder volume to the
clearance volume (refer Fig. 4). It is a critical factor in combustion efficiency and
pollutant formation. It may be noted that a high compression ratio enhances the
combustion efficiency. At the same time, the higher temperatures due to high
compression ratio cause more NOx to form, thus increasing the emissions.

In the 1970s, automotive engines had much higher compression ratios, since the
emissions norms were not stringent. Over the period with stricter environmental
regulations on emissions, the compression ratios were reduced to meet the new
standards. However, in the 1990s, technological advances in catalytic converters
and increase in combustion efficiency allowed higher compression ratios again and
improved fuel economy. An additional consideration, especially for diesel engines,
one should take care of the materials used for the piston and combustion chamber to
withstand the peak temperatures and pressures encountered with high compression
ratios and high boost levels.

Thus, intake/exhaust ports designs, along with heads, valves and pistons, involve
interplay and trade-offs between the volumetric and combustion efficiency, pollu-
tant formation and packaging considerations, materials choices and manufacturing
tolerances. In this connection, the ability to accurately analyse the engine fluid
dynamics plays a key role in optimizing the engine to effectively deliver the peak
power, while meeting emissions standards and further taking into consideration
packaging and manufacturing constraints.

Fig. 4 Illustration of total volume and clearance volume
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5.5 Design for Low Speed and Idle

In many cases, the performance of engines at idle or low speed is a critical design
consideration. For automobile engines, the engine is designed for peak power at a
specific speed. This speed is typically high. Further, the engine will still have to
perform well at lower speeds and at idle speed also. Variable valve timing, which
allows the valves to have different lift profiles and opening and closing events for
different engine speeds, is being tried in many modern engines. Here, the goal is to
maximize the volumetric and combustion efficiency. This is achieved by producing
optimal levels of swirl, tumble, and turbulence at both low and high speeds. This
will enable the combustion charge, i.e. the air/fuel mixture, to get well mixed, and
the turbulent flame speed is high enough for complete combustion. There could be
additional geometric design changes to the ports and valves for low speed or idle
conditions. For example, valve masking and valve shrouding are used to impart
additional swirl to the air flow and increase the jet velocity (refer Fig. 5).

5.6 Spark and Injection Timing

During the engine cycle, the spark timing in SI engine and start of injection in CI
are to be optimized to provide the desired power or torque with minimum pollutant
formation. Strategies, such as exhaust gas recirculation (EGR), are used to mini-
mize the peak temperature in the engine by increasing the thermal mass of the
intake air. This reduces the NOx production, which is strongly a function of high
temperatures. For diesel engines, there is a trade-off between soot production and

Fig. 5 Inlet valves used to induce high swirl at low engine speeds and low valve lift
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NOx. Note that soot production decreases with temperature, whereas NOx pro-
duction increases with temperature. Thus, designing high efficiency engines to meet
performance and emissions standards requires trade-offs which should take engine
fluid dynamics into account.

6 Application of CFD in IC Engine Design

This section emphasizes the role of CFD modelling in IC engine design and per-
formance analysis. The information in this section is divided into the following
subsections:

• the role of CFD in engine design;
• types of CFD in engine performance.

6.1 The Role of CFD in Engine Design

As already described, IC engines involve complex fluid dynamic interactions
between air flow and fuel injection. Further, moving geometries and combustion
play a vital role. Fluid dynamics phenomena such as fuel jet formation and wall
impingement are to be considered. Further, swirl and tumble and turbulence are
equally crucial for obtaining high efficiency and meeting emissions norms. The
design problems that are encountered include port flow design, combustion
chamber shape design, variable valve timing, injection and ignition timing, and
design for low or idle speeds.

There are several tools available in practice during the design process. These
include:

1. experimental investigation using test or flow bench set-ups;
2. one D codes;
3. analytical models;
4. empirical/historical data;
5. computational fluid dynamics (CFD).

Of these, CFD has very high potential for providing useful and detailed infor-
mation. It can provide insights that can be fed back into the design process. This is
because in CFD we solve the fundamental equations that describe fluid flow directly
on a mesh which describes the three-dimensional geometry. Further, incorporation
of submodels for fuel injection, chemistry, combustion and turbulence enhances the
capability of predictions. A number of techniques are available for modelling
motion of the moving geometry and its effect on fluid flow.
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From the CFD results, it is possible to visualize the flow phenomena on 3D
geometry and can be analysed numerically. This can provide excellent insight into
the complex interactions that take place inside the engine. This will enable the
designer to compare different designs and quantify the trade-offs. Various
trade-offs, such as soot versus NOx, swirl versus tumble and impact on turbulence
production, combustion efficiency versus pollutant formation, provide a platform
for optimal designs. Hence, nowadays, CFD analysis is used extensively as part of
the design process in power generation, in transportation and especially in auto-
motive engineering. With the rise of modern and inexpensive computing power due
to the availability of superfast digital computers and 3D CAD systems, it has
become much easier for analysts to perform CFD analysis. In increasing impor-
tance, the CFD analyses performed can be classified into:

• Port flow analysis: it provides quantification of swirl, tumble and flow rate, with
static engine geometry by placing the piston at different locations during the
suction stroke of the cycle.

• Cold flow analysis: here, moving geometry is brought into picture and the air
flow can be evaluated. However, no fuel injection or reactions are considered.

• In-cylinder combustion simulation: in this expansion and exhaust strokes with
fuel injection, mixing, reactions, ignition and pollutant formation with moving
geometry are considered.

• Full cycle simulation: entire engine cycle with air flow, fuel injection, com-
bustion, and reactions intake and exhaust are predicted.

However, the CFD analysis of various processes for engines is highly complex,
time-consuming and error-prone. Typically, the researcher has to go through several
steps to set up the problem. Any minor error can lead to failure of the simulation.
Once the analysis has been set up, it takes many hours or even days of computation
to get the solution depending upon the grid density and evaluation of the results.
The results coming out of simulation are fairly complex, with large data sets. It
requires time and effort to analyse and get useful and meaningful information,
which can be fed back to the design stage.

Automation and process compression thus become a critical need. In the next
section, we will further evaluate the practical issues facing engineers in conducting
a CFD analysis on IC engines. Following that, we will explain the results obtained
from an integrated environment such as STAR-CD workbench and analyse some
typical results obtained for the IC engine analysis.

6.2 Port Flow Analysis

In port flow analysis, the geometry of the ports valves and cylinders is “frozen” at
critical points during the engine cycle. The air flow through the ports is analysed
using CFD for the various case studies undertaken. The flow rate through the engine
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volume, swirl and tumble in the cylinder and turbulence levels are evaluated. Fluid
dynamics phenomena such as separation, jet formation, valve choking, wall
impingement and reattachment, as well as the secondary motions, can be visualized
and analysed.

The results provide snapshots of the fluid dynamics throughout the engine cycle
and can be used to modify the port geometry to produce desired behaviour of the air
flow. Simulation validation wherever possible has to be performed using the data
available in the literature. The results do not capture dynamic phenomena such as
expansion and compression of air due to piston movement and turbulence pro-
duction from swirl and tumble.

In practice, conducting port flow analysis at a single point is fairly straightfor-
ward because the geometry is static, which fits well with the workflow and capa-
bilities in CFD software. One can start with the port, valve and cylinder geometry at
a particular position, create a mesh, specify the mass flow rate or pressure drop for
the compressible flow and a turbulence model and compute the results. The
RANS-based turbulence models are used to compute the effect of turbulence. Since
the turbulent flow interactions with the walls are critical, mesh refinement in the
near wall region is necessary using inflation or boundary layers. However, when the
number of critical positions and hence the number of cases increase, the problem
complexity increases significantly. Setting up large numbers of static cases with
identical mesh and flow settings is time-consuming, with scope for error. In the
following sections, we will present three case studies on port flow.

6.2.1 Case Study 1: Steady Flow CFD Analysis for Improving
Volumetric Efficiency

An industrial project was undertaken to analyse the flow through the inlet and
exhaust manifolds of a popular two wheeler engine in India and then, if necessary,
arrive at a modified design based on the CFD analysis. The objective of this project
was to estimate the volumetric efficiency of the base engine and if necessary modify
the design to arrive at better volumetric efficiency. The results presented below
establish how usefully CFD can be applied for improving the engine port design.

Figure 6 shows the geometry of the intake port. A steady flow analysis at three
different valve lifts was carried out to estimate the volumetric efficiency and also to
examine the flow through the ports of the existing design. As transient analysis
takes time in making fixed and moving meshes, steady flow analysis was thought of
to get quick results and make design modifications if necessary for improving the
flow and volumetric efficiency. Initially, a CAD model of the inlet port was
developed and was meshed with one lakh and seventy-five thousand grid points
(refer Fig. 6).

The meshed geometry for different valve lifts for the inlet manifold is shown in
Fig. 7. Prescribing appropriate boundary conditions, viz. pressure boundary con-
dition at inlet and exit boundary being the cylinder bottom centre, the flow for the
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three-valve lifts has been studied. Figure 8 shows the velocity vector along with
velocity contours for the three-valve lift positions.

As can be seen that the engine has pent-roof cylinder head and the piston being
stationary as the flow pass through the inlet port initially even with 2-mm valve lift,
there was a slight flow separation near the bend. As the vale lift increases from 2 to
4 mm, there is more separation and, at maximum lift of 5.6 mm, there is large flow
separation at the bend region. Further, it causes recirculation behind the vale head.
This can hamper volumetric efficiency of the engine. The pressure contours shown
in Fig. 9 for the three valves were analysed and found that it is favouring separation
in the bend region of the inlet manifold. There is a distinct pressure gradient at the
bend region which helps to separate the flow (refer Fig. 9).

Fig. 6 CAD model of inlet port geometry with grid

2mm Valve lift  4mm Valve lift 5.6mm Valve lift 
(Maximum)

Fig. 7 Meshed geometry of the inlet port at three-valve lift position
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To reduce the effect of separation in the inlet manifold design, changes were
made and the bend angle was changed from 60° to 45° and the flow analysis was
carried out again. This helped considerably in reducing the recirculation in the inlet
manifold, and the final design was arrived at. The volumetric efficiency improved
from 82.5 to 86%. Thus, this case study has established that steady flow analysis
using CFD can be successfully applied for the design changes of the inlet manifold

 2 mm valve lift (IVO) 

 4 mm valve lift (IVO) 

  5.6 mm valve lift (Max. valve lift)

Fig. 8 Velocity vector and velocity contours for three-valve lifts during valve opening process
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by which volumetric efficiency could be considerably improved and a final
geometry was arrived at. Similar analysis was carried out for the exhaust manifold
also, and the design changes helped to increase the scavenging efficiency. The
meshed geometry of the exhaust manifold is shown in Fig. 10. The velocity vectors
in the exhaust manifold are shown in Fig. 11.

2 mm valve lift (IVO)

 4 mm valve lift (IVO) 

  5.6 mm valve lift (Max. valve lift)  

Fig. 9 Total pressure contours for the three-valve lifts

268 Vijayashree and V. Ganesan



Based on the results obtained, similar modification was carried out in the exhaust
manifold also and final design of the cylinder head with inlet and exhaust manifold
is shown in Fig. 12. This case study has clearly established that CFD can be used as
design tool along with flow analysis.

6.2.2 Case Study 2: Steady Flow Analysis on Multi-cylinder Inlet
Manifold

Having got the confidence by means of the case study in the previous section in
improving the design by CFD analysis in a single-cylinder engine, a multi-cylinder
manifold analysis was carried out to improve the design and flow characteristics.
This is also a typical industrial project. In this, a four-cylinder inlet manifold along
with throttle body was taken for the analysis. The purpose of this study was to
understand the flow behaviour of a multi-cylinder throttle body assembly where
there is one inlet and multiple outlets. The main aim of this case study was to
establish equal flow rate to all the cylinders. The main problem in a multi-cylinder
SI engine is the maldistribution of fuel–air mixture in various cylinders. This can be
easily analysed using CFD under steady flow conditions. Initially, a CAD model
was developed and the corresponding meshed model is shown in Fig. 13.
Fortunately for the engine under consideration, the valve timing was such that at
any time only one cylinder valve was in the open position, whereas for other three
cylinders it is in closed position. Flow studies have been carried out for different
valve lift conditions (25, 50 and 100%). The flow results are presented for all the
three-valve lift condition. Compared to the manifold in the case study 1, this
manifold was more complex and meshing was a little more challenging.

Hemispherical combustion chamber

Exhaust Port and Valve

1,75,000 cells

Fig. 10 Meshed geometry of the exhaust manifold
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Exhaust Valve lift =  2 mm

Exhaust Valve lift = 6 mm

Fig. 11 Velocity vectors in exhaust manifold for two-valve lifts
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Because the manifold geometry is complex, it was decided to carry out the
analysis dividing the flow domain in five regions as indicated in Fig. 14. The
various regions were carefully chosen so that one can understand the complete flow
characteristics. Region 1 is the one where the possibility of recirculation is there.
Region 2 is the region where flow passes over the vale stem. Flow region 3 is one
where the flow starts entering the cylinder. Region 4 is the one where flow sepa-
ration can take place. Region 5 is the one where the bulk flow takes place. Thus,
this configuration provides the possibility for all the flow complications and

Fig. 12 Final design of intake and exhaust manifold

Fig. 13 Meshed geometry of the multi-cylinder inlet manifold
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therefore it was a challenging job to undertake. The necessary boundary conditions
were specified, appropriate equations were solved, and the flow velocity vectors
were obtained for all three-valve lift conditions. The details are shown in Fig. 15.
We will explain the results obtained for full-valve lift condition only.

Flow in Port 

Fig. 14 Division of flow domain into number regions

Fig. 15 Flow velocity vectors at various lift conditions in manifold 3
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Flow Analysis in Various Regions

As shown in Fig. 15, in region 1, there is a formation of strong recirculation zone.
This is due to the projection in the inlet manifold. This will cause flow losses, and
this is to be avoided. On analysing the region 2, there is a restriction imposed by
valve stem. Because of the stem, the flow starts separating behind the stem. It may
be noted that this cannot be avoided. Coming to region 3, as can be seen, there is
possibility for flow separation because of the slight bend and due to the stepped
configuration as shown in Fig. 15a. Even though the step increases the flow area if
the separation takes place, it will nullify the positive effect. When region 4 is
analysed, it is clearly seen that there is a strong separation. This is to be avoided. As
shown in Fig. 15d up to 50% of the manifold length, the bulk flow is normal.
Beyond that because of the manifold bend, valve stem as well as valve head effect,
there is back pressure which decelerates the flow. The deceleration is minimum for
full-valve lift conditions. Hence, this region should be looked into more carefully.
Thus, the steady flow analysis could throw some useful flow structure and the
design was modified taking into consideration all the details and drawbacks
described, by which uniform flow distribution could achieved in all the four
cylinders. Again, this study has established that CFD can be used as a tool for
design modifications. As this was a steady flow analysis, the time required to obtain
the solution was comparatively very much less.

From this study, we could find that the fourth manifold was getting less air since
the air has to travel a longer distance. In order to get uniform flow, the plenum
chamber design was slightly modified based on the CFD results and by which
uniform distribution could be achieved. It should be emphasized here that because
of the CAD model availability, the geometry could meshed accurately and flow
vectors are shown in Fig. 15. This is the second case study by which we could
establish that CFD can be applied for the design. The CAD model of the modified
design is shown in Fig. 16.

6.2.3 Case Study 3: Steady Flow Analysis on Six-Cylinder V-Engine
Inlet Manifold

Based on the confidence obtained through the above two case studies, we went on
to evaluate a highly complex intake manifold with power valve of a six-cylinder V
engine. Three manifolds are in the right bank, and three others are in the left bank.
The manifold was very carefully designed, and the main purpose of this study was
to evaluate the flow coefficients for all the six manifolds to see whether the flow is
uniform. It is to be emphasized here that the manifold was designed after many
iterations and was expected to give uniform flow distribution. Again, it was sub-
jected to steady flow analysis and the flow coefficient values are evaluated.

Figure 17 shows the meshed geometry under consideration. Meshing was really
a very challenging job, and it took considerable time to arrive at appropriate mesh
size. Again, appropriate boundary conditions were prescribed and equations were
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solved. It may be noted there was a power valve which can be kept either in closed
position or in open position. When it is kept in closed position, flow will pass
through the left bank to all the six cylinders, whereas when it is in open position
flow will take place through the right bank to all and the six cylinders will get the

Fig. 17 Six-cylinder inlet manifold versus V type engine

Fig. 16 CAD model of the modified design of the inlet manifold
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flow. As it is a complex design, it will be difficult to visualize the flow when one
sees this for the first time.

Meshed geometry is shown in Fig. 18 when the power valve is open and flow
velocity vectors for all the six cylinders are shown in Fig. 19. From the velocity
vectors, flow coefficients were calculated and are given in Table 1. It is surprising
to see that the flow coefficient K is same to first decimal accuracy. Establishing this
by means of experiments would have been time-consuming and costly. Thus, by
means of this CFD study, we could validate the design parameters. As this was a
steady flow analysis, the results obtained were very fast and less costly.

Table 1 gives the flow coefficient based on the quantity of flow, and the pressure
drop shows clearly that the flow coefficient is the same to the first decimal accuracy.
Therefore, there was no necessity to make any changes in the design. This further
establishes the use of CFD in confirming the design

6.3 Cold Flow Analysis

Modelling of cold flow takes into account mainly the airflow and possibly the fuel
injection without involving reactions. The main aim is to capture the mixture for-
mation process. For this, accurate accounting of the interaction of moving piston
with the fluid dynamics of the induction process. In this analysis, the changing

Fig. 18 Grid arrangement when the power valve is in open position
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Manifold 1

Manifold 2

Manifold 3

Manifold 4

Fig. 19 Flow velocity vector for all the six manifolds
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behaviour of the air flow which tumbles into the cylinder can be studied. Further, it
can take into account swirl generated by intake valves and the exhaust jet coming
out of the exhaust valves. Further, the turbulence generated from swirl and tumble
due to compression and squish can be conveniently analysed.

This information will be very useful to decide whether the conditions in the
cylinder at the end of the compression stroke are conducive for combustion and
flame propagation. It is a known fact that turbulence enhances flame propagation.
Further, it aids complete combustion during the power stroke. For the best power
output, homogeneity of mixture with right air/fuel ratio throughout the combustion
process is a must. CFD analysis can provide the degree of charge stratification.

However, cold flow simulations do not include the significant thermodynamic
changes that accompany combustion. This is because the flow characteristics during
the expansion and exhaust strokes do not reflect actual conditions. In terms of
validation, experimental Particle Image Velocimetry (PIV) or LDV data in cycling
engines is not easy to obtain as with port flow analysis. However, transparent
pistons and cylinders can be used to gather velocity information for simple engine
configurations.

CFD modelling of cold flow involves additional work. First of all, one should
incorporate the valve and piston motion. Further, boundary conditions, turbulence
models and other required submodels should be specified. Details of valve and
piston geometry should be given, along with the lift curves. Engine geometric
characteristics, such as bore, stroke, connecting rod length and compression ratio,
should be given as input data in order to calculate piston position as a function of

Manifold 5

Manifold 6

Fig. 19 (continued)
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crank angle. Since the volume in the cylinder is changing throughout the engine
cycle, the mesh change should take place accordingly. Methods to automatically
modify the mesh during piston motion also need to be incorporated. The CFD
calculation is an inherently transient computational problem. It involves moving
deforming or dynamic mesh. All the geometric motion is a function of a single
parameter, viz. the position of the crankshaft in its rotation, or crank angle.

The preprocessing from geometry to solver set-up is typically time-consuming
and challenging. Here, we should separate or decompose the geometry into moving
and stationary parts. Typically, the intake ports are split off from the cylinder and
valves. The region between the valve margin and valve seat, which opens
and closes during valve motion, should be separated. The combustion chamber and
piston region may be also decomposed or separated into smaller parts. Then, each
part can be meshed accordingly for the solver set-up. Any errors at this stage can
lead to failures downstream during the solution process.

The run times for solver runs can be fairly long since the motion is typically
resolved with small time steps (approximately 0.25 crank angle) to get accurate
results, and the simulation is run for two or three cycles to remove the initial
transients. Finally, the large volume of transient data that results from the CFD
solution needs to be post-processed to obtain useful insight and information. Thus,
cold flow analysis would also benefit from design automation and process
compression.

Table 1 Flow coefficient details with power valve open and closed position

Power
valve
closed

Mass flux
(kg/s)

Density
(kg/m3)

Q (m3/
min)

Inlet
“P2”
(Pa)

Outlet
“P1”
(Pa)

(P2
–P1)
(Pa)

(P2 –

P1)
(mm of
H2O)

K

Manifold 1 0.0908265 1.16203 4.69040 99889 97058 2831 288.583 3.6218

Manifold 2 0.0901336 1.16209 4.65489 99855 97058 2797 285.117 3.6274

Manifold 3 0.0917929 1.16195 4.73994 99879 97,058 2821 287.564 3.5776

Manifold 4 0.0905110 1.16182 4.67427 99,843 97,058 2785 283.894 3.6046

Manifold 5 0.0935049 1.16208 4.82780 99,870 97,058 2812 286.646 3.5069

Manifold 6 0.0883281 1.16175 4.56181 99,850 97,058 2792 284.606 3.6981

Power
valve open

Mass flux
(kg/s)

Density
(kg/m3)

Q (m3/
min)

Inlet
“P2”
(Pa)

Outlet
“P1”
(Pa)

(P2
–P1)
(Pa)

(P2 –

P1)
(mm of
H2O)

K

Manifold 1 0.0937697 1.16200 4.84181 99,911 97,058 2853 290.826 3.4221

Manifold 2 0.0961538 1.16214 4.96431 99,898 97,058 2840 289.501 3.4274

Manifold 3 0.0952559 1.16212 4.91804 99,914 97,058 2856 291.131 3.4693

Manifold 4 0.0970425 1.16222 5.00985 99,916 97,058 2858 291.335 3.4069

Manifold 5 0.0961706 1.16223 4.96479 99,915 97,058 2857 291.233 3.4373

Manifold 6 0.0958784 1.16217 4.94996 99,921 97,058 2863 291.845 3.4512
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6.3.1 Case Study 4: Cold Flow Transient Analysis
on a Single-Cylinder Engine

As is evident that in the previous case studies, only steady flow analysis has been
carried out. It will provide first-cut information for the design modification
requirements. However, true picture will emerge only if a transient flow analysis
with moving piston is carried out. In this case study, a CFD analysis has been
carried out to investigate the effect of intake port configurations such as intake port
cross-sectional area, bend angle, engine speed, and intake pressure on the flow field
inside the cylinder of a DI diesel engine under cold flow condition. Further, to
evaluate consistency of in-cylinder flow structure results, a grid independence study
has been conducted to arrive at the optimum grid density that can be used for
subsequent simulation studies.

In-cylinder fluid dynamics in direct injection CI (diesel) engines play a vital role
during combustion process. In particular, in-cylinder fluid dynamics contribute to
the fuel-air mixing, which is one of the most important factors for the control of the
fuel burning rate. It significantly affects the ignition delay, magnitude of the pre-
mixed burn, magnitude and timing of the diffusion burn, and the emissions of nitric
oxide and soot. In order to have better mixing, swirl is generated during the intake
stroke as a result of intake port shape and its orientation. In IC engines, the fuel
evaporation and mixing processes are strongly influenced by the turbulent nature of
the in-cylinder flows. The velocity gradient in the mean flow is one of the major
reasons for the turbulent fluctuations. The air-jet created by flow during the intake
process interacts with the cylinder wall and moving piston to generate large-scale
rotating flow, both in the vertical and in the horizontal planes. The behaviour of the
in-cylinder turbulent flow can be characterized by monitoring the kinetic energy
and the integral length scale variation of turbulent eddies that contribute to turbu-
lence production during intake and compression processes. In-cylinder flow char-
acteristics at the time of fuel injection and subsequent interactions with fuel sprays
and combustion are the fundamental considerations for the engine performance and
exhaust emissions of a diesel engine.

7 Engine and Operating Conditions

A single-cylinder DI diesel engine having a toroidal combustion chamber with two
direct intake ports whose outlet is tangential to the wall of the cylinder and two
exhaust ports to simulate the flow field inside the cylinder has been chosen. The
geometry with different intake port configurations such as constant cross-sectional
area (CCS), varying cross-sectional area (VCS), combination of both (CVCS) and
varying cross-sectional area intake ports with different bend angles (20°, 30° and
40°) have been investigated. However, the results pertaining to varying
cross-sectional area (VCS) with 20° bend angle only will be presented and dis-
cussed. Geometrical details and operating conditions of the engine are given as
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input, and appropriate fuel injection strategy has been adopted. The geometrical
details of the engine are given in Table 2.

8 Methodology

The CFD code, STAR-CD, has been used as solver. The code solves the discretized
Navier–Stokes equations. For physical modelling, the RNG k–e turbulence model
with standard wall function has been employed. The solution algorithm is based on
the pressure-correction method. It uses the PISO algorithm with the first-order
upwind differencing scheme (UD). For the solution of the momentum, energy and
turbulence equations, the implicit temporal discretization method is employed.
Spatial discretization is done using the UD. For solving momentum, turbulent
kinetic energy/dissipation and temperature, the appropriate equations with central
differencing scheme are used.

The calculations begin at TDC of the intake stroke and complete at 30° after
TDC (aTDC) of compression. This means a cold flow analysis has been carried out.
The results of different variables plotted are presented in non-dimensional form.
Normalization is done with respect to mean piston speed which facilitates the
comparison. The various equations are represented through Eqs. (2–6).

Swirl ratio; SR hð Þ ¼ v hð Þ
2pN
60 r

ð2Þ

Radial velocity ¼ u hð Þ
Vp

ð3Þ

where v = tangential velocity in m/s, h = crank angle in degrees, N = engine speed
in rpm, r = distance from cylinder axis in m, u = radial velocity in m/s, VP = mean
piston speed in m/s.

Table 2 Geometrical details of the engine

Bore 130.0 mm Static bumping clearance 1.55 mm

Stroke 150.0 mm Compression ratio 15.5:1

Connecting rod length 275.0 mm Intake valve diameter 44.4 mm

Displacement 1991 cc Intake valve opening 9° bTDC

Rated speed 2000 rpm Intake valve closure 62° aBDC

Bowl diameter 76.0 mm Exhaust valve opening 43° bBDC

Bowl depth 29.0 mm Exhaust valve closure 10° aTDC

Bowl volume 113.5 cc
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Turbulence intensity ¼ u0 hð Þ
Vp

¼
2
3 k
� �1=2
Vp

ð4Þ

where u0 ¼ fluctuating velocity in m/s and k = turbulent kinetic energy in m2/s2.
Swirl is defined as the organized rotation of the charge in the cylinder with

respect to the cylinder axis. With an initial angular momentum in the incoming
charge, swirl is created. Swirl ratio is defined as the ratio of total angular
momentum of the in-cylinder fluid about the cylinder axis to the total moment of
inertia of the fluid about the cylinder axis:

where HZ ¼
XNCells

i¼1

fviðxi � xÞ � uiðyi � yÞgmi ¼
XNCells

i¼1

fvixi � uiyigmi

and MZ ¼
XNCells

i¼1

fðxi � xÞ2 þðyi � yÞ2gmi ¼
XNCells

i¼1

fx2i þ y2i gmi

ð5Þ

Mass averaged turbulence intensity ¼ u0ðhÞ
VP

¼
Pn

i
2
3 ki
� �1=2

VðhÞiqðhÞi
VP

Pn
i VðhÞiqðhÞi

: ð6Þ

where Hz represents the total angular momentum of the in-cylinder fluid about the
cylinder axis (z-axis), Mz is the total moment of inertia of the fluid about
the cylinder axis, N is the angular speed of the crankshaft in rpm, ui and vi represent
the local components of velocity in x and y directions, respectively, mi is the mass
accumulated in each cell, V is the cell volume, q is the density, h is crank angle, and
xi and yi represent axes in radial and tangential direction.

9 Modelling Procedure

A hexahedral block structure mesh is employed for the entire computational domain
of the engine with 505,542 cells. The preprocessor GAMBIT is used to create the
entire computational domain of the engine including intake and exhaust ports.
STAR-CD is used for the solution of governing equations and post-processing the
results. The meshed intake and exhaust port geometry is shown in Fig. 20.

10 Boundary and Initial Conditions

The boundary and initial conditions (Table 3) employed are as follows: by
neglecting dynamic effects, constant pressure boundary conditions are prescribed to
both intake and exhaust ports. Smooth wall option is used in order to take it into
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account frictional effects at the walls. Walls are considered as adiabatic. The initial
values of pressure and temperature prescribed are assumed to be in the whole
domain. The residual swirl of the flow in the cylinder at the end of the exhaust
stroke is considered as negligible. This means that the flow is supposed to be
quiescent initially. The initial turbulent intensity is assumed as 5% of the mean
flow. The integral length scale is calculated using Prandtl’s mixing length model.
The walls in the entire are considered adiabatic.

In-cylinder fluid dynamics in DI diesel engines plays a vital role during com-
bustion process. In particular, in-cylinder fluid dynamics plays a vital role in
controlling the fuel burning rate. Burning rate in turn affects the ignition delay, rate
of the premixed as well as the diffusion burning. Further, it controls the emissions
of NOx and soot. For better mixing, during the intake, stroke swirl is generated.
This is achieved by designing appropriate intake port shape and its orientation.

Fuel evaporation and mixing process in an in IC engines are strongly influenced
by the in-cylinder turbulence. The turbulent fluctuations are created by the velocity
gradient in the mean flow. The jet action by flow during the intake process interacts
with the cylinder wall and moving piston. This generates large-scale rotating flow,
both in horizontal and in the vertical planes. In-cylinder turbulent flow behaviour

Table 3 Boundary and initial conditions

Boundary conditions Initial conditions

Intake and exhaust ports Intake and exhaust ports

Type
Temperature
Turbulent intensity
Length scale

Constant pressure 1.01 bar
303 K
5%a

1 mma

Pressure
Temperature
Turbulent intensity
Length scale

1.01 bar
303 K
5%a

1 mma

Cylinder–valve interface Cylinder

Type Attach Pressure
Temperature
Turbulent intensity
Length scale

1.0 bar
303 K
5%
1 mm

Wall

Type
Wall heat

Smooth wall, no slip
Adiabatic

aSource www.adapco-online.com

20o bend angle 30o bend angle 40o bend angle 

Fig. 20 Varying cross-sectional area with different bend angles
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can be characterized by the kinetic energy and the integral length scale variation of
turbulent eddies. These turbulent eddies contribute to turbulence production during
both intake and compression processes. Engine performance and exhaust emissions
of a diesel engine are controlled by in-cylinder air motion at the time of fuel
injection and subsequent interactions with fuel sprays and combustion.

The objectives of this case study are to investigate the effect of inlet port con-
figuration on the in-cylinder flow dynamics. The results obtained through simula-
tions to meet the objective are presented in this section in the following order:

• validation of the code used and the grid independence study;
• study of the effect of variable cross-sectional area intake port with different bend

angles under cold flow motoring condition.

11 Validation of the Code

For the validation of the CFD results, a 20° bend angle having varying
cross-sectional area intake ports is considered. The predicted results are compared
with the experimental results of Payri et al. [57, 58]. This configuration has been
chosen since experimental results are available for such a configuration. The
operating speed of the engine, intake pressure and temperature are 1000 rpm,
1.01 bar and 303 K, respectively. The results obtained for swirl ratio, turbulent
intensity and radial velocity variations at different crank angles are compared with
Laser Doppler Velocimetry (LDV) measurements of the same engine. The engine
under consideration is equipped with toroidal combustion chamber in which
measurements have been made at different locations at a radial distance of 34 mm
from the axis of the cylinder and at a distance of 4, 8, 12 and 16 mm (Z1, Z2, Z3,
Z4), respectively, from the cylinder head the details of which are shown in Fig. 21.
One of the exhaust valves of the cylinder under consideration is made inoperative.
A thick quartz window is inserted in the space for measurement purpose.

1 :   4 mm from the cylinder head 
2 :   8 mm from the cylinder head 
3 : 12 mm from the cylinder head 
4 : 16 mm from the cylinder head 
r = 34 mm

Fig. 21 Measuring locations
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Figures 22 shows the distribution of swirl ratio at various crank angles (70°
during compression stroke and 30° during expansion stroke) around compression
TDC for the two measuring locations. It is shown that swirl ratio decrease is
observed during compression stroke. It may be due to swirl getting converted into
squish slowly. The wall friction also may play a part. As can be seen from the figure
as the piston approaches TDC, swirl is enhanced. It is due to the flow acceleration
which causes the reversal of its angular momentum within the smaller diameter
piston bowl. During the expansion stroke as the flow starts exiting, reverse squish
action takes place. The sudden fall in the swirl ratio is caused by the piston bowl
and wall friction. As shown in Fig. 22, the predicted results are in good agreement
with experimental results at all locations. During the expansion stroke, there is a
faster decay of swirl at locations especially near the cylinder head. This is due to
reverse squish–swirl interaction. As the piston moves away from TDC, this inter-
action becomes less and less.

Figure 23 shows the distribution of non-dimensional turbulent intensity, which
decays almost linearly as it approaches TDC at 4- and 8-mm location. This is due to
squish and swirl interaction. As the bowl has an open geometry at the top, the radial
motion gets weakened and the squish effect becomes small. It is true particularly at
the measurement points. As can be seen from the figure, the measuring points are
located relatively far away from the walls. It is evident that turbulence dissipation
rate is higher compared to the turbulence generation rate. The predicted results are
in good agreement with experiments.

12 Grid Independence Study

Results presented here has been carried out with varying cross-sectional area intake
ports with a 20° bend angle which is used for validation, to study the effect of grid
density on the simulated results. For this purpose, the computational domain

Location Z1 = 4 mm, 
              r = 34 mm
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Fig. 22 Swirl ratio versus
crank angle at various
locations (Z1 = 4 mm and
Z2 = 8 mm from the cylinder
head) compared with
experimental LDV data for
varying cross-sectional area
with 20° bend angle
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consisting of 337,978 (grid A), 505,542 (grid B), 691,354 (grid C) and 912,680
(grid D) cells has been used. Figure 24 shows mass averaged swirl ratio (SR) and
non-dimensional turbulent intensity during suction and compression strokes for
various grid densities. These mass averaged variables are considered to be the most
appropriate to characterize the flow within the cylinder. The swirl in the cylinder is
generated during the intake stroke, and the swirl increases with increasing piston
speed. After reaching the maximum piston speed, the piston starts decelerating
towards BDC, the mass averaged cylinder velocity decreases, and swirl starts
decreasing slowly during the rest of the intake stroke (say up to 180°). This
reducing trend continues in the first part of the compression stroke due to slow
acceleration and compression effect. However, while approaching TDC, swirl is
enhanced as the flow accelerates in preserving its angular momentum within the
smaller diameter piston bowl. During the expansion stroke, there is reverse squish,
as the flow exits from the piston bowl which is mainly responsible for the sudden
fall in swirl velocity. A similar behaviour can be observed in case of the turbulent
intensity also. There is a rapid increase at the beginning of the intake stroke caused
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Fig. 23 Non-dimensional
turbulent intensity versus
crank angle at various
locations (Z1 = 4 mm and
Z2 = 8 mm from the cylinder
head) compared with
experimental LDV data for
varying cross-sectional area
with 20° bend angle
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by the shear stresses associated with the intake jet entering the cylinder and piston
acceleration. This is followed by a reduction of turbulent intensity up to a point just
before TDC and a slight rise up to TDC and drop during early expansion. With
higher and higher cell density, there is slight increase in swirl ratio near com-
pression TDC and slight decrease between maximum valve lift and earlier to TDC.
However, a small increase in turbulent intensity is observed throughout the stroke.
The comparison of flow quantities such as the mass averaged swirl ratio and
non-dimensional turbulence intensity obtained at 115 CAD corresponds to maxi-
mum valve lift, 345 CAD near the point of fuel injection and at compression TDC.
Grids B and D show almost same maximum swirl ratio at all the three crank angles
considered, and grid B shows very small reduction in turbulent intensity compared
to higher grid densities. Considering the computational expense and time, the grid
B with 505,542 cells is used for further computations.

13 Parametric Studies

Based on the confidence gained by the validation, simulation has been carried out to
study the effects of intake port cross-sectional area, bend angle, engine speed and
intake pressure on in-cylinder flow structure. Three intake port cross sections CCS,
VCS and CVCS are considered. To start with a 20° bend angle has been taken for
constant cross-sectional area intake ports. Three engine speeds (1000, 1500 and
2000 rpm) and different intake pressures (1.01, 1.1, 1.2, 1.4, 1.6 and 1.71 bar) have
been studied. The main aim is to present the results of a comprehensive CFD study
on the flow characteristics inside the cylinder of a heavy-duty DI diesel engine and
provide an insight to the influence of above-said parameters on flow characteristics
near TDC just before the start of combustion. However, only VCS configuration
with 20° bend angle will be presented.

Fig. 24 Temporal distribution of mass averaged swirl ratio for different grids
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13.1 Effect of Intake Port Cross-Sectional Area

Simulation is carried out to study the effect of intake port cross-sectional area on
flow structure with initial values of pressure and temperature of 1.01 bar and
303 K, respectively, at an engine speed of 1000 rpm. The flow in the cylinder
during the intake and compression stroke is analysed. The volumetric efficiency
estimated from the flow is 88.79%. Figures 25 and 26 show the temporal variation
of mass averaged swirl ratio and non-dimensional turbulent intensity during suction
and compression strokes. The mass averaged swirl ratio and non-dimensional tur-
bulence intensity are analysed for three crank angles, viz. 115 CAD corresponds to
maximum valve lift, 345 CAD near the point of fuel injection and at compression
TDC. Consider the swirl ratio at 115 CAD where the intake valves are fully opened.
The swirl ratio at this crank angle is higher due to maximum valve lift condition.
The reason for the increase in swirl ratio is pressure drop due to convergent
cross-sectional area, which results in increased flow velocity. Hence, the flow
accelerates and because of the 20° bend angle there is flow deflection. Due to
acceleration, the momentum increases, which manifests itself as swirl. Further, it is
interesting to note that with respect to 115 CAD (full-valve lift position), the swirl
ratio correspondingly at 345 CAD and 360 CAD is 23.13 and 51.88% more for
varying cross sections. This is due to enhancement of swirl by squish effect and also
due to high initial velocity. Turbulence intensity will fall with commencement of
intake valve closure, and turbulence fluctuations again increase beyond the intake
valve closure due to increased fluid movement. Both swirl ratio and turbulent
intensity fall after compression TDC due to reverse squish–swirl interaction.

Figure 27 shows the distribution of non-dimensional velocity and turbulent
intensity, respectively, at a cross section passing through the axis of intake valves at
35 CAD (35° aTDC). It is the initial stage of intake stroke at which intake valves
have just started opening. As can be seen, two toroidal vortices appear near the wall
of the cylinder as well as at the centre of the bowl because strong interaction of

Fig. 25 Temporal
distribution of mass averaged
swirl ratio in variable area
intake port cross sections with
20° bend angle
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intake jets impinges on the walls of the cylinder and the piston during the induction.
In the initial stage of intake stroke, the space in the small volume contained between
the cylinder head and the piston bowl is not sufficient for a vertical flow to develop
clearly in any direction. During the induction, the intake jets impinge on the walls
of the cylinder and the piston. Due to this strong interaction of intake jets, toroidal
vortices appear near the wall of the cylinder. The two induction jets collide and
impinge on the bottom surface of the combustion chamber creating two more
toroidal vortices (recirculation zones) inside the combustion chamber bowl. In all
the cases, maximum value of turbulent intensity observed near the cylinder wall and
at the centre of the combustion chamber where the jet impinges. The turbulent
intensities are highly non-uniform with maximum values in the strong recirculation
zone where the jets collide.

Fig. 26 Temporal distribution of mass averaged non-dimensional turbulent intensity in different
intake port cross sections with 20° bend angle

Fig. 27 Non-dimensional velocity field and turbulent intensity in axial midsection at 35 CAD
(35° aTDC) in a computational domain with varying cross-sectional area intake ports with 20°
bend angle
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Figure 28 shows the distribution of non-dimensional velocity and turbulent
intensity at 165 CAD (165° aTDC). It is the final stage of intake stroke at which
intake valves are starting to close. This crank angle has been chosen to study the
flow structure development near the intake valve closing. The vortex at the centre of
the cylinder seems to have stabilized and elongated at the same location, and there
is no other vortex observed below the intake and exhaust valves have been dis-
appeared. The vortex, nearer to left-side cylinder wall and above the piston top
surface, is closer to cylinder wall, and the other one is closer to the corner adjacent
to cylinder wall and piston top surface. One more additional vortex is observed in
the centre of the combustion chamber. When the piston is approaching BDC, the
piston speed is low and the inlet velocity of the flow entering the cylinder is also
low. This makes the vortex observed earlier gets stabilized at the same location.

The turbulent intensity distribution is almost uniform. The maximum value of
turbulent intensity still appears around the valves. A small zone of strong turbulence
observed near the intake and exhaust valves. After the closing of intake valves, the
turbulence becomes more uniform during remaining part of the compression stroke
because the discharge velocities and the shear stresses induced in the top portion of
the cylinder gradually decay.

Figure 29a, b shows the distribution of non-dimensional velocity and turbulent
intensity, respectively, at 345 CAD (near the point of fuel injection). There are two
vortices with opposite rotational directions observed near the centre of the com-
bustion chamber. The maximum value of turbulent intensity is observed in the
intake side, centre and exhaust side of the combustion chamber. Maximum values
of velocity and turbulent intensity are observed in this configuration.

Figure 30a, b shows the distribution of non-dimensional velocity and turbulent
intensity at compressionTDC (360CAD). For casesa and c, two toroidal vorticeswith
opposite rotational directions near the combustion chamber wall and one almost at the

Fig. 28 Non-dimensional velocity and turbulent intensity field at 165 CAD (165° aTDC) in a
computational domain with varying cross-sectional area intake ports with 20° bend angle

Application of CFD for Analysis and Design of IC Engines 289



centre of the combustion chamber are observed. For the configuration under consid-
eration, there are four vortices with opposite rotational directions observed in the
combustion chamber. The appearance of toroidal vortices with opposite rotational
directions is due to strong interaction between squish and swirl near TDC and also due
to central projection in the bowl. The centrifugal force caused by the tangential vortex
impedes the flow from entering radially towards the central zone of the cylinder. The
maximum value of turbulent intensity is observed in the centre of the combustion
chamber. From the results so far presented, it may be concluded that the varying
cross-sectional area intake port configuration provides plausible results.

Fig. 29 a Non-dimensional velocity field at 345 CAD in a computational domain with varying
cross-sectional area intake ports with 20° bend angle. b Non-dimensional turbulent intensity field
at 345 CAD in a computational domain with varying cross-sectional area intake ports with 20°
bend angle
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13.2 In-Cylinder Combustion Simulation

Combustion process involves simulation of the power stroke during the engine
cycle, starting from closing of valves to the end of the expansion stroke. Since the
valves are closed, the combustion chamber is the main flow domain and the piston
is the sole moving part. These simulations are also known as “in-cylinder com-
bustion”. Combustion simulation in multidimensional modelling is less complicated
geometrically than a port flow simulation. If the geometry is rotationally symmetric,
the entire domain can be modelled as a sector to speed up the calculation.

Typically, the initial flow field at this stage can be obtained from

Fig. 30 a Non-dimensional velocity field at TDC (360 CAD) in a computational domain with
varying cross-sectional area intake ports with 20° bend angle. b Non-dimensional turbulent
intensity field at TDC (360 CAD) in a computational domain with varying cross-sectional area
intake ports with 20° bend angle
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• a cold flow simulation if 3D geometry is used;
• patching-in can be done based on a cold flow analysis;
• running the piston putting off the combustion to obtain charge compression.

As with cold flow, a moving deforming mesh model can be used for the piston
motion. Since only the piston motion is included, geometric decomposition is not
required in the simulation. The modelling of the fluid dynamics in the valve port
region and their effect on combustion need not be included in the in-cylinder
combustion simulations.

Models pertaining to the fuel spray, combustion and pollutant formation should
be included. In direct injection engines, the fuel spray from the tip of the injector
nozzle should be included at the specific crank angle and duration using appropriate
spray model. For port fuelled engines, it may be assumed that the combustion
charge is well mixed. A chemical mechanism describing the reaction of fuel vapour
with air is used to describe combustion. Models for turbulence–chemistry inter-
action should be specified. Submodels for NOx and soot formation must be
incorporated to calculate pollutant formation, which can be coupled with the
combustion calculation or calculated as a post-processing step.

The main challenge in modelling in-cylinder combustion process lies in the
physics for spray modelling and combustion. The spray can be considered as a
column of liquid entering the domain at high speed which subsequently breaks into
droplets due to aerodynamic forces. These droplets can coalesce into larger droplets
or break into even smaller droplets. During this process, droplets exchange mass
with the surrounding gases. Submodels for coalescence and break-up, as well as
heat and mass transfer, are used to capture spray dynamics. The most important
point is that the CFD mesh should be sufficiently fine to capture the coupling
between the liquid droplets and the gases in the cylinder accurately. If liquid spray
impinges upon the cylinder walls, it is possible to form a thin liquid film. This will
undergo its own processes of movement and vaporization and will require a sep-
arate treatment.

To evaluate combustion, detailed chemical mechanisms for pure fuels that
constitute the components of diesel fuel and gasoline involve hundreds of species
and thousands of reactions. These reactions are coupled with the fluid dynamics due
to the similar timescales of fluid mechanical motions and chemical reactions. The
energy release during the combustion process increases pressures and temperatures
for the working medium. This in turn affects the fluid motions inside the cylinder.
A direct computation of this coupled interaction, while including detailed chemistry
is staggeringly expensive in terms of computation time and is impractical for
complex geometries. Therefore, submodels should be included to take care of this.

Reduced order mechanisms can capture most of the essential chemistry in a
narrower range of temperature and equivalence ratio. They should be used along
with a submodel for turbulence–chemistry interaction. One such model is the
probability density function (PDF) approach which allows an efficient computation
of turbulence–chemistry interaction. Flame propagation is modelled using a pro-
gress variable-based approach which calculates the transient flame front speed and
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location. These approaches enable computation of the combustion process on large
meshes in complex geometries with a reasonable computational power.

Simplified mechanisms can be used to compute the NOx formation due to

• high temperatures (thermal NOx);
• nitrogen in the fuel (fuel NOx);
• fuel reactions in the flame front (prompt NOx);
• sulphur oxides in the fuel (SOx);
• soot formation.

These pollutants are generally a very small percentage of the total mass in the
cylinder. Therefore, these calculations can be decoupled from the calculation of the
main energy release. In some cases, this is done during the post-processing oper-
ation at the end of the simulation. However, it is more accurate to include the
pollutant formation stage in the simulation. This is true especially for the pollutants
arising from incomplete combustion that oxidize later in the cycle.

13.2.1 Case Study 5: Combustion Analysis in a DI Diesel Engine

In the previous case study, we investigated the effect of port bend angle in cylinder
flow field. I found that a variable area port with 20° bend angle was giving better in
cylinder air motion. In this case study, we will move one step forward to simulate in
cylinder combustion process on a single-cylinder DI diesel engine. First, we will
explain the combustion model used and also give models for NOx and soot for-
mation, and then, the predicted results will be presented and explained.

13.3 Modelling of Combustion Process

The process of combustion is modelled using extended flame coherent model. It is
named as ECFM-3Z model which is a general-purpose combustion model capable
of simulating the complex mechanisms of turbulent mixing, flame propagation,
diffusion combustion and pollutant formation. The flame propagation phase is
modelled by the flame surface density (FSD) transport equation which is given by
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where D is the molecular diffusivity, Cdivu is an empirical parameter with default
value of 1.0, C is a correction factor that takes into account the flame chemical
timescale and the flame interaction with the walls, C is the ITNFS (Net Flame
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Stretch) function, qu and qb the density of the unburnt and burnt gases, Ul the
effective laminar flame speed, c is the isentropic coefficient, Sconv is an additional
contribution to the FSD from convection at the spark plug, a and b are empirical
coefficients for the production and destruction terms, lt is the turbulent viscosity,
p is the thermodynamic pressure, and c is the Reynolds-averaged progress variable.

It can also be used for in-cylinder analysis in a multi-injection environment and
for multi-cycle simulations. ECFM-3Z model is recommended for general com-
bustion simulation of both gasoline and diesel engines with homogeneous or
non-homogeneous fuel–air mixtures. “3Z” stands for three zones of mixing, namely
the unmixed fuel zone, mixed gases zone and the unmixed air plus EGR zone which
is shown in Fig. 31. The three zones are too small to be resolved by the mesh and
are therefore modelled as subgrid quantities. The mixed zone is the result of tur-
bulent and molecular mixing between gases in the other two zones and is where
combustion takes place.

13.4 NOx Model

The principal reactions for the formation of thermal NOx is recognized and pro-
posed by Zeldovich mechanism. The rate of formation of NOx is significant only at
higher temperature since the thermal fixation of nitrogen requires breaking of strong
N2 bonds. This effect is represented by the high activation energy of reaction, which
makes the reaction as the rate-limiting step of Zeldovich mechanism.

13.5 Soot Model

The formation and emission of carbonaceous particles is a process that is often
observed during the combustion of hydrocarbons. In general, the soot formations in
IC engines are due to incomplete combustion of fuel. Apart from the loss of fuel and

Fig. 31 ECFM 3Z combustion model
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combustion efficiency, it affects the health of human life and environment. Hence,
there are strict legislative demands to produce cleaner engines. There are many
models proposed for soot formation. In Chapter “Characterization of Ringing
Operation in Ethanol Fueled HCCI Engine Using”, the details of all models, viz.
RNG k–e, droplet break-up, ECFM-3Z combustion model for diesel combustion,
NOx model, soot model, are explained.

Initially, a cold flow analysis was carried out and, from that analysis, it was
found that out of eight-piston top configurations studied, flat with central bowl and
pent roof with offset bowl pistons exhibits higher velocity, TKE, TR, turbulence
intensity and length scale as compared to those of other piston top configurations.
Hence, CFD analysis is extended for combustion studies with these piston top
profiles (called as optimized piston top profiles). However, only results pertaining
to flat piston-with-centre-bowl will be presented and discussed.

13.6 Spray Structure

The most significant feature of the diesel engine is the use of liquid hydrocarbon as
a fuel. The liquid fuel injected through the nozzle breaks up, atomizes and evap-
orates in a high temperature surrounding air and burns as being mixed with air. The
behaviour of fuel spray during the break-up, atomization and vaporization mainly
depends on the air entrainment with a higher velocity and the higher temperature
inside the engine cylinder [16].

Figure 32 depicts the plot of fuel injection and spray evaporation for the flat
piston-with-centre-bowl at the end of fuel injection (717 CAD). Figure 32a shows
the interaction of flow field with diesel fuel injection. Figure 32b shows the
exploded view of diesel fuel spray evaporation having larger droplets in head region
and a very less number of evaporated droplets near the tail region inside the engine
cylinder.

Fig. 32 Plot of fuel injection on flow field and spray evaporation for flat piston-with-centre-bowl
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13.7 Diameter and Droplet Velocity

Figure 33 shows the variation of fuel droplet diameter with crank angles for the flat
piston top profiles with central bowl during the period of injection. From Fig. 33, it
is clear that fuel droplet diameter is around 1.8 lm during the start of injection. As
more fuel gets accumulated between 705° and 715° crank angle and because of
adhesion, the diameter of droplets gets increased. Near the end of injection as the
fuel nozzle getting closed, the fuel break-up is not proper and therefore the diameter
of the droplets shoots up.

Figure 34 depicts the variation of fuel droplet velocity with crank angles for the
flat piston top profiles with central bowl during the period of injection. From
Fig. 34, it is noted that the flat piston-with-centre-bowl gives a maximum fuel
droplet velocity of about 75 m/s.

Fig. 33 Variation of droplet
diameter with crank angle
with flat
piston-with-centre-bowl

Fig. 34 Variation of droplet
velocity with crank angle for
flat piston-with-centre-bowl
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13.8 Peak Pressure

Figure 35 depicts the pressure contours for flat piston-with-centre-bowl under firing
condition at an engine speed of 1500 rpm with a conventional start of fuel injection
timing at 23° bTDC. It is observed that flat piston-with-centre-bowl develops peak
pressure of 67.9 and 77 bar at 710 and 720 CAD under full load condition which is
reasonably a good value for such a configuration.

13.9 Heat Release Rate

Figure 36 shows the variation of heat release rate with crank angles for flat
piston-with-centre-bowl at an engine speed of 1500 rpm. From Fig. 36, it shows the
early start of heat release during premixed combustion period and slower rate of
combustion during diffusion combustion period. The maximum heat release rate of
78 J/°C A is obtained with the flat piston.

(a) At 710 CAD (b) 720 CAD

Fig. 35 Pressure contours for flat piston-with-centre-bowl

Fig. 36 Heat release rate
versus crank angle
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13.10 Peak Temperature

Knowledge of the temperature distribution inside a combustion chamber of an
engine is the fundamental step to understand the combustion process and flame
propagation. As well, if the peak temperature is too high it can disrupt the engine
functioning, since the engine is made of material that dilates, and as a consequence,
the dimension of the different parts of the engine gets distorted. Figure 37 illustrates
the computed temperature contour plot for two different piston top profiles on the
midplane passing between the centrelines of intake and exhaust valve through axis
for different crank angle degrees (say 720–1080 CAD in steps of 30 CAD). From
these figures, it is observed that flat piston-with-centre-bowl gives peak an about
2369 K. Further, it beautifully depicts the process of combustion during the
expansion stroke. As expressed earlier, even though such a process to visualize

810 CAD 840 CAD 870 CAD

720 CAD 750 CAD 780 CAD

Fig. 37 Temperature contours for flat piston-with-centre-bowl
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experimentally is extremely difficult, CFD analysis throws a good light on theo-
retical visualization in the process of combustion.

14 Full Cycle Simulations

As the name indicates, full cycle simulations essentially involve all the five pro-
cesses, viz. suction, compression, combustion, expansion and exhaust. This means
the prediction of all details right from cold flow analysis, in-cylinder combustion
and complete simulations of the entire engine cycle. This is nothing but a transient
computation of turbulent airflow, spray and combustion, and exhaust with moving
valves and pistons. The initial flow field is obtained from a cold flow simulation or
by running the engine without combustion for a cycle before turning on spray and
combustion.

The advantage of full cycle simulations is that they provide the full picture of
engine performance, taking into account intake and exhaust valve fluid dynamics,
mixing, turbulence production, spray, combustion and flame propagation, and
pollutant formation. It is to be emphasized here that they are extremely complex to
set up and expensive to run.

The geometry preparation is a complex exercise. It includes geometry from the
throttle body, ports, valves, combustion chamber, cylinder and the piston, making it
difficult to perform clean-up, decomposition and meshing. The solver set-up has to
include moving mesh, airflow, turbulence, spray, turbulence–chemistry and flame
propagation, and pollutant formation.

From the above, the need is for process compression and automation all the way
from geometry to post-processing. If properly done, it will considerably reduce the
time needed for problem set-up and post-processing. Further, accurate and efficient
models for chemistry, spray and combustion, as well as efficient solver techniques,
are required to get the solution in the shortest time possible.

14.1 Case Study 7: Expansion Process with NOx and Soot
Prediction

So far, we have illustrated up to expansion process in the previous case studies. In
this section, we will present the results for the exhaust process so that we will have
the satisfaction of presenting all the processes of an IC engine by different case
studies, which is the aim of this chapter. Figure 38 shows the complete exhaust
process starting from 900 to 1080 CAD in terms of 30 CAD. As the piston moves
from bottom centre to top centre, it pushes the product of combustion. During the
process, the temperature of the working fluid in the cylinder drops which is well
presented in this figure.
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14.2 NOx and Soot Emissions

Comparison of Figs. 39 and 40 shows a trade-off between NOx and soot emissions
for the flat piston-with-centre-bowl. NOx formation at the beginning of injection is
higher. This is due to the rate of temperature rise is higher during the early part of
combustion.

In order to lower pollutant emissions of diesel engines, enormous efforts have
been taken to overcome the trade-off between NOx and soot emissions. As it is well
known, due to the NOx and soot trade-off relation, it is difficult to reduce these two
pollutants simultaneously. For example, changing the combustion chamber shape to
achieve a better in-cylinder air motion is an effective way to reduce soot formation
by increasing the peak cylinder temperature and pressure. However, this usually
results in an increase in NOx production.

(s) 900 CAD (t) 930 CAD (u) 960 CAD 

(v) 990 CAD (w) 1020 CAD (x) 1080 CAD 

Fig. 38 Temperature contours for flat piston-with-centre-bowl during exhaust
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15 Conclusion

As mentioned in the early part of this chapter, the main aim of this chapter is to
introduce to the readers the application of CFD in IC engine analysis and design has
been achieved by means of different case studies. Consciously, equations have been
avoided. Different case studies have been presented purposely to establish that it
can be applied to different geometries with different input conditions. From the case
studies presented, it can be concluded that mentioned aim has been achieved.
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Fig. 39 NOx emission versus
crank angle

Fig. 40 Soot emission versus
crank angle
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Future Mobility Solutions of Indian
Automotive Industry: BS-VI, Hybrid,
and Electric Vehicles

Tadveer Singh Hora, Akhilendra Pratap Singh
and Avinash Kumar Agarwal

Abstract Worldwide scientists and researchers are concerned about climate
change and global warming. Automotive vehicles are a major source for emission
of greenhouse gases (GHG) and particulate matter (PM). Complying with strict
BS-VI emission norms require improvised engine calibration, complex
after-treatment (DOC, SCR, and DPF) system calibration, infrastructure develop-
ment and engine validation. BS-VI will significantly reduce GHG and atmospheric
PM, but with long-term perspective, an alternate solution is required to develop
zero-emission vehicles. Recently, government planned to debar gasoline and diesel
vehicles by 2030. In this scenario, Indian automotive industry has to be
future-ready. The future disruptions in Indian automotive would include imple-
mentation of hybrid, electric, and fuel-cell vehicles. Government has started
working in infrastructure development of hybrid and electric vehicles such as
charging units, battery development, charging infrastructure development.
However, currently hybrid and electric vehicles are significantly costlier and are
required to be economically feasible. It can be assumed that conventional gasoline
engines will be used in hybrid vehicles. Diesel engines would also be difficult to be
phased out since implementation of hybrid/electric vehicles in long-haul vehicles
and high-tonnage vehicles would remain challenging, where diesel engines are
currently used virtually unchallenged by any other technology options.
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1 Introduction

Energy is one of the main requirements for the economic development of any
country. Rapidly increasing energy consumption rate in developing countries is
resulting in more petroleum import and increasing dependence on fossil fuels such
as coal, oil, and natural gas. Therefore, India needs some immediate action for
developing a sustainable path for energy supply. Biofuels seem to have the potential
to contribute significantly to India’s energy security. However, a clear choice needs
to be made on priorities. The fuel costs are rising and are dependent on crude oil
pricing. Further, availability of uniform quality gasoline and diesel throughout the
country is a major issue. Distribution infrastructure of fuels needs to be strength-
ened. Sustained availability of fossil fuels has to be ensured. Fuel quality is also
affected by issues such as adulteration. Development of high-performance additives
is essential. Availability of gaseous fuels like CNG needs to be improved.
Infrastructure for dispensing alternative fuels like CNG and LPG and charging
electric and hybrid vehicles needs to be established. Use of new synthetic fuels such
as DME, methanol, GTL need to be encouraged.

Fossil fuels supply more than 80% energy for global consumption and more than
95% energy for transport sector globally. Vehicular pollution from combustion of
these fossil fuels in IC engines cannot be avoided because the pollutants are emitted
at the ground level, close to human breathing level. Severity of vehicular pollution
is reflected in increased human mortality and morbidity and increased symptoms
like cough, headache, nausea, irritation of eyes, various bronchial problems, and
visibility in affected population. Vehicular pollution affects human health adversely
due to the presence of CO, unburned HC, oxides of nitrogen (NOx), soot, suspended
particulate matter (SPM), and aldehydes, among others in the engine exhaust. Apart
from these harmful pollutants, CO2 leads to various long-term global problems
including greenhouse effect. Almost all countries are working on the technology
options for CO2 emission reduction from engine tailpipe to combat this menace.
This motivates the fuel researchers to develop techniques to utilize alternative
energy resources.

2 Challenges for Transport Sector

Diesel engines emit NOx and particulate in significant amounts and hydrocarbon
(HC) and carbon monoxide (CO) in smaller amounts in comparison with its
gasoline counterpart. The main problem involved with the diesel engines is NOx

and PM emissions. Diesel engines are one of the most important sources of NOx,
which leads to the formation of secondary organic aerosols (SOA). NOx formation
takes place at very high-temperature region during combustion in diesel engines. In
the diesel engine, fuel is injected into the combustion chamber filled with hot and
compressed air, when piston is about to finish the compression stroke. This type of

310 T. S. Hora et al.



mixing results in a heterogeneous distribution of fuel in the combustion chamber.
The heterogeneity of mixture is different at various locations in the combustion
chamber, and it changes at a certain point with time. Mixing of fuel and air is
dependent on fuel injection parameters, fuel characteristics, and combustion
chamber design. Diesel engine power output is mainly governed by the injected fuel
quantity. Hence, formation of pollutants is highly dependent on the injected fuel
quantity. Formation of HC, CO, and PM takes place in different regions of com-
bustion chamber during the two main combustion phases, namely “premixed” and
“mixing controlled” combustion phases, in the combustion chamber. NOx forma-
tion takes place in the high-temperature region of the spray flame. HC formation
takes place either by flame quenching near the chamber wall or by late fuel injection
toward the completion of compression stroke, which results in incomplete or par-
tially burnt fuel. Heterogeneous mixing of fuel and air produces a fuel-rich region in
the fuel spray with high temperature and pressure, which results in formation of
soot. In the later stage of combustion, soot gets oxidized partially, when it comes in
contact with oxygen and other oxidizing agents.

HC emissions produce serious consequences, when diesel engine starts. During
engine cold start, HC emissions are significant and produce white smoke some-
times. Diesel odor comes because of some HCs present in the exhaust gas. Diesel
engines are not considered as a major source of CO. During combustion, the
concentration of pollutants is actually different with the measured concentration in
the exhaust, where chemical equilibrium is considered. For proper investigations of
these emissions, it is important to analyze detailed kinetics of the processes and
chemical mechanisms of the formation of these pollutants. In this process, a vast
number of chemical species are formed and destroyed in fraction of milliseconds,
some of which survive and come out into the atmosphere in detectable concen-
trations. Some of these compounds are very harmful, carcinogenic, teratogenic, and
mutagenic. Unregulated pollutants emitted from IC engines are also very harmful
for human health. Some of the important unregulated species emitted from IC
engines and their harmful health effects are given in Table 1.

In response to the challenging fuel-economy standards, higher fuel prices, and
tighter emissions legislations, automotive companies are motivated to develop
advanced IC engine technologies, which can deliver higher thermal efficiencies and
make road transport more environment friendly. Following subsection describes the
main issues related to the transport sector and possible solutions to resolve these
issues.

2.1 Emerging Engine Technologies

Two major streams of technology in SI engines are two-stroke and four-stroke
technologies. Two-stroke engine technology has been popular in the 1990s due to
its simplicity and low cost. However, two-stroke technology was phased out in
favor of the more fuel-efficient four-stroke engine technology. Also the
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two-wheelers are moving from carburetion to fuel injection technology, due to more
efficient control of fueling, thereby offering superior fuel economy, higher power
output and torque, and lower emissions. Both, the passenger car and SUV segment
use SI and CI engine technologies. It can be noted that the passenger car engine
technologies have completely shifted from carburetion to fuel injection.
Single-point and multi-point fuel injection (MPFI) technologies are used currently.
The future trend is to move toward gasoline direct injection (GDI) technology.
Further incorporation of technologies such as exhaust gas recirculation (EGR),
CNG-LPG, multi-layer catalytic converters will improve fuel economy and reduce
emissions.

Table 1 Health and environmental effects of unregulated emission species [59]

Unregulated emission
species

Possible health and environmental effect

Methane (CH4) • GHG with greenhouse index 21 times that of CO2

• Simple asphyxiant, when inhaled
• Leads to headache, dizziness, weakness, nausea, vomiting, and loss
of consciousness

Normal octane
(n-C8H18)

• Giddiness, vertigo, skin redness and rashes, brain irritation, or
apneic anoxia

• Causes throat and lungs problems and headache

Ethylene (C2H4) • Causes headache, drowsiness, dizziness, weakness, and
unconsciousness

• Causes irritation to respiratory system and alters carbohydrate
metabolism

• Acts as ozone formation agent

Acetylene (C2H2) • Causes suffocation, dizziness, headache, unconsciousness, and
nausea

• Inhalation results in high blood pressure, fits, and abnormal heart
rhythm

Benzene (C6H6) • Drowsiness, dizziness, rapid or irregular heartbeats, headache,
tremors, confusion, unconsciousness, and carcinogenic to humans

• Chromosomal aberrations in human peripheral lymphocytes

Formaldehyde
(HCHO)

• Irritation in eyes, nose, and throat, coughing, and skin irritation
• Considered as human carcinogen, cause asthma-like respiratory
problems

• Affects pregnancy and reproductive system

Acetaldehyde
(CH3CHO)

• Irritation of skin, eyes, mucous membrane, throat, respiratory tract,
nausea, vomiting, and headache

• Probable carcinogen

Formic acid
(HCOOH)

• Causes teary eyes, running nose, coughing, sore throat, bronchitis,
shortness of breath, pulmonary edema, liver and kidney damage

• Burns tissues and membrane of the skin, and respiratory tract

Sulfur dioxide (SO2) • Higher concentration (>100 ppm) causes danger to life and health
• Burning sensation in nose and throat, breathing difficulties, and
severe airway obstructions
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For heavy-duty vehicles, diesel engine technology shifted completely from
indirect injection (IDI) to direct injection (DI). Further common rail direct injection
(CRDI) technology was developed and introduced. The future trend is to move
toward higher-pressure CRDI engine technology. Further incorporation of
advanced technologies such as EGR, turbocharging, multi-valve, and
after-treatment systems like DOC and DPF is inevitable. CI engines for passenger
cars will move toward CRDI and use other technologies such as thermal man-
agement, downsizing, advanced after-treatment systems, and hybridization in
future. Modern HCV and LCV engines require higher specific power and torque
output with faster response, lower fuel consumption, and reduced emissions.
Various powertrain technologies being adopted in vehicles are shown in Table 2.

2.2 Stricter Emission Norms

For reducing CO2 emissions globally from the transport sector, different policies
have been developed, which targets reduction of 30% in CO2 emissions by 2020
and 50% by 2035. To satisfy these goals, overall emission reduction in all spheres
of human activities is targeted, including the road transport sector. Reduction in
emissions from commercial vehicles can be achieved by using cleaner diesel having
low sulfur. Since emission levels are shrinking, engineering solutions to attain such
low levels of emissions are becoming more complex and are closely linked with the
engine and vehicle parameters. To achieve the target, India has moved from BS-I
regulations to BS-IV regulations in last fifteen years. Past and current emission
norms applicable in India are given in Table 3.

Enforcement of uniform emission norms throughout India will be possible only
after April 1, 2017. Currently metro cities have emission norms, which are at a level
higher than the rest of the country. On-road vehicle emission control should be
affected by strengthening the PUC checking system, which is quite rudimentary and
non-functional as of now. Fuel quality also affects the emissions; therefore, effec-
tive fuel quality measures need to be taken up. Enforcement of emission control
devices such as TWC, DPF, SCR, and DOC on vehicles is required to curb
vehicular pollution. Research should be undertaken to develop superior catalysts,
which are tolerant to high-sulfur fuels. Fuel-economy standards need to be intro-
duced along with measures for reducing CO2 emissions. Efforts for improving fuel
economy of fleets should be encouraged. Inspection and maintenance regime should
be introduced for all vehicles to ensure good emission performance of all vehicles.

2.3 Depletion of Petroleum Reserves

Presently, the road transport sector is mainly dependent on mineral diesel and
gasoline. Two-wheelers and light-duty vehicles are mainly operate on gasoline and
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commercial transport like buses, trucks, and heavy-duty vehicles mainly operate on
diesel. However, combustion of these fossil fuels in the IC engines produces dif-
ferent types of pollutants, which are harmful to human health as well as environ-
ment. In order to comply with these increasingly stringent emission norms,
researchers are exploring use of alternative fuels, which can be adopted in current
generation engines with minimal hardware modifications. It is expected that the
emissions from such alternate fuels should be lower than the emissions from
conventional fuels. In this quest, several alternative fuels have been searched and
developed. Researchers are primarily looking at low-carbon fuels in order to reduce
greenhouse gas emissions.

2.3.1 Gaseous Fuels CNG, LPG, and LNG

These gaseous fuels contain more hydrogen and less carbon; therefore, the emission
of greenhouse gases (GHG) and fine particulate is lower from these fuels. Nylon
and Lawson (2000) found that diesel combustion emitted 84 mg/km of fine PM
compared to only 11 mg/km from CNG. The absence of PAHs, airborne toxins, and
SO2 in CNG/LPG/LNG makes these fuels cleaner and more environment friendly.
CNG-/LPG-/LNG-fueled vehicles produce less vibrations and odor compared to
conventional diesel engines. However, issues such as higher initial cost, shorter
driving trip, expensive distribution, and storage network related to CNG/LPG/LNG
vehicles make them less popular for commercial applications.

2.3.2 Biofuels

Biofuel production from renewable sources is widely considered to be one of the
most sustainable alternatives to petroleum fuels and a viable means for environ-
mental and economic sustainability. Biofuels are also an alternative for powering
vehicles, and replacing traditional petroleum-based fuels. The complete landscape
of different generations of biofuels is shown in Fig. 1.

Main source of first-generation biofuels are agricultural products such as beet-
roots, rapeseed. However, they compete with food production, which is the major

Table 3 Emission norms for heavy commercial vehicles in India [60]

Emission
standard

Year CO (g/
kWh)

NOx (g/
kWh)

HC (g/
kWh)

PM (g/
kWh)

BS-I 1998 4.9 9.0 1.23 0.40

BS-II 2000 4.0 7.0 1.1 0.15

BS-III 2005 2.1 5.0 0.66 0.1

BS-IV 2010 1.5 3.5 0.46 0.02

BS-VI 2020 1.5 0.4 0.13 0.01
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obstacle for the commercial production of first-generation biofuels.
Second-generation biofuels are produced using the non-edible parts of plants
(straw, wood, plant waste). This is the main advantage of second-generation bio-
fuels. First- and second-generation biofuels can be used directly in conventional
vehicles and have significant potential to reduce CO2 emissions. First- and
second-generation biofuels like ethanol and biodiesel have a number of inherent
limitations, which make them less suitable for a long-term replacement of fossil
fuels. Therefore, there is a need to develop third-generation biofuels in order to
avoid this “food vs. fuels” dichotomy.

Microalgae are currently being promoted as an ideal third-generation biofuel
feedstock. Microalgae can be used to produce liquid transportation fuels, such as
biodiesel and bioethanol. Several advantages related to microalgae such as rapid
growth rate, CO2 fixation ability, and high production capacity of lipids make it
suitable for long-term replacement of mineral diesel and gasoline. Algae do not
compete with food-crops for resources and can be easily produced on non-arable
land.

Fig. 1 Landscape of different generations of biofuels [38]
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3 Possible Solutions for Future Road Transport Sector

Future Indian road transport will depend on gasoline/diesel for foreseeable future
years and may slowly move to include hybrid and electric vehicles. Diesel engines
emit harmful emission, and stricter norms are implemented to reduce toxic gases.
Gasoline engines enjoy benefit of clean engines since PM emissions are minimal.
Before the gradual spread of hybrid/electric vehicles, dual-fuel technology and
usage of alternative gaseous fuels like CNG and hydrogen in IC engines can be
widespread. Implementation of innovative combustion technologies like
low-temperature combustion can also replace existing heterogeneous combustion
diesel engines.

3.1 Innovative Engine Technology

Stricter emission norms of BS-VI/Euro-VI require improvement of in-cylinder
combustion along with after-treatment. In-cylinder combustion improvement needs
innovations in peripheral component technology of EGR, boost pressure control,
throttling, fuel injection pressure, multiple injections, etc. Some of the innovations
in engine technology include following combustion improvement technologies to
meet BS-VI norms.

3.1.1 High-Pressure and Low-Pressure EGR

EGR is required to control the NOx emissions from an engine. In an EGR system,
certain amount of exhaust gas is mixed with fresh intake air before entering the
intake manifold. EGR absorbs some of the heat released during combustion and
restricts the peak temperature to enter the NOx formation zone. Though EGR
controls NOx formation, it increases PM formation in the diesel engines. EGR rate
should be properly calibrated in an engine based on combustion and emission
optimization. EGR rate is determined based on intake and exhaust CO2 concen-
trations. EGR rate is basically the amount of EGR in total intake charge (fresh
air + EGR) to engine. Figure 2 shows a typical EGR valve and an EGR cooler. Size
and specifications of EGR components varies from light-duty to heavy-duty
engines.

EGR rate ¼ Intake CO2 � Ambinent CO2

Exhaust CO2 � Ambient CO2

EGR can be inducted into engine in two forms, either as high-pressure EGR or
as low-pressure EGR. In high-pressure EGR, exhaust gas is inducted from the
exhaust gas pipe before the turbocharger. This exhaust gas is cooled in the EGR
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cooler, and its amount is controlled by EGR valve before mixing it with fresh intake
air. EGR cooler is a heat exchanger with corrugated tubes. High-temperature EGR
is cooled using the heat exchange by the engine coolant. The pressure difference
exists between intake air and EGR due to high pressure of gases in the exhaust
manifold. Figure 3 shows a typical high-pressure EGR system and low-pressure
EGR system layouts.

In a low-pressure EGR system, exhaust gas is inducted from the exhaust flow
downstream of the after-treatment system. Downstream of the after-treatment sys-
tem, gas flow pressure is low; thus, EGR is mixed with the air at intake of the
turbocharger compressor inlet.

Fig. 2 Typical EGR valve and cooler [39]

Fig. 3 Low-pressure EGR system (Left) and high-pressure EGR system (Right) [40]
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3.1.2 Turbocharger Boost Control

Lower emission levels require sufficient amount of air for proper and complete
combustion. Also, lean-burn combustion reduces the NOx formation. Application of
turbocharger also increases the engine power output. Commercial naturally aspi-
rated engines are rare, and most engines are equipped with turbochargers.
Complying with BS-VI norms is difficult without a turbocharger. Figure 4 shows
simple working principle of a turbocharger, which converts exhaust gas residual
energy to rotate a shaft and the compressor wheel to generate boost pressure.
Innovative turbocharger (TC) control technologies are also available. These are
waste gate, variable geometry turbines (VGT), E-waste gate. Turbocharging in an
engine can be single stage or double stage.

Figure 5 shows a typical waste-gate turbocharger and inner geometry of a VTG
turbocharger. Waste-gate turbocharger is fixed geometry, and boost pressure is
controlled by bypassing certain amount of exhaust gas. Waste gate is controlled
either pneumatically or electronically. VTG is variable geometry turbocharger,
which includes movable vanes in turbocharger wheels. The vane movement is
controlled to limit the boost pressure and turbine wheel speed.

Major parameters for a turbocharger operation in an engine are its maximum
working temperature and turbine speed. Most turbochargers are limited to tem-
perature within 800 °C. Engine calibration is adjusted such that turbocharger does
not exceed its maximum speed. Compressor and turbine maps are generated for
each turbocharger, which defines surging, choking, compressor efficiency, etc.
Appropriate pressure ratios should be maintained across the compressor such that
turbocharger does not operate in surging and choking conditions.

Fig. 4 Working principle of a turbocharger [41]
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3.1.3 Intake and Exhaust Throttle

Intake throttle is used in gasoline and CNG engines to control the amount of air
taken in. In gasoline engines, intake throttle is used to maintain stoichiometric air–
fuel ratio. Future BS-VI/EU-VI engines, especially diesel engines, require either
intake throttle valve or exhaust throttle valve. Throttle valve is required to control
engine combustion thermodynamics, which helps in efficient working of exhaust
gas after-treatment. Exhaust throttle valve is mounted in exhaust layout after the
turbocharger, and intake throttle valve is mounted after the air-charge intercooler in
an engine. For efficient functioning of after-treatment system such as diesel par-
ticulate filter (DPF) and selective catalytic reduction (SCR), certain minimum
temperatures need to be maintained across the after-treatment system. For passive
regeneration of DPF, soot burning temperature is achieved through the engine
exhaust gas; thus, exhaust temperatures are maintained at higher levels by con-
trolling the air–fuel ratio and post-injection. Air–fuel ratio is controlled through the
throttle valve. Intake throttle valve directly controls the airflow to the engine, while
exhaust throttle valve regulates the engine back-pressure to control the air–fuel
ratio. Depending on engine application and thermodynamics, either intake or
exhaust throttle valve is chosen. Figure 6 shows a typical electronic throttle valve
body.

Intake and exhaust throttle valves should be fast and accurate in response, in
order to meet the transient operation of engine. Both the throttle valves are elec-
tronically controlled through engine ECU. Proper calibration of engine decides the
percentage opening of throttle valves. These valves can communicate to the ECU
either through CAN signals or PWM signals. Exhaust throttle valve is manufac-
tured to withstand high exhaust gas temperature and corrosion.

Fig. 5 Typical waste-gate turbocharger [42]
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3.1.4 Fuel Injection System

Most passenger and commercial vehicles in Indian market BS-IV and above norms
are equipped with CRDI system. CRDI system generates high fuel injection pres-
sure, which assists in improving in-cylinder combustion. Figure 7 shows a typical
CRDI system. CRDI system includes high-pressure pump (FIP), high-pressure
common rail, high-pressure fuel lines, injectors, and injector quills. CRDI systems
are electronically operated to control the rail pressure.

Future cleaner emission norms of BS-VI require improvements in combustion to
produce lower soot quantity. BS-VI engines require high fuel injection pressure of
2500 bar. High fuel injection pressure assists in superior atomization, thus produce
low smoke and soot. Major common rail suppliers are Delphi, Bosch, Denso, and
Continental, which are capable of manufacturing high-pressure common rail system
for BS-VI applications.

3.1.5 Cylinder Head: Swirl Ratio and Exhaust and Intake Valves

To get the lowest possible smoke from the engine, cylinder head should be
designed to allow sufficient airflow through the intake ports and minimum oil
leakage through the intake valves. Intake ports are designed for optimum swirl
ratios to allow proper mixing of air and fuel. High swirl ratio allows sufficient air
available through liner surface and crevice volume for combustion of fuel. Figure 8
shows the effect of swirl during flow in the combustion chamber. Swirl creates a
vortex circulation in the combustion chamber. Proper mixing of fuel with air

Fig. 6 Intake throttle valve
[43]
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restricts formation of fuel-rich zones, especially in diesel engine by reducing for-
mation of black soot.

Intake valves and exhaust valves should be designed to allow minimum possible
oil leakage into the combustion chamber. Oil in combustion chamber produces
unburnt hydrocarbons and releases white smoke in the engine exhaust. Valves must
be durable to withstand fluctuating forces. Valve-stem seals are used in intake and
exhaust valves to allow controlled lubrication for valve movement but restrict
penetration of oil into the combustion chamber. Figure 9 shows the application of
deflector and positive-type valve-stem seals.

Fig. 7 Typical common rail direct injection system [44]

Fig. 8 Effect of high swirl (Left) and low swirl (Right) on vortex [45]
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3.1.6 Complex After-treatment Devices

Immediate solution of road transport sector is implementation of BS-VI for
reducing emissions. Existing diesel and petrol engines can be modified with respect
to combustion and exhaust after treatment to satisfy strict BS-VI emission norms. In
diesel engines, diesel particulate filter (DPF) is used for the reduction of PM and
particulate numbers, while selective catalytic reduction (SCR) system is used to
reduce NOx emissions. For a gasoline or diesel engine of lower cubic capacity, lean
NOx trap (LNT) is sufficient to reduce NOx levels. Complex after-treatment cali-
bration is required for efficient functioning of DPF and SCR. Figure 10 shows a
typical layout of exhaust gas after-treatment system of BS-VI/EU-VI engine.

Basic function of after-treatment system is to reduce engine-out emissions of
THC, CO, NOx, and PM. Efficiency of after-treatment system is a critical parameter
for sufficient reduction of emissions. Engine-out HC and CO are reduced by DOC,
which also converts NO component of NOx into NO2. NO2 reacts with soluble

Fig. 9 Valve-stem seals [46]

Fig. 10 Typical exhaust system layout [47]
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organic fraction (SOF) and soot in DPF to reduce them to CO2. Engine-out PM is
thus burnt inside DPF. Only regulatory emission out of DPF is NOx. NOx is
converted into nitrogen through the use of SCR. Some part of NH3 remains
unreacted with NOx and is emitted out of SCR. Traces of NH3 emitted through
engine tailpipe is restricted to 15 ppm in EU-VI norms. This remaining NH3 is
controlled and neutralized by the ammonia slip catalyst (ASC). Figure 11 shows the
complex layout of a typical exhaust gas after-treatment system with its subcom-
ponents and sensors. Basic working principle of after-treatment system is described
in the following subsections.

Diesel Oxidation Catalyst (DOC)

As the name signifies, DOC assists in oxidation of HC, CO, and NOx. In a two-way
catalytic converter, HC and CO get oxidized with the excess oxygen present in the
exhaust gas to form water vapor (H2O) and CO2, while three-way catalytic con-
verter also promotes oxidation of NOx into N2. To promote this oxidation, DOC
consists of precious metals as catalyst. This catalyst usually contains platinum
(Pt) and palladium (Pd). The catalyst is covered in a wash-coat material of alumina
Al2O3 or silica Si2O3. The layer of wash-coat and catalyst is spread on DOC
substrate. This substrate can be either ceramic or metallic in honeycomb structure.
DOC efficiency is dependent on catalyst quantity, substrate size, cells per square
inch (CPSI), and wall thickness of substrates. Depending on engine raw emissions,
catalyst loading can typically vary from 5 to 50 g/ft3. Higher the precious metal
loading, higher will be the HC and CO conversion rates. Oxidation of HC and CO
is also dependent on exhaust gas temperature. Figure 12 shows typical conversion
rate with respect to DOC inlet temperature. For a typical DOC, reaction starts after a
minimum temperature called light-off temperature. Light-off temperature varies
according to precious metal loading and increases according to DOC poisoning and
aging. Along with HC and CO oxidation, DOC assists in oxidation of NO to NO2

and some part of SOF burns in DOC. The presence of SOx generates negative
impact on DOC performance due to its oxidation into sulfuric acid, which poisons
the catalyst.

Diesel Particulate Filter (DPF)

Diesel particulate filter assists in burning of black carbon soot and reduction of PM.
Figure 13 shows a typical DOC and its inner structure. DPF consist of a ceramic
substrate with alternate channels plugged on inlet and outlet sides. This structure
allows particles to penetrate and get stored, while gases move through the DPF
wall, which is porous. Reduction of soot requires NO2, but production of soot and
NO2 in engine raw emission is inverse. Higher NOx means lower soot, and lower
soot means higher NOx. Thus, addition of NO2 for reduction of soot is generated in
the DOC. Therefore, a DOC is always used upstream of DPF in order to ensure
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continuous regeneration of soot stored in DPF. Some DPF contains catalyst called
catalyzed DPF (cDPF), which itself ensures sufficient availability of NO2. DPF
substrate is available in ceramic materials such as cordierite and SiC.

Deposited soot in DPF is to be periodically burnt. The instant of regeneration is
decided through DPF regeneration strategy. This decision is based on increase in
engine back-pressure experienced due to blockage created by soot loading of DPF,
inputs from differential pressure sensor (ΔP sensor) feedback, and soot model
estimation through ECU strategy. Engine management system and DPF strategy
ensure the requirement of minimum combustion temperature since soot burning
requires at least 500 °C. ΔP sensor is installed across the DPF, which measures the
increase in pressure drop due to soot storage in DPF. Excess pressure drop requires

Fig. 12 Conversion efficiency w.r.t. exhaust gas inlet temperature [49]

Fig. 13 Typical diesel particulate filter [50]
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immediate soot regeneration. Also, soot model estimation in engine software cal-
culates the soot loading. Increased soot loading from predefined soot loading
capacity of DPF triggers regeneration. The regeneration of DPF can be either active
regeneration or passive regeneration, as shown in Fig. 14.

In a passive regeneration strategy, soot is burnt continuously in the DPF,
depending on the exhaust gas temperature. Regeneration starts at normal exhaust
gas temperature and requires higher NO2. Passive regeneration needs efficient DOC
upstream of DPF and/or a catalyzed DPF (cDPF) to produce enough NO2. Passive
regeneration is simpler and does not cause inconvenience to driver or passer-by
vehicles.

Figure 15 shows a layout of active regeneration. In active regeneration, exhaust
gas temperature is increased to soot burning temperature either through engine
thermal management or by external fuel injection upstream of DOC. Commonly, a
HC dozer is used before the DOC, which increases the exhaust temperature. Engine
calibration accounts for the amount of fuel injection during regeneration. Exhaust
gas temperature can also be increased through late post-injection, rich A/F, retarded
injection timing, etc., through the engine ECU. Thus, some of the EU-VI engines
need intake throttling or exhaust throttling, in order to increase the exhaust gas
temperature.

Selective Catalytic Reduction (SCR) System

Selective catalytic reduction (SCR) system operates by chemically reducing the
NOx (NO and NO2) to nitrogen (N2). This reaction is initiated through the injection

Fig. 14 DPF regeneration [48]
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of reductant in the exhaust gas stream. This reductant is ammonia NH3, which is
generated in the exhaust stream through reaction of aqueous urea called AdBlue and
also known as diesel exhaust fluid (DEF). Sufficient working temperature is
required for SCR system to be functional, otherwise ammonia reacts to form
un-intendent chemical components such as iso-cyanic acids, ammonium nitrate, or
ammonium sulfate, which poison the SCR catalysts.

SCR substrate is coated with Cu-zeolite or combination of base metals such as
vanadium, tungsten, and titanium oxides. These catalysts assist in hydrolysis,
thermolysis, selective reduction, and oxidation reactions. NH3 is formed from
hydrolysis and thermolysis of urea. If sufficient temperature is not reached, urea
residues are deposited in SCR causing reduction in efficiency. Base metal
oxides-based SCR can function in low-temperature range, but Cu-zeolite-based
SCR requires sufficient exhaust gas temperature. In some cases, SCR coating is
integrated into DPF called as SDPF. SDPF lowers the exhaust system volume and
temperature loss till SCR is avoided. Temperature benefits in SDPF results in higher
conversion efficiency than SCR alone.

Figure 16 shows a closed-loop SCR system. A NOx sensor is installed down-
stream and upstream of SCR and a NH3 sensor after the SCR. NOx emissions are
continuously monitored, and the signal is transmitted to the SCR dosing control unit
called DCU. Based on NOx, NH3, and exhaust gas temperature sensors, DCU
decides the urea injection quantity. DCU has embedded NH3 storage strategies and
continuously predicts the remaining ammonia stored in SCR. Urea is stored in a
tank and heated to avoid decomposition. Based on command from DCU, injector
functions to release aqueous urea in the exhaust stream. Coolant is supplied to

Fig. 15 Active regeneration system [48]
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injector for releasing heat during the operation. A mixer is present before the SCR
to ensure homogeneous mixing of urea in the exhaust stream. With a closed-loop
system, efficiency of SCR exceeds 90%.

To enhance the efficiency of SCR at low temperature, NO2 levels are increased
in the exhaust stream. Following are the complex reactions occurring in a SCR
system. Explosive ammonium nitrate and ammonium sulfate can form at low
temperature.

Reduction reactions are as follows:

6NOþ 4NH3 ¼ 5N2 þ 6H2O

4NOþ 4NH3 þO2 ¼ 5N2 þ 6H2O

6NO2 þ 8NH3 ¼ 7N2 þ 12H2O

2NO2 þ 4NH3 þO2 ¼ 3N2 þ 6H2O

NOþNO2 þ 2NH3 ¼ 2N2 þ 3H2O

If NO2 is excess in the exhaust stream, it reacts to form N2O.

8NO2 þ 6NH3 ¼ 7N2Oþ 9H2O

4NO2 þ 4NH3 þO2 ¼ 4N2Oþ 6H2O

Fig. 16 Typical SCR system layout [48]
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If quantity of ammonia is excess, it can lead to undesirable reactions such as:

2NH3 þO2 ¼ N2Oþ 3H2O

4NH3 þ 3O2 ¼ 2N2 þ 6H2O

4NH3 þ 5O2 ¼ 4NOþ 6H2O

Low temperatures can lead to undesirable SCR poisoning because of reactions
with sulfur oxides:

2NH3 þNO2 þH2O ¼ NH4NO3 þNH4NO2

NH3 þ SO3 þH2O ¼ NH4HSO4

2NH3 þ SO3 þH2O ¼ NH4ð Þ2HSO4

Generally SCR calibration is performed by maintaining NH3/NOx ratio of 1 at
SCR outlet to avoid excess NH3 slip.

3.2 Innovation in Combustion Technologies

Automotive sector needs to include new engine technologies on gasoline and diesel
engines to meet the future challenges. CI engines can include low-temperature
combustion like premixed charge compression ignition (PCCI), homogeneous
charge compression ignition (HCCI), and reactivity-controlled compression ignition
(RCCI). HCCI combustion is an ideal LTC concept, in which homogeneous fuel–
air mixture is supplied to the combustion chamber; however, in other derivatives of
LTC such as PCCI or partially premixed combustion (PPC), fuel–air mixture is not
homogeneous. In PPC, fuel is injected closer to the TDC and combustion is con-
trolled by EGR. In PCCI combustion, fuel injection takes place early in the com-
pression stroke, which leads to premixed fuel–air mixture formation. In RCCI
combustion, a combination of low-reactivity and high-reactivity fuels is used to
control the fuel–air chemical kinetics. Spark-ignited engines can include GDI and
spark-ignited HCCI. Future technologies can also include dual-fuel combustion and
opposed piston engines.

3.2.1 Homogeneous Charge Compression Ignition (HCCI)

HCCI is one of the early diesel combustion concepts, which combines the
advantages of SI (homogeneous charge spark ignition) and CI (stratified charge
compression ignition) combustion modes because it uses premixed charge like SI
mode but relies on auto-ignition like CI mode. It has received substantial focus in
past couple of decades due to its potential of simultaneously reducing NOx and PM
emissions together with attaining high thermal efficiency, even at part loads.
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In HCCI combustion, fuel is injected well before the start of combustion, during the
intake stroke such that sufficient time is available for the formation of homogeneous
fuel–air mixture. This homogeneous mixture further triggers combustion simulta-
neously at multiple sites inside the combustion chamber unlike SI (flame propa-
gation) or CI (locally rich flame front) combustion modes. Here, combustion
phasing is separate from injection timing and combustion is mainly controlled by
kinetics of chemical reactions. HCCI combustion concept has an advantage of fuel
flexibility, due to which it can be applied in engines of any size.

This novel concept was initially proposed by Onishi et al. [1], who applied it in a
gasoline-fueled two-stroke engine with an intention of increasing combustion sta-
bility at part load. They termed it as “active thermo-atmospheric combustion”
(ATAC). They further reported a notable reduction in engine emissions together
with lower engine noise and vibrations due to lean mixture combustion. Najt and
Foster [2] further extended the study to four-stroke gasoline engines on the basis of
results obtained from two-stroke engines. They reported that HCCI combustion
basically suffered from the lack of control of the ignition process and could be
applicable only for a small timing range. Thring et al. [3] further extended previous
work in a four-stroke gasoline engine with an objective of conducting the perfor-
mance analysis of a HCCI engine. Their results reported that the operating regime
of this novel technique was limited to part-load operation and proper control of
auto-ignition timing was considered as a critical issue. Several other researchers
such as Stanglmaier et al. [4] and Maurya et al. [5] also demonstrated this novel
combustion concept in SI engines successfully.

After successfully attaining and realizing its potential in gasoline engines,
researchers examined the concept of diesel HCCI. Initially, early and late fuel
injection strategies were tried by Gan et al. [6] and Dec et al. [7] for achieving
diesel HCCI, but these strategies resulted in poor fuel–air mixture quality and
menial combustion. Low volatility of diesel was found to be the main hurdle in
achieving diesel HCCI. To alleviate this issue, Ryan et al. [8] applied external
mixture preparation technique and supplied diesel into the intake airstream. This
technique was further developed by Gray et al. [9]. Singh et al. [10] studied the
combustion, emission, and performance characteristics of diesel HCCI combustion
under varying EGR conditions using external mixture formation technique in a
two-cylinder engine and reported superior emission characteristics of HCCI com-
bustion compared to conventional combustion with slightly higher HC and CO
emissions. Singh et al. [11] also presented very encouraging results in another
similar investigation using biodiesel in a HCCI engine.

Despite benefits of HCCI combustion, this technique suffers from issues such as
combustion phasing control, abnormal pressure rise with noise, limited window of
operation, high levels of HC and CO emissions, cold-start issues, and challenges in
homogeneous charge preparation. These barriers limit its commercialization in
mass production engines and further encouraged researchers to develop a new LTC
strategy named “PCCI” combustion in order to overcome these drawbacks of HCCI
combustion and move closer to commercialization.
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3.2.2 Premixed Charge Compression Ignition (PCCI)

Premixed charge compression ignition (PCCI) combustion is an advanced com-
bustion strategy characterized by near-homogeneous mixing between diesel and air
in a cylinder before compression ignition. In PCCI combustion, early fuel injection
and higher EGR rates are used, which results in spontaneous combustion of nearly
homogeneous fuel–air mixture. This leads to significantly lower NOx emissions due
to ignition at multiple points with lean premixed mixture, resulting in low com-
bustion temperatures and lower particulate emissions due to the absence of fuel-rich
zones inside the combustion chamber.

In PCCI combustion, unlike SI or CI combustion, ignition occurs simultaneously
at multiple sites throughout the combustion chamber volume with quicker com-
bustion duration and is controlled mainly by the chemical kinetics. In this com-
bustion process, fuel can be injected into the combustion chamber through port fuel
injection, advanced direct injection, multiple injections, and late direct injection.
Port fuel injection and advanced direct injection result in incomplete fuel vapor-
ization and fuel spray impingement on the cylinder walls, which acts as a source for
high levels of HC and CO emissions together with fuel dilution. This can be tackled
by adopting use of narrow spray cone-angle injectors and un-cooled EGR. Late
direct injection circumvents fuel-wall impingement and provides good control over
combustion phasing. Use of multiple injections has gained significant interest in
recent years in conventional diesel combustion as a means to increase engine
efficiency and to reduce engine combustion noise. Pilot injection reduces the
ignition delay of the main injection and limits the premixed combustion duration.

Simescu et al. [12] and Weiskirch et al. [13] considered PCCI combustion as a
middle path between conventional and clean-diesel combustion modes, since it is a
compromise to avoid difficulties encountered in HCCI or LTC combustion modes.
To overcome the challenges of combustion phasing control and homogenous
mixture preparation in PCCI combustion, only a part of the fuel undergoes HCCI
type of clean combustion, while the remaining fuel undergoes conventional com-
bustion. Since major part of fuel experiences conventional combustion, combustion
phasing control is dominated by injection timings. Since only a part of the fuel is
used to prepare in-cylinder charge having enhanced homogeneity, mixture prepa-
ration for PCCI combustion is less challenging in contrast to HCCI combustion.

3.2.3 Reactivity-Controlled Compression Ignition (RCCI)

After massive research activities on LTC, researchers have demonstrated an
advanced LTC technique, namely reactivity-controlled compression ignition
(RCCI) combustion, which seems to be more promising compared to HCCI and
PCCI. In RCCI combustion, high-reactivity fuels such as diesel, dimethyl ether
(DME), are used to control the ignition and combustion of low-reactivity fuels such
as gasoline, ethanol, methanol, butanol. RCCI combustion can be considered as a
PCCI strategy based on dual-fuel operation. To achieve RCCI combustion,
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high-reactivity fuel is directly injected into the cylinder, and low-reactivity fuel is
supplied to the intake manifold [14, 15]. RCCI combustion results in relatively
higher brake thermal efficiency (BTE) compared to HCCI and other derivatives of
LTC, while maintaining relatively lower NOx and PM emissions [16].

For improving RCCI combustion, researchers investigated different parameters
including EGR levels, swirl intensity levels of intake charge, FIP, SoI timings, and
number of injections for both DI injectors and PFI injectors. Several researchers
have proposed that RCCI combustion can be easily achieved by using alternate
fuels. Various low-reactivity fuels, including natural gas [17–21], methanol/ethanol
[22–26], and butanol [27–32] have been studied to explore their effects on load
extension in RCCI combustion. The common conclusion is that stable and extended
RCCI operation can be achieved with these low-reactivity alternate fuels.

Apart from these advantages, RCCI combustion has several issues such as high
load extension, which is mainly restricted by either an excessive RoPR or by NOx/
soot emissions. Increasing rp can resolve this issue partly; however, too high rp
resulted in gasoline-like HCCI combustion but was restricted by higher RoPR [33–
37]. Several researchers proposed that RCCI operation can be extended by
enhancing the in-cylinder mixture stratification, which can be achieved by injection
strategy and system optimization.

3.2.4 Gasoline Direct Injection

GDI engine delivers improved efficiency and specific power in comparison with
PFI engine. This difference arises from the fuel–air mixture preparation process. In
a conventional SI engine, fuel–air mixture is prepared in the manifold outside the
combustion chamber. This mixture is made stoichiometric, and there is sufficient
time available to make this fuel–air mixture homogeneous. In a GDI engine, fuel–
air mixture is prepared inside the combustion chamber. GDI engine works on two
different modes of combustion. Figure 17 shows (a) homogeneous mode of com-
bustion, and (b) stratified mode of combustion. In homogeneous mode of com-
bustion, mixture is stoichiometric, and in stratified mode of combustion, mixture is
lean.

There are three types of GDI engines (spray-, wall-, and air-guided) commer-
cially available in the market. In spray-guided GDI engines, the gap between the
spark plug and injector is comparatively less. The combustion chamber geometry,
spray dynamics, FIP, fuel droplet distribution are the factors responsible for charge
stratification. In the wall-guided GDI engines, the injector is mounted at one side
and curved-shape piston guides the charge near the spark plug. In the air-guided
GDI engines, interaction between the fuel spray and motion of the air charge
inducted in the cylinder is responsible for charge stratification. In a GDI engine, one
of the combustion system and both the modes are present.
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4 Hybrid and Electric Vehicles

Fossil fuel depletion and resulting emissions are a major concern for climate change;
hence, a shift to alternative fuel, hybrid vehicle, or electric vehicle is demanded.
Future automotive sector will include hybrid, electric, and fuel-cell vehicle by 2030.
Electric and fuel-cell vehicles will be completely dependent on battery and hydro-
gen, respectively. Currently, hydrogen infrastructure and battery technology in India
are rather weak. However, hybrid engine technology requires smaller gasoline/diesel
engines to charge onboard batteries. Diesel engines can be continued to be installed
in hybrid applications because of their higher thermal efficiency and fuel economy.
For Indian applications, electric and fuel-cell vehicles need immense infrastructure
development related to charging stations, battery technology, hydrogen availability,
etc. Figure 18 shows the global market share projected for light-duty vehicles based
on different engine technologies like GDI and implementation of hybrid vehicles.

It is projected that by 2020, diesel vehicle growth will be constant while market
share of gasoline PFI and GDI would increase. Beyond 2020, growth of hybrid and
electric vehicles is projected. GHG emission reduction is a major concern to reduce
effect of emissions on climate change. Government across the globe is imple-
menting strict policies and targets aimed at automotive sector. Figure 19 shows the
well-to-wheel efficiency comparison of 2010 GHG CO2 emissions and huge pro-
jected drop by 2050. This figure also includes GHG reductions by hybrid and
electric vehicles. Currently, plug-in electric vehicles show incremental trend in
GHG reduction because CO2 is emitted in the power plants to generate electricity
used for charging the batteries.

Fig. 17 Different DISI combustion modes [51]
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The implementation of hybrid and electric vehicles will reduce the CO2 levels
immensely as depicted in Fig. 20. Figure 20 shows the CO2 reduction potential
through hybrid and electric vehicles compared to EU-VI gasoline vehicles. By the
implementation of hybrid vehicles, 67% reduction is expected, while 100%
reduction by complete implementation of electric vehicles.

Fig. 18 Market share projection of fossil fueled and hybrid vehicles [52]

Fig. 19 Well-to-wheel analysis of future automotive sector [52]
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Benefits of hybrid and electric vehicles are known to scientist and researchers,
but its implementation requires huge infrastructure development, robust usage, and
training to the users. Following sections describe basic technicalities in imple-
mentation of hybrid and electric vehicles.

4.1 Hybrid Vehicles

Figure 21 shows the fuel economy benefits with different hybrid configurations of
diesel and gasoline engines relative to conventional gasoline engines. The fuel
efficiency from hybrid configurations defers from city application to highway
driving. Mild hybrid configurations do not provide improvement in all driving
conditions while full hybrid vehicles with diesel engines provide better fuel
economy compared to the conventional diesel engines also. Poor fuel economy of
diesel engines in traffic conditions is improvised through hybrid diesel applications,
but this configuration is rather expensive. For city applications, petrol engine
hybridization provides significant fuel economy improvement.

Major components of hybrid vehicles are high-voltage battery to store electrical
energy, generator to covert mechanical energy of IC Engine into electrical energy,
inverter, and a transmission system, depending on hybrid configuration. Two
important hybrid configurations are series and parallel hybrids. Figures 22 and 23
show the schematic of series and parallel hybrid configurations.

Fig. 20 CO2 reduction from implementation of hybrid and electric vehicles [52]
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Fig. 21 Fuel economy improvement with hybridization [53]

Fig. 22 Series hybrid configuration [54]

Fig. 23 Parallel hybrid configuration [55]
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4.1.1 Series Hybrid

In series hybrid, electric generator is connected inline with an IC engine. Electric
power generated by generators is stored in battery, which supplies power to electric
motor. Mechanical power is transmitted to wheels through the transmission driven
by electric motors. Series hybrid vehicles can operate in following modes:

1. Pure electric: IC engine is stopped, and the vehicle is propelled only by bat-
teries. In this case, batteries have enough energy stored to propel the vehicle.

2. Pure engine mode: The vehicle is powered with energy provided by electric
generator driven by engine. In this case, batteries’ state of charge (SOC) is
minimal and vehicle is propelled by power output of the generator. No energy is
stored in battery.

3. Hybrid mode: The traction power is drawn from both the engine-generator and
the batteries.

4. Engine traction and battery charging mode: The IC engine-generator provides
the energy needed for the battery charging and propulsion of the vehicle.

5. Regenerative braking mode: The engine is turned off, the traction motor is
operated as a generator, and the energy provided is used to charge the batteries.

6. Batteries charging mode: The engine-generator charges the batteries, and the
traction motor is not supplied any current.

7. Hybrid batteries charging mode: Both the engine-generator and the traction
motor operate as generator to charge the batteries.

4.1.2 Parallel Hybrid

In parallel hybrid, IC engine and motor are connected parallel via a mechanical
coupling, as shown in Fig. 23. Power for propulsion is supplied by both engine and
the motor. Depending on vehicle requirement, torque and speed are distributed by
the engine and the motor. However, IC engine is operated at maximum efficiency
zone most of the time. Engine and motor can be coupled as torque coupling, speed
coupling, or both.

Different types of rechargeable batteries used in hybrid vehicles are lead-acid
battery, nickel-cadmium battery, lithium-ion battery, or nickel-metal hydride bat-
tery. Other layouts of hybrid vehicle include plug-in hybrid (PHEV), microhybrids,
and mild hybrids, but these configurations cannot operate in pure electric mode.
Mild hybrid has a battery, which assists the vehicle for start–stop function and
assists in propulsion sometimes, but it requires IC engine always in operation. Mild
hybrid operates in parallel hybrid configuration. Start–stop condition arises during
coasting, braking, or vehicle stoppage such as in traffic. Mild hybrid reduces the
unnecessary operation of engine, thus reducing emissions and improving fuel
economy. Mild hybrid can employ regenerative braking to charge battery.
Microhybrid is barely considered as hybrid as it only allows start–stop of IC engine
and sometimes can include battery to supply charge to onboard electric
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components. Plug-in hybrid are full hybrid vehicles containing large batteries.
These batteries can be charged through external electric grid so as to provide long
duration EV mode operation of the vehicle. Figure 24 depicts different modes of
operation of full hybrid electric vehicle (FHEV) during on-road movement.

Actuation of these modes is decided by vehicle control architecture. Control of
hybrid vehicles is complex, and its architecture contains number of electronic
control units (ECUs) as reflected in Fig. 25. Various ECUs support different
functions such as hybrid ECU (HECU), engine ECU, transmission ECU, power
electronic ECU, battery ECU, and electric motor ECU (EMECU).

HECU is the master ECU, which gathers driver inputs and commands the
coordinating ECU through controlled area network (CAN) communication to
respond and deliver output as per vehicle requirement. Hybrid vehicles have
automated transmission; thus transmission ECU controls clutch operation and gear
ratio determination according to torque and speed requirements. Battery ECU
ensures proper functioning of battery such as controlling, overheating, and moni-
toring state of charge (SOC). All the ECUs provide feedback to the HECU and
work in feed-loop control structure.

4.2 Electric Vehicle (EVs)

Electric vehicles are available in two formats: battery electric vehicle (BEV) and
fuel-cell electric vehicle (FCEV). BEV utilizes stored chemical energy in
rechargeable battery to propel the vehicle. Unlike hybrid vehicle, EVs do not have
IC engine and purely operate by electricity either in stored form (BEV) or onboard
generation (FCEV). EV propulsion system is simpler then IC engines and does not

Fig. 24 Modes of operation of a typical hybrid vehicle [55]
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consist of any movable or rotary parts. EVs are zero-emission vehicles; however,
well-to-wheel analysis reveals emissions at the time of electricity generation. BEV
needs sufficient infrastructure for frequent battery charging. The requirement of
charging stations can be avoided through implementation of fuel-cell electric
vehicles (FCEVs), but FCEV requires hydrogen infrastructure as it utilizes
hydrogen for onboard electricity production for charging of batteries.

FCEVs use a propulsion system similar to electric vehicles, where energy is
stored as hydrogen, which gets converted to electricity by the fuel cell. Fuel cell in
EV is more efficient and produces almost negligible pollutant compared to con-
ventional internal combustion engines. From fuel cell, only water vapor and warm
air are emitted as the product of electrochemical reaction. Figure 26 shows the
layout and configuration of fuel-cell electric vehicle. Various components involved
are hydrogen tank, battery stacks, cooling system, fuel-cell stacks, DC convertors,
etc. Hydrogen stored in leak-proof tank is passed to fuel-cell stack. Electricity is
generated in fuel-cell stack through electrochemical reactions. Fuel-cell stack
converts the hydrogen gas and oxygen into electricity for powering the motor.
Energy generated by fuel-cell stack is passed to run the motor for propelling the
vehicle smoothly and quietly. A battery is used to store energy during regenerative
braking. Power control unit governs the flow of electricity.

As mentioned, fuel cell involves reaction involving hydrogen to generate elec-
tricity. Figure 27 shows the reactions involved in a fuel cell. The most common

Fig. 25 Control architecture of a hybrid vehicle [56]
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Fig. 26 Fuel-cell electric vehicle configuration [57]

Fig. 27 Working principle of
a PEM fuel cell [58]
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type of fuel cell for vehicle applications is the polymer electrolyte membrane
(PEM) fuel cell, which is also called as proton-exchange membrane fuel cell.

5 Conclusions and Recommendations

Automotive technology is the key part of the road transport sector because it affects
overall performance and effectiveness of road transport. Efficient vehicles make
road transport economical, and lower emissions from vehicles are highly desirable
for cleaner environment. To achieve these two key objectives, automotive engines
either use cleaner fossil fuels or alternate fuels using conventional and newer
propulsion technologies. Although IC engines have been used for more than a
century, significant improvements in energy efficiency and emissions reduction are
still required. Enhancement of engine efficiency is one of the most promising and
cost-effective approaches for increasing fuel economy over next two decades.
Important recommendations for future transport technologies are as follows:

• Fuel economy of existing engines should be increased by introducing advanced
technologies such as engine downsizing, variable compression ratio, and
lean-burn engines.

• Develop efficient combustion approaches for diesel combustion having
near-zero emissions without complicated and expensive after-treatment systems.

• Develop technologies for energy recovery from engine’s exhaust using ther-
moelectric devices, which convert heat into electricity, and can power vehicle
and/or auxiliary devices.

• Research on existing advanced combustion technology such as HCCI, PCCI,
RCCI, GDI is the way forward.

• Exploration of alternative/synthetic energy resource such as gaseous fuels,
first-generation biofuels (alcohols, straight vegetable oils, etc.),
second-generation biofuels (biodiesel from non-edible oils), and
third-generation biofuels (algae-based), biomass-to-liquid (BTL) fuels, metha-
nol, DME, biorefineries, etc., is a step in right direction.
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