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Preface

Based on previsions, the reciprocating internal combustion engine (ICE) will con-
tinue to be widely used in all sectors: transport, industry, and energy production.
Therefore, ICE development, while complying with limitations of pollutants as well
as CO, emission levels and maintaining or increasing performance, will certainly
continue for the next few decades.

In the last three decades, significant effort has been made to reduce pollutant
emission levels emitted by ICEs. More recently, attention has been given to CO,
emission levels too, due to well-known problems concerning global warming and oil
depletion.

It is widely recognized that one single technology will not completely solve the
problem of CO, emissions in the atmosphere. Rather, the different technologies
already available will have to be integrated, and new technologies developed, to
obtain substantial CO, abatement.

In this book, several contributions have been collected describing some of the latest
research development in ICEs: dual-fuel combustion, alternative fuels, and light-
weight materials.

Antonio Paolo Carlucci
University of Salento,
Lecce, Italy
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Chapter1

Introductory Chapter: The
Challenges of Future Internal
Combustion Engines

Antonio Paolo Carlucci

1. Introduction

Based on previsions, reciprocating internal combustion engine (ICE) will con-
tinue to be widely used in all sectors: transportation (land, sea, and sky), industrial,
and energy production. For example, despite the significant electrification of
powertrains based on light and heavy duty ICE for land transportation—the sector
with the highest penetration of electrification—thermal engine will remain the
prime mover. In fact, a majority of the scenarios investigated consider that various
types of powertrains using liquid or gaseous carbon-based fuels would still cover up
to 80% of the world fleet in 2050 (even if the major part of these powertrains will
certainly be hybridized and partly electrified) [1, 2]. Therefore, the ICE develop-
ment, finalized—based on the application field—at complying with limitations of
pollutants as well as CO2 emission levels while maintaining or increasing perfor-
mance, will for sure continue for the next decades.

In the last three decades, a significant effort has been done finalized at reducing
pollutant emission levels emitted by ICE: this research and development activity has
led to a wide portfolio of technological solutions like improved injection systems
and air management, more accurate design of the whole combustion system,
aftertreatment devices, and so on [1].

More recently, attention has been addressed to CO2 emission levels too, due to
well-known problems concerning global warming and oil depletion. Dealing with
CO2 reduction requires a systemic approach for the following reason: nowadays, the
concept of fuel for reciprocating internal combustion engines must be expanded,
given that the electrification of powertrain is leading the engines to use electricity,
besides conventionals (fossil, bio, and alternative), as fuels. Therefore, CO2 is emit-
ted not only during the engine operation but also when the fuel (then including the
electricity) is produced. As a consequence, CO2 reduction is currently pursued not
only during the engine operation, but also at fuel and electricity production levels.
Moreover, the overall result of CO2 reduction is expected to be reached in a contest
where the energy demand is significantly increasing.

It is widely recognized that one single technology will not solve completely the
problem of CO2 emissions in the atmosphere. Rather, the different technologies
already available will have to be integrated in order to solve this global problem. In
the following, the technologies already available will be analyzed, at fuel produc-
tion, electricity production, and engine design levels.

At fuel production level, biofuels—gaseous or liquid—represent a prosecut-
able solution in terms of CO2 reduction, given the “virtually zero” CO2 cycle
characterizing them. A biofuel is a fuel produced through contemporary biological
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processes, such as agriculture and anaerobic digestion, while geological processes
from prehistoric biological matter produce fossil fuels, such as coal and petroleum.
If CO2 emissions can be lowered by biofuels, pollution problems remain substan-
tially unchanged. However, respecting sustainability criteria for biofuels limits the
exploitation of biomasses for biofuel production.

Other investigated solutions are synthetic fuels, as hydrogen, syngas, and the so-
called e-fuels. Their production, which can contribute at recycling the CO2 released
in the atmosphere during combustion, requires in several cases a significant energy
amount. Therefore, synthetic fuels make sense only if the energy required to
produce them is obtained from renewable sources.

A good midterm solution is recognized to be the utilization of alternative fossil
fuels already available in nature like methane, main constituent of natural gas. In
this way, the impact of the production phase of fuels is mitigated. The utilization of
methane leads to the reduction, but does not avoid the emission of both CO2 and
pollutants.

At electricity production level, a big contribution to CO2 reduction has been
provided in the last years by the significant spreading of renewable energy source
exploitations. Photovoltaic plants, wind farms, geothermal and hydro power plants,
currently account for more than 20% of global energy demand. The big problem
of these technologies is represented by their availability, intrinsically limited in
time and space, as well as their reliability. It is evident, then, that currently they are
considered as integrative—rather than substitutive—energy sources. A possible
solution to the problems mentioned above would be to develop technologies able
to store the electricity produced in excess during the periods of high availability
(as already done nowadays in several hydroelectric power plants were electricity
in excess, produced during night hours by thermal power plants, is used to pump
water at high altitude, so recharging the hydroelectric power plants for the fol-
lowing day). In this view, the exploitation of the electricity produced in excess
when available could be used to produce the abovementioned synthetic fuels, both
gaseous and liquid.

Finally, at engine design level, a substantial contribution to CO2 reduction
can derive from the abatement of auxiliary power losses, but also recovering the
thermal power usually wasted at the exhaust, for example, through technolo-
gies like turbocharging and turbocompounding, organic Rankine cycles, and
thermoelectric generators. Moreover, for several applications, like transportation
sector, engine lightweighting as well as downsizing lead to the reduction of overall
weight of the transportation vector. In the first case, the engine weight reduction
is obtained using lighter materials, while in the second case, the goal is to reduce
the engine displacement keeping unchanged the engine performance. Hybrid
powertrains—where multiple forms of motive power are available—also lead to
the reduction of CO2 levels, because they allow to operate the thermal engines
in the areas of the characteristic map with the highest values of fuel conversion
efficiency. If a storage system is integrated in the powertrain, then other technolo-
gies leading to CO2 reduction can be also applied, like kinetic energy recovery
systems.

As previously said, all the above technologies cannot be considered as isolated,
but they will all contribute to CO2 abatement. In order to reach this result, they will
require an always increasing level of integration in the future. ICE development will
be then finalized at providing a machine suitable to exploit all the opportunities for
reducing CO2 emissions while satisfying the energy demand.
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Chapter2

Dual-Fuel Combustion

Mateos Kassa and Carrie Hall

Abstract

The implementation of a dual-fuel combustion strategy has recently been
explored as a means to improve the thermal efficiencies of internal combustion
engines while simultaneously reducing their emissions. Dual-fuel combus-
tion is utilized in compression ignition (CI) engines to promote the use of more
readily available gaseous fuels or more efficient, advanced combustion modes.
Implementing dual-fuel injection technologies on these engines also allows (1)
for improved control of the combustion timing by varying the proportion of two
simultaneously injected fuels, and (2) for the use of more advanced combustion
modes at high load since the two injected fuels ignite in succession reducing the high
peak pressures that generally act as a limiting factor. In spark-ignited (SI) engines,
the implementation of a dual-fuel combustion strategy serves as an alternative
approach to avoid engine knock. The dual-fuel SI engine relies on the simultaneous
injection of a low knock resistance and high knock resistance fuel to dynamically
adjust the fuel mixture’ resistance to knock as required. The dual-fuel SI engine
thereby successfully suppresses knock without compromising the engine efficiency.
This chapter discusses the technological advancements associated to dual-fuel
combustion and the respective gains in fuel efficiency and emissions reductions
that have been achieved.

Keywords: dual-fuel, RCCI, alternative fuels, natural gas, ethanol, knock suppression

1. Introduction

Energy demands in the transportation sector are increasing due to a growing
population and simultaneously economic policies are aiming to improve efficiency
and reduce hazardous pollutant emissions including nitrogen oxides (NOx),
unburned hydrocarbons (UHC) and particulate matter (PM). This hasled to a
great deal of interest in vehicle electrification as well as cleaner and more efficient
engines. While vehicle electrification and hybridization has been growing, the cost
and energy density limitations of batteries still pose challenges. As such, it is pre-
dicted that internal combustion engines will still power 60% of light-duty vehicles
in 2050 [1] and the heavy-duty market will likely be mainly powered by engines for
the foreseeable future.

In order to abide by the stringent emissions regulations and deliver power
efficiently, there is a need for clean, high efficiency engines. A variety of strategies
have been investigated in order to improve the efficiency of today’s engines.

These include technologies such as variable valve timing that aim to reduce
pumping losses associated with the gas exchanges process and variable geometry
turbochargers that seek to harness exhaust energy to improve the power density
of engines. In addition, more advanced fuel injection systems have also been
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implemented in order to inject fuel at higher pressures and thereby promote fuel
and air mixing. Improved mixing will increase the combustion efficiency and also
reduce emissions of particulate matter. More complex fuel injection systems can
also be used in order to develop dual-fuel combustion strategies.

Dual-fuel combustion strategies have been demonstrated to be advantageous
on both spark-ignited (SI) and compression-ignited (CI) engines. On SI engines,
dual-fuel technologies can be leveraged to combat knock. Knock typically occurs
in high temperature and high pressure in-cylinder conditions at which the fuel-
air mixture will auto-ignite creating pressure shock waves in the cylinder. Knock
can significantly damage the engine and is most prevalent at high loads where
the efficiency reaches its peak. As such, high efficiency engine performance with
gasoline fuel is often limited by knock. In high load conditions, the engine combus-
tion phasing is often delayed to a suboptimal timing in order to avoid knock. While
this allows harmful premature combustion to be avoided, it also leads to reductions
in efficiency.

Alternatively, knock can also be prevented by using a fuel with a higher octane
number (typically described by the research octane number (RON), motor octane
number (MON) or anti-knock index (AKI)). Fuels with a high octane rating will
be able to operate at the optimal combustion phasing even at high loads, but are
more expensive. If high octane fuels are used in dual-fuel engines, they can enable
a technique known as “octane-on-demand”. Octane-on-demand strategies are often
implemented on engines with dual-fuel capabilities by using both a low RON fuel
and a high RON fuel simultaneously [2-5]. With dual-fuel capabilities, the fuel mix-
ture’s knock resistance can be changed in real time to avoid knock while maintain-
ing optimal combustion phasing. Such methods also allow fuel cost to be minimized
since a less expensive, low RON fuel can be used in the lower operating conditions
and the high RON fuel can be used only in knock-prone conditions.

On CI engines, dual-fuel injection methods have historically been used for
retrofitting old diesel engines with a cheaper fuel. In addition to the utilization of
an alternative power source, the implementation also enabled reductions in PM
emissions. More recently, dual-fuel injection methods have been used to promote
the utilization of less reactive fuels and facilitate more advanced combustion
strategies. Some dual-fuel combustion modes have shown significant promise and
operate with high efficiency and low pollutant output. This is often achieved over a
wide operating range by simultaneously utilizing two fuels with differing reactivi-
ties to promote premixing of the fuel or create stratification of the reactivity of the
in-cylinder mixture [6, 7].

While these dual-fuel combustion modes show promise, they are not currently
utilized in many production vehicles, due to a variety of challenges including dif-
ficulties with controlling combustion phasing and combustion stability with the
more complex combustion strategy as well as consumer acceptance and infra-
structure limitations. Currently, most of these dual-fuel combustion strategies are
studied in closely monitored laboratory environments on single cylinder engines.
Once removed from the laboratory and implemented on multi-cylinder engines,
combustion variations and phasing challenges begin to dominate [8-10]. One such
challenge is the occurrence of more significant cylinder-to-cylinder variations
that can lead to inconsistent power production and potentially damaging engine
conditions. In addition, on CI engines, many dual-fuel combustion strategies
leverage a more premixed combustion and as such, the timing of the combustion
event is controlled by the chemical kinetics. This makes it more challenging to
properly time the combustion event. More advanced control methodologies are
required to reduce these combustion variations and ensure an optimal combus-
tion phasing.
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Dual-fuel engines have the potential to be highly efficient and clean, but their
usage may also be limited by consumer acceptance and infrastructure challenges.
Users will have to fill two fuel tanks and will need access to the needed fuels in a
broad enough region. This chapter will discuss the technological developments
that led to today’s dual-fuel engines, and the advancements that have been made on
dual-fuel CI and SI engines.

2. Technology overview

The concept of the dual-fuel engine has been around almost as long as the
Gasoline (Otto) and Diesel engine. Following the development of Nikolaus Otto’s
spark-ignited engine, the desire to improve the thermal efficiency by increasing the
engine compression ratio led to the development of Rudolf Diesel’s compression-
ignited engine. Subsequently, interest in better controlling the ignition and regulat-
ing the combustion led Rudolf Diesel, himself, to propose a dual-fuel combustion
strategy and patent his invention in 1901 [11]. Today, the idea has been leveraged
to promote the use of gaseous fuels such as natural gas in diesel engines and for the
development of advanced combustion strategies that take advantage of the abil-
ity to dynamically optimize the properties of the fuel mixture (by controlling the
proportion between the injected fuels) based on the operating conditions. Such
implementations of the dual-fuel combustion strategy promise significant gains in
fuel efficiency as well as reductions in toxic emissions. Nevertheless, most of the
benefits associated with dual-fuel combustion have been primarily explored in aca-
demic and research institutions under strictly regulated conditions; the technology
currently still faces significant challenges and limited acceptance, which restricts its
market penetration.

This section aims to provide an overview of the development of the dual-fuel
engines by specifically reviewing the history behind the technology and discuss-
ing examples of current and past dual-fuel engines in production. The subsequent
sections will discuss ongoing research on dual-fuel engines and its expected role in
the near and far future.

2.1 Brief history

In a patent application filed on April 6, 1898, Rudolf Diesel proposes that “if a
given mixture is compressed to a degree below its igniting-point, but higher than
the igniting-point of a second or auxiliary combustible, then injecting this latter
into the first compressed mixture will induce immediate ignition of the secondary
fuel and gradual combustion of the first mixture, the combustion after ignition
depending on the injection of the igniting or secondary combustible” [11]. This
patent entitled Method of Igniting and Regulating Combustion for Internal Combustion
Engines was accepted in 1901 and marks one of the initial efforts to introduce and
successfully ignite a less reactive gaseous fuel in a 4-stroke internal combustion
engine using a second fuel. Similarly, today, the ability to ignite a premixed charge
(ex: air and a low reactivity fuel such as natural gas) with a secondary high reactiv-
ity fuel (such as Diesel) or interchangeably solely operating on the high reactivity
fuel is one of the important characterization of a dual-fuel combustion strategy.

For several years, the dual-fuel engine was not used commercially due to its
mechanical complexity and rough running caused by auto-ignition and knocking.
The first commercial dual-fuel engine was only produced in 1939 by the National
Gas and Oil Engine Co. in Great Britain. The engine, fueled by town gas or other
types of gaseous fuels, was relatively simple to operate and was mainly employed
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in some areas where cheap stationary power production was required [12]. During
the Second World War, the shortage of liquid fuels attracted further interest in
dual-fuel engines from scientists in Great Britain, Germany and Italy. Some diesel
engine vehicles were successfully converted to dual-fuel and the possible applica-
tion of dual-fuel engines in civil and military areas were also explored. Different
kinds of gaseous fuels, such as coal gas, sewage gas or methane, were employed

in conventional diesel engines during this time [13]. After the Second World War,
due to economic and environmental reasons, dual-fuel engines have been further
developed and employed in a very wide range of applications from stationary power
production to road and marine transport, including long and short haul trucks and
busses [12].

In 1949, Crooks, an Engineer at The Cooper-Bessemer Corporation—one of
the main engine manufacturers during World War II, presented experimental
work with a dual-fuel engine that claimed to have led to the most efficient engine
known with a thermal efficiency of 40% at full load. He further highlights that the
dual-fuel engine has led to “an extremely economical source of power having an
extremely low maintenance cost” [14]. The potential of utilizing relatively cheap
gaseous fuel resources and simultaneously benefitting from high thermal efficien-
cies have promoted the conversion of a conventional compression ignition engine
to dual fuel operation. Nevertheless, important limitations still persist: (1) at high
loads, the power output and efficiency was limited by the onset of autoignition and
knock with most common gaseous fuels, (2) the combustion process in dual-fuel
engine is highly sensitive to the type, composition, and concentration of the gaseous
fuel being used, and (3) at light load operation, the dual-fuel engine exhibits a
greater degree of cyclic variations in performance parameters such as peak cylinder
pressure, torque, and ignition delay [13].

A great deal of research is still being undertaken to understand and overcome
the challenges associated with the operation of dual-fuel engines. A promising
endeavor consists of successfully harnessing the benefits of the dual-fuel engine in
the automotive industry.

2.2 Dual-fuel in the modern automotive industry

In a book chapter entitled ‘The Dual-fuel Engine’ published in 1987, Ghazi
A. Karim who had previously conducted several studies [15-20] on the topic of
dual-fuel engines suggests that although dual-fuel engine has been employed in a
wide range of stationary applications for power production, co-generation, com-
pression of gases and pumping duties; the implementation in mobile applications
“remain a field of urgent long term research that can have the potential for opening
widely the market for the dual-fuel engine and the increased exploitation of gaseous
fuel resources, particularly in the transport sector” [21].

Indeed, the implementation of dual-fuel technology has been more favorable
in stationary and heavy-duty applications as opposed to mobile and light-duty
applications. Yet, the opportune long-term research proposed by Karim for the
transportation sector is still on-going. More recently, efforts to diversify the energy
resources of the transportation industry have motivated researchers and engine
manufacturers alike to investigate opportunities to leverage the dual-fuel combus-
tion strategy. Furthermore, government imposed regulations on engine-out emis-
sions and fuel efficiency targets have propelled the search for innovative engine
technologies including novel implementations of the dual-fuel concept.

In more recent years, a research group at the University of Wisconsin-Madison
proposed the implementation of a dual-fuel combustion strategy to reduce Nitrogen
Oxide (NOx) and Particulate Matter (PM) emissions [6, 7, 10, 22]. The combustion
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strategy called Reactivity Controlled Compression Ignition (RCCI) promises sig-
nificant pollutant reductions as well as impressive fuel efficiency gains. RCCI uses
in-cylinder fuel blending with at least two fuels of different reactivity and multiple
injections to control in-cylinder fuel reactivity to optimize combustion phasing,
duration and magnitude. The process involves introduction of a low reactivity

fuel into the cylinder to create a well-mixed charge of low reactivity fuel, air and
recirculated exhaust gases. The high reactivity fuel is injected before ignition of the
premixed fuel occurs using single or multiple injections directly into the combus-
tion chamber [22].

Kokjohn et al. [6] compared the performance of a conventional diesel combus-
tion and a dual-fuel RCCI combustion. Their study showed the implementation
of a dual fuel combustion strategy yielded a reduction in NOx by three orders of
magnitude, a reduction in soot by a factor of six, and an increase in gross indicated
efficiency of 16.4%. Splitter et al. [7] demonstrated on a dual-fuel RCCI engine that
optimizing in-cylinder fuel stratification with two fuels of large reactivity differ-
ences achieved gross indicated thermal efficiencies near 60%. Furthermore, they
showed through simulations studies that a dual-fuel combustion strategy rejected
less heat, and that ~94% of the maximum cycle efficiency could be achieved while
simultaneously obtaining ultra-low NOx and PM emissions.

Similar motivations to boost the thermal efficiency of engines have led to the
implementation of a dual-fuel strategy in light duty-spark ignited engines as well.
Initially proposed as an engine concept in 2005 by Cohn et al. [3], the dual-fuel
spark-ignited engine featured two fuel injections systems—one for conventional
gasoline and another for ethanol. The engine would promote the utilization of
alternative fuels such as ethanol reducing the dependence on fossil fuels, and it was
an alternative knock suppressing strategy which allows for higher load and higher
efficiency operations. A high octane rating fuel such as ethanol is used in conjunc-
tion with the conventional fuel, gasoline, to dynamically adjust the fuel mixture’s
resistance to auto-ignition based on the operating conditions.

The studies by Cohn et al. [3] suggested dual-fuel combustion could potentially
increase an SI engine’s drive cycle efficiency by approximately 30%. Similar studies
by Daniel et al. [4] demonstrated that dual-injection showed benefits to the indi-
cated efficiency and emissions at almost all loads compared to a single fuel gasoline
direct injection (GDI) strategy. Furthermore, Chang et al. [77] showed a maximum
30% Well-to-Wheels (W-t-W) CO, equivalent reduction can be achieved by utiliz-
ing a dual-fuel injection system. Numerous studies, such as [23-25], continue to
explore the benefits that can be achieved through the introduction of dual-fuel
combustion in the modern automotive engines.

In the next sections, the application and benefits of dual-fuel combustion are
separately discussed for compression-ignition and spark-ignited engines followed
by concluding remarks.

3. Dual-fuel compression-ignition engines

Diesel or compression-ignition engines dominate the medium and heavy-duty
markets due to their higher efficiency and high torque production capabilities.
Such engines require a more reactive fuel that will auto-ignite at high pressures and
temperatures. This limits the fuels that can be leveraged on CI engines. Dual-fuel
engines provide a way to use less reactive fuels since they can leverage a second
more reactive fuel to produce ignition. In addition, dual-fuel concepts have also
been investigated as a way to reduce engine emissions. Conventional diesel combus-
tion is diffusion controlled and is typically accompanied by high nitrogen oxide
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(NOy) and particulate matter (PM) emissions [26]. Nitrogen oxide emissions result
from high in-cylinder temperature conditions which promote the combination
of nitrogen (carried in with the fresh air) with excess oxygen [27]. Meanwhile,
particulate matter or soot is produced in fuel rich regions when hydrocarbon species
agglomerate [27, 28]. As such, high local equivalence ratios can lead to soot forma-
tion and high local temperatures can lead to NOx formation as shown in Figure 1.
In order to avoid these problematic regions, many dual-fuel, heavy-duty CI engines
attempt to operate in conditions which promote premixing of the fuel and air and/
or achieve in-cylinder stratification in order to reach high efficiencies and low emis-
sions. By enabling a more premixed combustion, rich regions where PM would be
produced can be nearly eliminated and shorter combustion durations are achieved
which reduces local temperatures and thereby, NO, emissions [6, 7, 29-33].

As such, dual-fuel engines have been pursued in the heavy-duty market for two
main reasons:

1. As a way to leverage more readily available but less reactive fuels as the primary
power source and use a high reactivity fuel to initiate combustion.

2. As away to introduce fuels of varying reactivities and create a more complex
combustion mode that can be more efficient and produce less NOy and PM.

3.1 Conventional dual-fuel compression-ignition engines

As the world seeks to become less reliant on conventional diesel and gasoline,
there has been increasing interest in using fuels such as natural gas in engines. Some
of these fuels are less reactive than conventional diesel fuel and therefore, are more
challenging to use on compression-ignition engines where auto-ignition of the fuel
is needed. Dual-fuel systems are one way to leverage less reactive fuels on heavy-
duty engines [34-38]. One such fuel is natural gas and it will be focused on here as
an example of the benefits and challenges of this type of engine operation.

Lad
1

Equivalence Ratio (-)

1. 1 1 Il
1000 1400 1800 2200

Local Temperature (K)

2600 3000

Figure 1.
Emissions with respect to local temperature versus local equivalence ratio.
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Natural gas is more difficult to ignite than conventional engine fuels so it is more
easily integrated into spark-ignited engines. On heavy-duty engines, natural gas
needs an ignition source so it is typically port-injected and diesel is direct injected
and serves as a pilot. Fuels that are port-injected become premixed with the air
and typically exhibit a rapid combustion event that is dominated by the chemical
kinetics of the combustion reaction, but fuels that are direct injected and have to
mix with the air tend to have a longer combustion event that is dominated by the
time taken for the air and fuel to mix adequately. Since dual-fuel engines have a
fuel that is port-injected and one that is direct-injected, they often exhibit a two-
stage combustion process. The portion of combustion that occurs in a premixed
vs. a diffusion mode will be strongly dependent on the amount of each fuel that is
used [39]. While this makes the combustion process more complicated, dual-fuel
injection can provide stable combustion of a less reactive fuel like natural gas in CI
engines. However, fuel economy reductions around 10% have been observed when
operating in this type of mode [34].

Not only is fuel economy or efficiency impacted, but emissions are also altered
with dual-fuel combustion. In natural gas-diesel dual-fuel engines, up to 60%
reductions in NOx and PM have been observed [34]. However, these emissions are
dependent on the fuels used as well as the amounts of each fuels used. For example,
particulate matter emissions and the particle size distribution of the particulates
have been shown to strongly depend on the properties of the direct-injected fuel
and level of natural gas substitution. Direct injected fuels with lower densities
and viscosity and higher volatility produce lower amounts of particulates [40].
However, higher natural gas substitution rates can increase soot levels since they
decrease the local oxygen availability [41].

As with many natural gas engines, higher CO and UHC emissions are typically
encountered. Various natural gas substitution rates have been explored in [42] and
showed that only lower amounts of natural gas could be used at low load conditions
due to emissions constraints, but higher fractions of natural gas could be used at
high loads. Direct injection of both fuels [43], higher fuel injection pressures, and
adapted engine control units [44, 45] have been implemented to avoid these emis-
sions constraints. After treatment systems including diesel oxidation catalysts [35]
as well as diesel particulate filters and urea-selective catalytic reduction systems
[46] have also been introduced on dual-fuel engines to reduce emissions. However,
to enable efficient use of high amounts of natural gas, more advanced combustion
methods and optimization methods are likely needed [47, 48].

A majority of conventional dual-fuel engine studies have focused on natural
gas, but this approach of using diesel as a pilot fuel can also be leveraged with
avariety of fuels that are not reactive enough to be used as the sole fuel on a
compression-ignition engine. Dual-fuel concepts have also been explored with
fuel combinations including on methanol and diesel [49], biogas and biodiesel and
biogas and diesel [50].

3.2 Advanced dual-fuel compression-ignition engines

In order to push engines to higher efficiencies, there has been a great deal of
exploration into more complex combustion modes. Many of these advanced com-
bustion strategies attempted to premix the fuel and air in order to achieve a more
efficient and clean combustion, but were only able to be leveraged in lower torque
ranges [51, 52]. One strategy for expanding the operating region of these more
advanced techniques is to simultaneously utilize two fuels with differing reactivities
in order to further increase the combustion delay period and promote premixing
in higher operating regions [53]. This strategy is known as reactivity-controlled
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compression ignition (RCCI). In RCCI, a fuel with low reactivity such as gasoline

is injected separately from a high reactivity diesel-type fuel. The quantities of each
respective fuel can be modified so that the combustion event can be delayed to
provide adequate mixing time and the desired shape of the combustion event can be
achieved. Recent work in RCCI has shown that fuel properties that differ from those
of conventional fuels can be leveraged to shape the combustion process and increase
engine efficiency from 45% to near 60% [6, 7] in this mode. While the efficiency
benefits can be significant, high CO and UHC emissions as well as high pressure rise
rates can still limit the use of RCCI.

3.2.1 Reactivity controlled compression ignition

RCCI-type combustion was originally studied at the University of Wisconsin-
Madison using gasoline as the port-injected low reactivity fuel and diesel as the
direct-injected, high reactivity fuel [7]. By leveraging two fuels with varying
properties stratification of the in-cylinder mixture reactivity could be achieved
leading to longer ignition delays and increased time for premixing. Diesel fuels with
lower reactivities were shown to be advantageous in these operating conditions as
they increase the local reactivity gradient [54, 55]. In such modes, the more reactive
fuel components are consumed at a faster rate and the slower burning competent
make up a larger portion of the UHC emissions [56].

The use of alternative fuels such as ethanol and natural gas in such RCCI-type
operation conditions has also shown promising results and appears to better
take advantage of these alternatives. Research by Navistar, Argonne National
Laboratory and Wisconsin Engine Research Consultants found that using E85 as
the low reactivity fuel could allow higher loads and efficiencies to be achieved with
RCCI. While more traditional gasoline and diesel dual-fuel operation achieved a
BMEP of 11.6 bar and brake thermal efficiency (BTE) of 43.6%, using E85 with
diesel allowed operation to be extended to 19 bar BMEP with a BTE of 45.1% [57].
Later studies led by RWTH Aachen University and FEV GmbH showed that when
using diesel and ethanol, higher ethanol quantities could be leveraged in lower load
conditions and would provide a more stable combustion and lower UHC emissions.
However, as the load was increased higher amounts of diesel were required in order
to keep the cylinder pressure rise rate to an acceptable level [58].

Some of these detrimental impacts on CO and UHC emissions are able to be
counteracted by more complex fuel injection strategies [59]. For example, more
recent work has explored the use of ethanol port-injection with a multi-pulse
direct-injection of diesel. A double pilot injection was able to reduce the UHC and
CO emissions in RCCI-type conditions [60]. Other methods such as leveraging
higher injection pressures have also been shown to be able to increase efficiency and
provide further decreases in emissions of NOx, CO, UHC, and PM [61].

3.2.2 Challenges with reactivity controlled compression ignition

While RCCI methods are promising, these modes suffer from several technical
challenges. First, cycle-to-cycle and cylinder-to-cylinder variations can be more dra-
matic than in conventional diesel combustion [62, 63]. Since fuel and air mixing are
critical and high amounts of recirculated exhaust gas are typically leveraged in these
modes, small variations in the in-cylinder fuel quantities and gas mixture can lead to
significant variations in the combustion process. Combating such variations is likely
to require more complex control strategies and additional engine sensors [62].

Second, control of the combustion phasing of these modes is challenging since
the combustion process is controlled by chemical kinetics and not directly triggered
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by an injection event. Control techniques must try to maintain an optimal combus-
tion phasing while ensuring that pressure rise rate and combustion variations do
not exceed acceptable limits by monitoring the fuel blend ratio [64] and direct-
injection timing [65]. Successful use of RCCI may also require switching between
traditional diesel combustion at lower load and dual-fuel operation at higher load
[65]. Intermediate modes such as “premixed dual-fuel combustion” and “partially
premixed compression ignition” may provide clean and efficient intermediate com-
bustion strategies that can be used on their own or in transitions from conventional
diesel combustion to RCCI [66].

As discussed previously, UHC and CO emissions are often higher in RCCI modes.
This is believed to be because local equivalence ratios can drop below the flam-
mability limit of natural gas and lead to unburned hydrocarbon emissions [67], but
may necessitate the development of new after treatment systems for these engines.
Consumer acceptance is also a concern with dual-fuel engines. Since users may not
want to fill two fuel tanks, Splitter et al. explored a method of enabling RCCI by
using gasoline and the cetane improver di-tert-dutyl peroide (DTBP) [22]. This
study leveraged port injected gasoline as the low reactivity fuel, but used gasoline
mixed with varying amounts of DTBP as the high reactivity fuel. A peak gross ITE of
57% was achieved and emissions were similar to standard dual-fuel RCCI levels.

4. Dual-fuel spark-ignited engines

The implementation of dual-fuel combustion strategies on medium and
heavy-duty engines have primarily been discussed in the preceding section. These
utilizations of dual-fuel combustion strategies are generally restricted to com-
pression-ignition engines where Diesel is the conventional fuel. Nevertheless, in
recent years, light-duty spark ignited engines have also been configured to feature
a dual-fuel combustion system. This section will discuss the implementation and
utilization of dual-fuel combustion on light-duty SI engines.

In SI engines, a dual-fuel combustion strategy is also leveraged to promote the
utilization of alternative fuels such as ethanol and methanol. There are increas-
ingly numerous government imposed legislations promoting the use of biofuels in
transportation [68]. Current legislation requires EU member states to conform to
a10% minimum target on the use of alternative fuels (biofuels or other renewable
fuels) in transportation by 2020 [69] . In the US, tax incentives have been used to
promote the use of ethanol in gasoline [70], in order to replicate the success seen in
Brazil [71]. The quest to benefit from incentives or conform to legislations has led
engine manufacturers to explore the implementation of dual-fuel combustion on
spark-ignited engines with the utilization of biofuels and other renewable fuels.

Additionally, one of the primary motivations for the implementation of dual-
fuel combustion in SI engines has also been for the development of better engine
knock control techniques. Engine knock, the inadvertent auto-ignition of the fuel
in localized high pressure and temperature regions inside the cylinder [72, 73],
can result in significant engine damage and marks one of the main obstacles in SI
engines. The conventional approach to avoiding knock in spark-ignited (SI) engines
consists of delaying the combustion phasing by retarding the spark timing [74].

A combustion event occurring later in the combustion stroke (further away from
top dead center) has a lower tendency to knock since the combustion pressure and
temperature are lower. However, delaying the combustion phasing also reduces the
fuel efficiency since less work can be extracted by the late combustion [75].

A dual-fuel combustion strategy provides SI engines with an alternative way
to avoid knock without sacrificing fuel efficiency. The tendency of the fuel to
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auto-ignite is not only dependent on the in-cylinder conditions, but also on the
knock resistance (octane rating) of the fuel. As such, increasing the fuel’s octane
rating helps avoid knock without compromising fuel efficiency. Engines with
dual-fuel capabilities can use alow RON fuel and a high RON fuel simultaneously
to optimize the fuel mixture’s knock resistance by controlling the proportion of
each injected fuel. Many studies have explored the implementation of a dual-fuel
strategy to suppress knock [2-5, 72-75].

The studies by Cohn et al. [3] and Bromberg et al. [76] at Massachusetts Institute
of Technology proposed an ethanol boosted engine concept, which provides sup-
pression of engine knock at high pressure through the use of direct ethanol injec-
tion. Their studies conclude that the implementation of the secondary fuel injection
system could allow engine operation at much higher levels of turbocharging and
could potentially increase the drive cycle efficiency by approximately 30%. Daniel
et al. [4] implemented a dual-fuel strategy for knock mitigation on a single cylinder
SI research engine. The study shows that dual-injection strategy (using either etha-
nol or methanol as the high RON fuels) showed benefits to the indicated efficiency
and emissions (HC, CO, CO,) at almost all loads compared to a single fuel gasoline
direct injection (GDI) strategy. Furthermore, Chang et al. [77] conducted a Well-
to-Wheels (W-t-W) greenhouse gas emissions assessment to estimate the overall
emissions benefits of a knock mitigating dual-fuel system. Their study showed a
maximum 30% W-t-W CO, equivalent reduction can be achieved by utilizing a
dual-fuel injection system.

A dual-fuel SI configuration provides three main benefits: (1) engine can be
further downsized and operated in high pressure conditions (2) the fuel knock
resistance can be adjusted based on operating point while maintaining an optimal
combustion phasing (maximizing engine efficiency), and (3) operating points with
low knock propensity can be operated with a low octane fuel, eliminating the waste
of RON, which generally translates into cheaper fuel cost and lower CO, emissions
[5, 77]. A team at Saudi Aramco, in collaboration with IFP Energies nouvelles,
demonstrated these benefits on a production passenger vehicle [23, 78, 79]. The
dual-fuel technology is identified as “an opportunity to improve fuel efficiency by
using the octane only when you need it.” The researchers outline that the technology
will improve fuel efficiency while reducing overall energy requirements to manu-
facture gasoline fuels in the future [79]. The researchers at Aramco Fuel Research
Center (AFRC) identify the development of the production car as only the start,
and outline the near-term objective of going from a vehicle with two tanks with two
different fuels to one that only uses only one fuel and process it with an on-board
fuel upgrading system.

Similar to the efforts of Saudi Aramco, there is currently a growing interest to
harness the benefits of a dual-fuel combustion strategy on conventional SI engines.
A study at Massachusetts Institute of Technology by Jo et al. [24] investigates the
use of dual-fuel for a passenger vehicle and a medium-duty truck. Their simulation
studies, coupled with experimental testing, conclude that significant gains in engine
brake efficiencies can be achieved: 30% for the Urban Dynamometer Driving
Schedule (UDDS) cycle and 15% for the US06 cycle. Studies by Marchitto et al. at
Istituto Motori, CNR [25] demonstrate the port injection of ethanol as a secondary
fuel showed a significant increase in thermal efficiency (~10%) and significant
reduction in particle number emissions as well as particulate mass (60-80%).

Dual-fuel combustion provides a promising path to boost the thermal efficiency
of spark-ignited engines. The opportunity to leverage alternative fuels such as
ethanol and methanol, as well as the ability to suppress knock without compromis-
ing thermal efficiency, has garnered interest in the technology. Nevertheless, the
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challenges associated with multiple tanks and multiple fuels require researchers to
seek paths that will make the technology more accessible to everyday consumers.

5. Conclusion

Since the inception of the dual-fuel combustion strategy as a tool to better
control combustion, its application has been most vital in stationary and heavy-
duty applications. The integration of the dual-fuel combustion in the transportation
industry promises great benefits both in terms of fuel efficiency improvement as
well as toxic emissions reduction. Significant efforts are undertaken to implement
this technology in the automotive industry for heavy-duty, as well as medium
and light-duty engines. The on-going research on dual-fuel combustion promises
encouraging paths that will allow the utilization of more readily available gaseous
fuels and renewable fuels. The observed benefits on both compression-ignition and
spark-ignited engines warrants further investments, research, and efforts to better
exploit these gains on a larger scale.

In compression ignition (CI) engines, dual-fuel combustion presents an effective
approach to control combustion timing and extend engine load limitations. This is
achieved by injecting both a high reactivity and low reactivity fuel, adjusting the
concentration of one relative to the other, and thereby optimizing the fuel mixture’s
reactivity (on a cycle-by-cycle basis) for different operating conditions. In spark
ignited (SI) engines, the optimization of the fuel’s octane rating presents an alterna-
tive approach to avoid abnormal combustion (engine knock due to auto-ignition).
The conventional SI engine relies on delayed spark timings to avoid knock, which
results in degraded efficiency and higher emissions. With dual-fuel combustion
techniques, two fuels with high and low octane ratings can be used to adjust the
fuel mixture’s octane as needed to avoid knock without sacrificing the engine’s
efficiency.

While dual-fuel operation has many potential benefits, the implementation
of these strategies on CI and SI engines also involve significant challenges. These
challenges are exacerbated when dual-fuel combustion is implemented in conjunc-
tion with other advanced combustion strategies including varying valve timing,
and high EGR circulation. The underlying challenges include increased combustion
variations and difficulties in properly adjusting fuel mixture for effective control
of combustion timing (in CI engines) and effective knock control (in SI engines).
While the technology has successfully been used in stationary applications, the
implementation of dual-fuel strategy on mobile applications, specifically in the
transportation sector, still faces limiting challenges. In addition to the technical
challenges associated with the dual-fuel engine, a primary concern for its integra-
tion in the automotive industry consists of the social resistance to the requirement
of having and filling two fuel tanks. In order for the technology to successfully
penetrate the automotive market, the benefit in the terms of fuel efficiency
improvement and toxic emissions reduction need to clearly outweigh the technical
and social challenges.
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Abstract

Researchers have studied on alternative fuels that can be used with gasoline
and diesel fuels. Alternative fuels such as hydrogen, acetylene, natural gas,
ethanol and biofuels also uses in internal combustion engines. Hydrogen in the
gas phase is about 14 times lighter than the air. Moreover, it is the cleanest fuel
in the world. On the other hand because of its high ignition limit (4-75%), low
ignition energy, needs special design to use as pure hydrogen in internal combus-
tion engines. It is proved that hydrogen improves the combustion, emissions and
performance, when is added as 20% to fuels. Natural gas is generally consisting of
methane (85-96%) and it can be used in both petrol and diesel engines. Ethanol
can be used as pure fuel or mixed with different fuels in internal combustion
engines. In this section, the effects of natural gas, hydrogen, natural gas +
hydrogen (HCNG), ethanol, ethanol + gasoline, ethanol + hydrogen, acetylene,
acetylene + gasoline mixtures on engine performance and emissions have been
examined.

Keywords: internal combustion engines, hydrogen, acetylene, natural gas, ethanol

1. Introduction

Oil is the undisputed largest source of energy for internal combustion engines
(ICE). However, rapid depletion of the oil due to the increasing number of vehicles,
the pollutant emissions within its combustion products that threaten the ecologi-
cal system and the concerns about the security of supply due to the oil reserves
unevenly distributed over the globe, of which about 50% is located in the Middle
East, encourages the exploration of fuel sources that are more environmentally
friendly and have widespread reserves in the world [1].

Gasoline and diesel fuels that are produced from crude oil can also be
produced synthetically from CO and H, gases with the method found by the
German chemists Franz Fischer and Hans Tropsch in 1923. Fischer-Tropsch
synthesis, a patented method since 1926, provides obtaining synthetic liquid
fuel from many different kinds of carbon and hydrogen-derived raw materials.
Generally, coal, natural gas and methane are used to obtain large amounts of CO
and H, gases that are necessary for synthesis reactions. Today, Germany, India,
China and South Africa that have major coal reserves produce commercially
synthetic fuels with Fischer-Tropsch synthesis [2-4]. However, because the
compositions of the synthetic gasoline and diesel fuels are similar to the natural
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gasoline and diesel fuels, their effects on the pollutant emissions resulting from
vehicles are also similar.

In this chapter, for the purpose of reducing pollutant emissions resulting from
internal combustion engines, the characteristics of hydrogen, natural gas, acety-
lene and ethanol, which are alternative fuels and can be used without requiring a
structural change in SI and CI engines, and their effects on engine performance
and exhaust emissions are mentioned. The physical and chemical characteristics

Properties Acetylene Hydrogen CNG Ethanol Gasoline Diesel
Formula CH, H, CH, C,HsOH C4—Cnp Cg—Co
Density (1 atm, 20°C (kg/m’)) 1.092 0.08 0.65 809.9 720-780 820-860
Auto ignition temperature (°C) 305 572 540 363 257 254
Stoichiometric ratio (kg/kg) 13.2 34.3 17.2 9 14.7 14.5
Motor octane number 45-50 130 105 89.7 95-97 -
Flammability limits in air (%Vol.) 2.5-81 4-74.5 5.3-15 3-19 14-76 0.6-5.5
Adiabatic flame temperature (K) 2500 2400 2320 2193 2300 2200
Min. quenching diameter (mm) 0.85 0.9 3.53 297 297 -
Min. ignition energy (MJ) 0.019 0.02 0.29 0.23 0.23 -
Maximum flame speed (m/s) 1.5 35 0.42 0.61 0.5 0.3
Lower heating value (kJ/kg) 48.225 120.000 49.990 26.700 43.000 42.500
Table 1.

Physical and combustion properties of fuels [146-153].

Fuels Resource Expended energy [M]J/M] fuel] Greenhouse emissions [g CO,/M]J]
Gasoline Crude oil 0.18 13.8
Diesel Crude oil 0.20 154
Natural gas EU-mix NG 0.17 13.0
Imported NG 7000 km 0.29 226
Imported NG 4000 km 0.21 16.1
LNG' 0.28 199
Shale gas 0.10 7.8
Synthetic from wind 1.05 33

electricity

Ethanol Sugar 120 284
Wheat' 131 556
Other’ 166 414
Hydrogen Natural Gas' 1.10 118
Coal 145 237
Biomass 1.05 14.6
Electricity’ 311 190

Average value.

Table 2.
Energy and greenhouse gas balance in WTT analyses for EU (2010-2020+) [154].
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of gasoline, diesel fuel and alternative fuels that are mentioned in this chapter are
shown in Table 1.

Fuels used in ICE are generally produced from primary resources. To convert
a source to a fuel and bring this fuel to a vehicle, well to tank (WTT) analyzes are
made in terms of energy consumption and greenhouse gas emissions. The energy
and greenhouse gas balances obtained from WTT analyses based 2010-2020+ years
for the alternative fuels in EU are shown in Table 2. When Table 2 is investigated
according to fuel types, the maximum energy is consumed for the production of
hydrogen gas and the minimum energy is expended for gasoline fuel. On the other
hand when Table 2 has been compared in terms of resources, the highest energy
consumption is obtained as 3.11 MJ/M] by the using of electrolysis in hydrogen pro-
duction, while the lowest energy consumption occurs as 0.1 MJ/M] in the producing
of shall gas removed from EU geography. It is seen from Table 2 that the highest
CO, value is produced in the obtaining of hydrogen gas and the least emission value
is emitted for gasoline fuel. In terms of resources, while the highest greenhouse
emissions value is obtained as 237 g CO,/M]J in hydrogen production from coal, the
lowest greenhouse gas produce is 3.3 g CO,/M]J in the producing of synthetic natural
gas from wind electricity.

2. Acetylene

Acetylene was used as fuel in internal combustion engines in the early 1900s.
Gustave Whitehead used a 15 kW engine powered by acetylene on his flying
machine in 1901. Towards the year 1940s, acetylene began to be used in automo-
biles. In those years, about 4000 licenses for the conversion of vehicles to alternate
fuels had been issued, and more than half of them were for conversion to acetylene
[5]. Nowadays acetylene is only used in metal and chemical industries and it is not
used in vehicles. Nevertheless, experimental studies on the use of acetylene in ICE
have gained momentum in recent years due to high flame speed and energy density.

Acetylene was first discovered by Edmund Davy in 1836. But thereafter it was
forgotten. Marcellin Berthelot rediscovered this hydrocarbon compound in 1860.
He coined the name “acetylene” to this compound [6].

Acetylene, the first member of the alkynes (C,H,,-»), is a colorless and odor-
less gas but with an odor similar to garlic if produced from calcium carbide.
Acetylene gas does not occur in quantities in nature but it is commonly obtained
from the reaction of calcium carbide with water [7]. Calcium carbide (CaGC,) is
produced by heating the mixture of quicklime and coke in electric arc furnaces to
2000-2100°C. Quicklime (CaO) is produced by heating calcium carbonate (CaCOs)
about at 900°C. Figure 1 shows a schematic representation of an integrated facility
for the production of calcium carbide [8]. Moreover, the processes are seen in Egs.
(1) and (2) [8-10].

CaCOj3 + heat - CaO + CO, (1)
Ca0 +3C > CaC, + CO 2)

Acetylene has higher flame speed and energy density than gasoline and diesel
[11] hence acetylene engines could more approach thermodynamically ideal engine
cycle efficiency. But the octane number of acetylene is lower than other fuels
which use in internal combustion engines [12]. Therefore the maximum amount
of acetylene consumption is limited to the onset of knock. Lower ignition energy,
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high flame speed, wide flammability limits and lower octane number leads to pre-
mature ignition and undesirable combustion phenomenon called knock [13, 14].
These are the main problems encountered in using acetylene as a fuel in internal
combustion engines.

In SI engines, acetylene and gasoline are either injected into the intake mani-
fold or directly into the cylinder and the mixture is ignited by spark plug at the
end of the compression stroke. In diesel engines, acetylene is either inducted along

Limestone Coke
l(:aco: Primary fuel l
Lime kin  [* . Coke dryer

—
Quicklime Coke
> it
Ca0 c
Electric arc | CO
furnace
CaC:
Y
ane_ny
crushing
— Packing unit
Secondary
crushing

Figure 1.
Integrated calcium carbide production facility [8].

Load| Gasoline | Acetylene | Acetylene |Peak Pressure| Spark Advance

(%) | (g/h) (g/h) (%) (bar) (CA BTDC)
1877 0 1] 16.6 21

25 1320 500 275 16.5 13
240 1000 543 15.6 2
2805 0 1] 254 18

50 2145 500 18.9 26.5 11
1800 1000 357 20.9 1
3730 ] 1] 31.5 15

75 3250 s00 153.3 24.6 3
2750 1000 26.7 23.8 ]
4265 ] 1] 40.6 11

100 3890 500 11.6 30.9 1
3390 1000 22.8 29.0 -2

*2 CA After Top Dead Center

Table 3.
Mass flows of fuels, peak pressure and spark advance [18].

30



Alternative Fuels for Internal Combustion Engines
DOI: http://dx.doi.org/10.5772/intechopen.85446

with intake air or injected directly into the cylinder and compressed. However,
the mixture of acetylene-air does not auto-ignite due to its very high self-ignition
temperature. A small amount of diesel fuel called pilot fuel is injected into the
mixture towards the end of the compression stroke. The pilot diesel fuel auto-
ignites first and ignites the acetylene-air mixture such as spark plug. So, dual fuel
diesel engines combine the features of both SI and CI engines [15-17].

The main advantages of using acetylene as gasoline-acetylene mixtures in SI
engines [5, 18-21]:

* Acetylene-gasoline mixtures can be used in SI engines at every load from low
load to full load. However, it can be also used as a single fuel at partial loads.

5
—a— 100% Gasoline
4 #— 54500 g/h Acetylene
g —o— G+1000 gfh Acetylene
i 3
g
t 2 j
R ——
] ik —il
E' 1
ﬂ T T L T T
4 8 12 16 20

Brake Power (kW)

Figure 2.
Variety of HC with brake power (1500 rpm, different loads) [18].

25
——100% Gasoline

—a— G+500 gfh Acetylens

I

—&— G+1000 g/h Acetylene

Nitrogen Oxide (g/kWh)

15
10
1 8 12 16 20
Brake Power (kW)

Figure 3.
Variety of NO with brake power (1500 rpm, different loads) [18].
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* If acetylene is mixed with gasoline under stoichiometric conditions, it causes a
decrease in gasoline consumption at constant output power as seen in Table 3.
At the same time, as can be seen Figure 2, hydrocarbon emissions were sig-
nificantly reduced at all loads and as can be seen Figure 3, NO emissions were
reduced at full loads according to working with gasoline [18]. Experimental
studies [18] were realized at 1500 rpm and stoichiometric ratio under 25, 50,
75% and full load conditions. The acetylene was injected into the intake mani-
fold of test engine through the gas injector 500 and 1000 g/h gas flow rates.

* Acetylene increases the poor combustion limit in partial loads in SI engines.
The engine can be operated in leaner conditions with gasoline-acetylene
mixtures. As seen in Figures 4 and 5 the brake thermal efficiency of the engine
increases and the specific fuel consumption decreases. Further, at high equiva-
lence ratios, the fairly reduced exhaust emissions are observed. NO emissions
are almost non-existent as in-cylinder temperatures decrease in lean fuel-air

- 26
2
g
g
é 24
=
T
s + 100% Gascline
& « G+500 g/h Acetylene
% 20 4 G+1000 g/h Acetylene
a ]
18

08 1.0 1.2 14 1.6 1.8 20 22
Excess Air Ratio

Figure 4.
The variation of BTE with excess air ratio (1500 rpm, 25% load) [19].

450

—— 10074 Gasoline
400 = o - G500 g/h Acetylene
—& =G+H1000 g'h Acetylene

350 =
.
o
'L-.-.___‘
-
300 -
08 10 12 14 16 18 20 22

Specific Fuel Consumption (g/kWh)

Excess Alr Ratlo

Figure 5.
The variation of BSFC with excess air ratio (1500 rpm, 25% load) [19].
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mixtures and unburned hydrocarbon emissions are quite reduced when com-
pared gasoline operation in SI engines as can be seen Figures 6 and 7. With the
use of acetylene as an alternative fuel in SI engines, air pollution from SI engine
vehicles in large cities can be significantly reduced [19].

Acetylene operates in diesel engines with dual fuel mode by a little engine
modification and while reduces NOx, HC, CO and CO, emissions, contributing
to a significant reduction in diesel fuel consumption [16]. Acetylene cannot

be used as a single fuel in diesel engines due to the high compression ratio. In
that study, the tests were conducted on a four-stroke diesel engine with a rated
power output of 4.4 kW at 1500 rpm, with slight modification in intake mani-
fold for holding the gas injector. The gas flow rates of 110, 180 and 240 g/h

and optimized injection timings were arranged by ECU’s. Table 4 gives energy
share ratio of diesel and acetylene at 240 g/h flow rate [16].

In countries with large coal reserves and little or no oil reserves acetylene can
be used in automobiles that form the largest part of vehicle traffic. Thus the
country’s need for oil can be reduced.

The main disadvantages of acetylene as alternative motor fuel [22-26]:

Acetylene is a very explosive gas which sensitive to pressure and temperature.
For this reason, in vehicles that use acetylene as fuel should be security precau-
tions taken seriously and should not be parked in closed areas.

Acetylene is a fuel with very low ignition energy and may cause backfire in
intake manifold.

As the knock resistance of acetylene is low, the air-fuel ratio must be precisely
adjusted to avoid knock.

Acetylene can be used as the only fuel in SI engines only under very lean
air-fuel mixture conditions. In very lean conditions, we cannot get maximum
power out of the engine.

20
—+— %100 Gasoline
= 16 —8— G+500 gfh Acetylene
E —a—G+1000 g/h Acetylene
g 12
o
=
8
= 8
2
=
= 4
0

08 1.0 12 14 16 18 20 22

Excess Air Ratio

Figure 6.
The variation of NO with excess air ratio (1500 rpm, 25% load) [19].
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Figure7.
The variation of UHC with excess air ratio (1500 rpm, 25% load) [19].

Load Energy equivalent of Energy equivalent of Energy share Energy share of
(%) diesel fuel (kW) acetylene fuel (kW) of gas (%) diesel (%)

0 4.01 321 44 56

25 531 321 38 62

50 779 321 29 71

75 9.33 321 26 74

100 10.39 321 24 76

Table 4.

Energy share vatio of diesel and acetylene at 240 g/h [16].

* Storage of acetylene in vehicles is an unsolved problem yet. As acetylene is
decomposed at a pressure of 2.5 bar, it cannot be stored as compressed gas like
other gases. Acetylene is stored dissolved in acetone contained in a metal cylinder
with a porous filling material under 18 bar pressure. When acetylene cylinders
are empty, on-site filling is not possible. Therefore, disassembly and montage
the cylinder is a major disadvantage. Although manufactured in different sizes,
cylinders that can be stored 8.7 m’ acetylene have a volume of about 60 liters and
average weighs (full) 70 kg [27]. This situation causes great difficulties in practice.

* Another method is to produce acetylene from carbide as in the 1940s and to
use it without storage. This method requires a complex system as shown in
Figure 1. Disposal of the residue called calcium hydroxide is another important
problem of an on-board fuel generating system

3. Natural gas
Natural gas is a fossil fuel found in nature reserves, associated or not with petro-
leum [28]. The cost of obtaining from nature is lower than other fossil fuels. Natural

gas consists of about 90% methane, 3% ethane, 3% nitrogen, 2% propane and other
trace gases. Methane which is the always dominant component of natural gas is the
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first member of alkane’s family. Since it has a high H/C ratio, natural gas is known as
the cleanest fuel in fossil fuels. Due to its ecological benefits, city buses operate with
natural gas engines in many countries. CO, gas, which should normally be between
180 and 280 ppm in the atmosphere, reached 405 ppm as of September 2018 due to
overuse of fossil fuels [29]. Therefore, many countries encourage the use of natural
gas instead of petrol and diesel fuel in vehicles. Because, natural gas mixes perfectly
with air, it is easy to ignite, provides clean combustion and gives high heat. The
thermal efficiency of natural gas engines is higher than that of gasoline engines due
to these engines have a higher compression ratio than gasoline engines [28-35].

Unlike gasoline and diesel engines, natural gas-powered internal combustion
engines do not require fuel enrichment in cold start, and exhaust emissions are
not affected by low temperatures. Natural gas vehicles (NGV) produce emission
values lower than the EURO 6 standard according to vehicles using petroleum-
derived fuel [30].

According to NGV Global’s report, the number of NGV and filling stations in
the world is increasing rapidly (Figures 8 and 9). China ranks first in the NGV Park
with 6,080,000 vehicles and 8400 filling stations, according to 2018 data. In the
number of NGV, Iran, India and Pakistan are the countries that come after China.
The total number of NGVs reached to 26,130,000 as of June 2018 [31].

The biggest disadvantage for the NGV transportation sector comes from the
storage challenge of natural gas. Natural gas is a lighter gas than air. While the
density of air at sea level at 15°C is 1.225 kg/m’, although the density of natural gas
varies according to its composition, it is about 0.71 kg/m’. As natural gas is a light
gas the energy density per unit volume is low and in order to ensure a reasonable
driving distance the storage volume should be chosen large. Fortunately, technol-
ogy has developed and the natural gas has been begun to storage in steel or carbon
tubes at a pressure of 200 bar with high pressure compressors. Parking of natural
gas vehicles in enclosed spaces is dangerous for safety reasons. Nowadays, cars with
natural gas engines have a range of more than 300 miles with a single filling. Also,
natural gas is not a renewable energy source, like other fossil fuels [35-37].

High knock resistance of natural gas allows it to be used in engines with higher
compression ratios as compared to gasoline engines. Operation of natural gas
vehicles at higher compression ratios than gasoline vehicles increases the thermal

MGV count (June 2018): 26.13 million = NGV (million)
Projection (2021):30 million
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efficiency. As seen in Figure 10, in the tests carried out at different compression
ratios with natural gas and natural gas-hydrogen mixtures (HCNG), the minimum
fuel consumption for the compression ratio of 12.5 was obtained. Figure 11 shows
that, THC emissions are lower than the Euro VI standards in all compression ratios
[30]. The experiments have been carried out using a modified diesel engine having
9.6, 12.5 and 15 different compression ratios at 1500 rpm under full load conditions
fueled by hydrogen enriched compression natural gas blends (100% CNG, 95%
CNG + 5% H,, 90% CNG + 10% H, and 80% CNG + 20% H,). Engine performances

Stations count (June 2018): 31100 ® Stations {thousand) 0.9
Projection (2021):35000

21.3 ME“I
g i 8

S g 3 ,_‘
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Figure 9.

Number of natural gas fueling stations worldwide by years [31].
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Figure 10.
The THC values versus excess air ratio using different compression ratios [30].
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Figure 11.
The BSFC values versus excess air ratio using different compression ratios [30].
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CR H, (%) A=1.0 A=115
9.6 0 2000 3620
5 2100 3825
10 1710 4185
20 1535 4225
12.5 0 2040 4410
5 1940 4200
10 2260 4520
20 2210 4695
15 0 2045 4465
5 2570 4700
10 2660 4565
20 3030 4350
Table 5.

NOx values (ppm) for A = 1.0 and A = 1.15 [30].

and emissions parameters have been realized at 10°CA BTDC ignition timing and
different excess air ratios (A = 0.9-1.3).

NOx values for A = 1.0 and A = 1.15 show in Table 5. As seen in the table, increas-
ing of compression ratio and hydrogen fraction values lead to an increase in NOx
values.

4. Ethanol

Ethanol is generally produced from renewable sources such as biomass and
agricultural feedstock [38, 39]. So, ethanol has been used widely as alternative fuel
in internal combustion engines. The octane number of ethanol is higher than the
octane number of the gasoline. The high octane number of ethanol allows the use
of ethanol as fuel in an SI engine with a higher compression ratio [40]. The latent
vaporization heat of ethanol increase cooling effect in the cylinder, this situation
leads to an increase in volumetric efficiency [41]. Ethanol burns cleaner than gaso-
line and diesel fuels and it produce less CO, CO, and NOx. It has low diffusivity and
ignition difficulty at low temperature, therefore combustion is not completed at low
temperature and HC increases compared to gasoline in ethanol use. Ethanol chemi-
cal formulation is C,HsOH. Hydrogen percentage of ethanol is higher than gasoline.

Recently environmental authorities in large urban centers have expressed their
concerns on the true effect of using ethanol blends of up to 20% in-use vehicles
without any modification in the setup of the engine control unit (ECU), and on the
variations of these effects along the years of operation of these vehicles [40].

Pure ethanol can be used internal combustion engines but there are some
problems [42-45]. These problems are;

1.Ethanol has a low flame speed. So it has a bad cold-starting function. The using
as fuel is hard in the winter months.

2. There is no passenger car designed for 100% ethanol. The use of pure etha-

nol can damage engines. Even engines that can work with gasoline-ethanol
mixtures can reach up to 85% ethanol.
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3.Ethanol is a corrosive fuel. So, the materials and surfaces of parts of combus-
tion chamber, all plastic materials having contact with fuel and fuel injection
system must be improved.

5. Hydrogen

Although hydrogen the most common element in the world and it does not
exist in nature in its pure state, so it has to be produced from sources like water and
natural gas. The environmental impact and energy efficiency of hydrogen depends
on how it is produced [46, 47].

Hydrogen has been studied as an alternative gas fuel for a long time.
Hydrogen has not some problems associated with liquid fuels, such as vapor lock,
cold wall quenching, inadequate vaporization and lean mixing. Hydrogen has
clean burning behaviors. As hydrogen is burned, it products mainly water. The
combustion of hydrogen does not bring out toxic products such as hydrocarbons,
carbon monoxide and carbon dioxide [48]. The most important advantage of
hydrogen is that it does not produce CO, gas, which is one of the most important
sources of global warming. In addition, hydrogen has a wider limit of flammabil-
ity than gasoline, diesel and natural gas [49, 50]. Moreover, hydrogen has high
flame speed and it has high self-ignition temperature [51]. Also, hydrogen can
easily burn in ultra-lean mixtures [52]. The energy required to ignite the hydro-
gen-air mixture is only 0.02 MJ. Therefore, it is ideal for poor mixed burns [50].
Finally, hydrogen can be used at wide compression rates in internal combustion
engines as the self-ignition temperature of hydrogen is too high [53]. Due to these
properties, many studies have been carried out on the use of hydrogen in internal
combustion engines [54-56].

Due to the low energy required for the ignition of hydrogen, the mixture imme-
diately ignites when it comes into contact with a hot spot in the cylinder. As a result,
knock may occur [56, 57]. As can be seen from Figure 12, another disadvantage of
hydrogen is its low energy density [58]. In addition, the formations of NOx emis-
sions are increased by hydrogen combustion due to high flame temperature [59, 60].
The increasing of NOx with hydrogen can be seen from Figure 13.
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The energy density of some fuels [145].
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The experiments in the study fueled by pure hydrogen and gasoline [61], in
which Figure 13 was taken, carried out on a four-cylinder, four stroke, SI engine
with carburetor, having 8.8:1 compression ratio. The ignition timing was set
to 10" before top dead center (BTDC). The engine was run between 2600 and
3800 rpm engine speeds. In the experimental study [62], the tests were carried out
at 1400 rpm engine speed, 61.5 kPa manifold air pressure, MBT spark timing and
different excess air ratios (1.0-2.6). In this study, to simulate the hydroxygen, the
hydrogen-to-oxygen mole ratio was fixed at 2:1 through adjusting the injection
durations of hydrogen and oxygen. Moreover, three standard hydroxygen volume
fractions in the total intake gas of 0, 2 and 4% were adopted in the tests.

6. Hydrogen mixture

Because of hydrogen has some negative effects on internal combustion engine,
it is used as a mixture rather than pure. The most widely mixture of hydrogen is
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HCNG. The mixture has been formed by the blending of natural gas. Natural gas-
hydrogen mixtures (HCNG), which are considered as alternative fuels for conven-
tional engines, are mixtures formed to combine the superior properties of natural gas
and hydrogen. There are many studies [63-70] using HCNG as an alternative fuel.

As can be seen in Figure 14, the hydrogen adding causes an increase in thermal
efficiency and causes an expansion of the flammability limits. In addition, when
the figures are examined, it is seen that the addition of hydrogen increases the
stability of combustion and the value of brake power and reduces the specific fuel
consumption.
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BTE, COV, power and BSFC values versus equivalence ratio at 2200 rpm, 50% WOT with MBT timing and
different hydrogen percent [69].
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hydrogen rates [70].
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Moreover, as can be seen in Figure 15, the addition of hydrogen to natural gas leads
to a decrease in CO and HC emissions and an increase in NOx values. In the experi-
mental study, in which Figure 15 was taken, the experiments were performed at 2000,
2400 and 2800 rpm with wide open throttle and varying the equivalence ratio. The
engine with single-cylinder having 7.25:1 compression ratio was fueled by compressed
natural gas, and mixtures of hydrogen in CNG as 5, 10, 15 and 20% by energy.

Another mixture made using hydrogen is the ethanol-hydrogen mixture. In
the literature, it can be found many studies on the use of hydrogen and ethanol in
internal combustion engines [71-85].

In the experimental study [85], in which Figure 16 was taken, the experiments
were carried out on a compression ignition engine modified to run on spark ignition
mode fueled with hydrogen-ethanol dual fuel combination with different percent-
age of hydrogen (0-80%) under compression ratio conditions of 7:1, 9:1 and 11:1 by
varying the spark ignition timing at a constant speed of 1500 rpm.

In a study conducted with a mixture of hydrogen-acetylene, Sampath Kumar
et al. [86] have been investigated the performance and the emission behaviors of SI

- i
04 - = CR L
0is - o
. L o hias4 B &
ot — L FY L / /
— P = - -
=2 s —— " f wis . . SA
= — > # - - s
§ o |1 arisd T .
- # - ' e & #
[ T ¥ AT _ il
L - _a s et “'-\._ r
E a4 = . = Vi E [TRE . .,
—— - K~ /S
. ¥ L 1ins —
e g .,
— 0 -+ : = = = - i
w4 4 N z !
o E |.~ In. o1 1] 5] ’ 12 I " ! . ‘
lgmition Timing (*CA. BTDC) Ignition Timing (*CA. BTDC)
~o | Ethanol o $0% Hydrgen =+ B Hysdrogen - 100% Ethanol s~ 0% Hydrogen  —s— B0 Hydeogen
—s— NP Hydmogen - 604 Hydoogen —s— JFs Hydrogen s 6P Hydrogen
Figure 16.

The BSFC variations versus ignition timings at 7:1 and 11:1 compression ratios for different ethanol-hydrogen
blend [8s5].
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CO and HC emissions versus different fractions of hydrogen [87].

engine fueled by hydrogen-acetylene fuel. The results indicated that brake thermal
efficiency raised and emissions values descended when compare to gasoline.

In the another study, Tangz et al. [87] have been analyzed the performance and
emission values of an SI engine fueled by acetylene-hydrogen at a fixed BMEP value
of 2.095 bar, aload of 30 Nm and an engine speed of 1500 rpm under lean mixture
conditions (A = 1.3-2.8). As can be seen from Figures 17 and 18, the experimental
results showed that the values of specific fuel consumption are declined between 18.5
and 20.1% by hydrogen addition in the blend. The values of brake thermal efficiency
are declined between 6.2 and 3.3% with the addition of hydrogen in the blend. The
curves of cylinder pressure and heat release rate are advanced to top dead center by
the adding of hydrogen to acetylene. The adding of hydrogen in acetylene leads to a
decrease in CO and HC emissions and an increase in NOx values for fixed lambda.

7. Alternative fuels for new ICE applications

Today, one of the most important problems in the use of internal combustion
engines is the production of harmful emission gases. For this reason, many stud-
ies have been carried out to reduce the emissions while maintaining of engine
performances, with the new ICE applications such as HCCI, RCCI, PCCI and
PPC. Moreover, for the purpose of reducing emissions, some of these studies
focused on the using of alternative fuels. In the new engine applications have a
process in which a homogeneous mixture of air and fuel is compressed under the
conditions in which auto ignition occurs close to the end of the compression stroke,
followed by combustion, which is significantly faster than conventional diesel
or Otto combustion. The auto-ignition and combustion phasing in cylinder are
controlled by mixture stratification and fuel injection timing [88-93]. These engine
applications compared to conventional engines allows to reduce nitrogen oxide and
soot emissions and to achieve higher thermal efficiency [94-98]. However, it is very
difficult to control the auto ignition in these engines. Many studies were carried out
to control the auto ignition process in the engines by using alternative fuels having
high auto ignition temperature or low reactivity or high octane number.

One of the most important new ICE applications is homogeneous charge
compression ignition (HCCI). To control the auto ignition process in HCCI
engine, some fuels having high auto ignition temperature use as alternative fuel.
When these studies are examined, it is seen that the studies focused on the natural
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gas [99-104], ethanol [105-108], acetylene [109-114] and hydrogen [115-122].
Reactivity controlled compression ignition (RCCI), premixed charge compression
ignition (PCCI) and partially premixed combustion (PPC) are other new ICE
applications. In the engine applications, the low reactivity fuel is introduced from
port injection to form a homogeneous mixture in the cylinder, and the high cetane
number fuel is injected directly into the cylinder to control the combustion phasing
and duration. High octane fuels or low reactivity with resistance to spontaneous
ignition are more favorable for RCCI, PCCI and PPC combustion. For this reason,
most of the studies carried out on RCCI, PCCI and PPC engines are focused on
natural gas [89, 123-133] and ethanol [134-144] as an alternative fuel.

Asaresult, the operation parameters such as fuel type, fuel composition, air fuel
ratio and inlet temperature were observed to significantly affect working regime of the
new ICE applications. However, it is considered that a complete framework for the each
ICE application modes has been not provided. Moreover, in spite of significant reduc-
tion in NOx and soot emissions is observed in the applications fueled by the alternative
fuels, significant amounts of HC and CO emissions forming still remain problematic.

8. Conclusion

Acetylene has some suitable properties such as high energy density, high flame
temperature, high flame speed and low emission production. For this reason, it is
considered to can be use an important contribution fuel or alternative fuel in the
future for internal combustion engine. It increases brake thermal efficiency while
contribute to decrease fuel consumption and all emission values. However, some
studies should be carried out to increase the knock resistance of acetylene. Moreover,
efficient production methods and new storage methods need to be developed in
order to use acetylene as an alternative fuel in vehicles. Finally, in order to determine
whether acetylene is economical or not, well to tank analysis should be performed.

Looking at today’s applications, it is seen that natural gas fuel is a suitable fuel
especially for SI engines having high compression ratio due to high knock resistance.
Operation of natural gas vehicles at higher compression ratios than gasoline vehicles
decreases the BSFC. On the other hand, natural gas, the cleanest fossil fuel due to
having high H/C ratio, provides more reduction in THC emission values than Euro
VI standard when suitable compression ratio is met. However, the storage problem
must be eliminated in order to be used in all engines. Moreover, studies should also
be done to increase the energy density.

Ethanol has high octane number. However, it is expensive than fossil fuels and
it has corrosive property. In addition, even engines that can work with gasoline-
ethanol mixtures can reach up to 85% ethanol. Ethanol can be blended to other
alternative fuel to improve the energy density. Ethanol burns cleaner than gasoline
and diesel fuels and produces less CO, CO, and NO, but HC increases due to it has
low diffusivity and ignition difficulty at low temperature.

Hydrogen is a clean fuel and the mass energy density is very high. Fast burning
characteristics of hydrogen permits high speed engine operation and less heat loss
occurs for hydrogen than gasoline. NO, emission of hydrogen fuelled engine is about
10 times lower than gasoline fuelled engine if it works lean conditions. Because
of hydrogen has some disadvantages such as very low ignition energy and volume
energy density, it is mixed with other fuels especially natural gas to use in SI engines.

Intensive studies such as the use of hydrogen in a liquid state should be done to
solve the storage problems in order to achieve the desired level of use in internal
combustion engines. Also, the methods or mixtures that reduce NO, formation
should be studied.
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In spite of significant reduction in NOx and soot emissions is observed in the
new ICE applications such as HCCI, RCCI, PCCI and PPC fueled by the alterna-
tive fuels, significant amounts of HC and CO emissions forming still remain
problematic.

Consequently, each fuel has positive and negative properties for use in internal
combustion engines. There are differences in the effects of each alternative fuel
on emissions and engine performance. The future studies could be carried out to
obtain an appropriate hybrid fuel by making a comparison between these alterna-
tive fuels to reduce all emissions and to improve engine performance.

Abbreviations

BMEP brake mean effective pressure
BSFC brake specific fuel consumption
BTE brake thermal efficiency
CABTDC crank angle before top dead center
CI compression ignition engine
cov coefficient of variation

CR compression ratio

EU European Union

HCNG natural gas-hydrogen mixtures
ICE internal combustion engine
MBT maximum brake torque

NGV natural gas vehicles

SI spark ignition

WOT wide open throttle

WTT well to tank
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Chapter 4

A New Lightweight Material for
Possible Engine Parts Manufacture

Akaehomen O. Akii Ibhadode and Raphael S. Ebhojiaye

Abstract

In the current drive for cleaner energy use, the application of lightweight mate-
rials in internal combustion engines becomes imperative as it makes for greater fuel
efficiency which results in pollution reduction. This chapter reviews the materials
being developed in this direction and then discusses a particularly new lightweight
hybrid composite material made of palm kernel shell (PKS) and periwinkle shell
(PS) particles as reinforcements in commercially pure aluminium matrix. The
fabricated composite had significantly improved properties over the commercially
pure aluminium and was used to produce a lightweight engine block. Preliminary
performance test results show that the hybrid aluminium composite may be suit-
able for some engine parts manufacture such as an engine block. Weight analysis
carried out on an existing engine shows that the use of this new material in the
manufacture of the engine block, cylinder head, piston and connecting rod could
give a potential weight reduction of over 25% when used in place of conventional
materials. Also, the results show that potential energy cost saving of over 62% could
be achieved when this new material is used. However, further work is needed to
properly ascertain its areas of specific application.

Keywords: lightweighting, aluminium composite, palm kernel shell, periwinkle
shell, engine block

1. Introduction
1.1 The internal combustion engine and the environment

An overwhelming majority of transport vehicles are driven by internal combus-
tion (IC) engines which use fossil fuels as the propellant. Fossil fuel used in vehicles
is known to be one cause of environmental degradation. The global need to stem
environmental degradation, climaxed at the 2015 United Nations Climate Change
Conference, COP 21/CMP 11 held in Paris, France. The Conference came up with
the target of limiting global warming to below 2°C. This tells us that additional and
more stringent measures are likely to be imposed on fossil fuels in the future. This
will negatively impact on the use of internal combustion (IC) engines in vehicles.
Even now, new targets on fuel economy are being set: ‘by 2021, new cars in Europe
should emit no more than 95 g/km of CO,, representing a reduction of 40% com-
pared with the fleet average of 158.7 g/km in 2007. At the same time, CAFE regula-
tions in the US will require light vehicles to achieve 54.5 mpg (23.2 km/I) by 2025.
These developments make manufacturing costs more important than ever. With
approximately 87 million vehicles sold in 2015 and this number expected to rise to
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115 million by 2030, introducing lightweight materials and innovative processes will
enable car manufacturers to meet these ambitious targets’ [1].

One method used by the automobile industry to tackle this challenge posed by new
emission regulations is for IC engines to burn fuel more efficiently. Lightweighting,
which is building lighter vehicles, is used to have better fuel efficiency [2].

1.2 Purpose of lightweighting

The main purpose of lightweighting vehicles is to increase fuel efficiency [3].
For example, while a conventional gasoline car weighing about 750 kg may have a
fuel economy of 22 km/l, a Shell eco-marathon [4] urban-concept gasoline vehicle
weighing about 45 kg may have a fuel efficiency of over 400 km/l. This vividly
shows the benefit of weight reduction on fuel economy.

Other reasons for lightweighting include:

i. To achieve better vehicle performance to give better acceleration, braking

and handling.
ii. To have greater load-carrying capacity to engine power ratio.
1.3 Methods of lightweighting
The methods of automobile lightweighting include:

i. The use of lighter materials such as high-strength steel, aluminium, magne-
sium, lightweight composites and plastics [5].

ii. The use of optimum structural designs such as boxlike geometries to achieve
greater rigidity to weight ratio. Figure 1 shows a car bumper with stacked-
joined hexagonal lightweight pipes [6].

iii. The use of hot-forming techniques including hot-stamping to produce
ultra-high strength parts such as used for reinforcements for vehicle doors,
bumper beams, etc., which can reduce weight to the tune of 50% compared
to cold-formed parts [1].

iv. ‘Body-in-white’ (BIW) technique in which the unpainted metal compo-
nents are welded together to form the vehicle’s body, which can account for
approximately 50% of weight saving [1].

Figure 1.
The use of stacked-joined hexagonal lightweight pipes for a car bumper [6].
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1.4 Lightweighting materials

Table 1 shows the major types of lightweighting materials used in the automo-
tive industry [7]. It shows that weight reduction could be as high as 70% when
carbon fibre composites and magnesium are used to replace mild steel.

1.5 Fabricated metal composites

Lightweight engineering materials require high strength, long life, high wear
and corrosion resistance. In the current drive for cleaner energy use, the applica-
tion of lightweight materials in internal combustion engines becomes impera-
tive as it makes for greater fuel efficiency which results in pollution reduction.
Unfortunately, there are no naturally occurring engineering materials that perfectly
possess all these properties at the same time. To achieve some of these qualities in a
single engineering material, dissimilar materials with unique characteristics can be
made together as alloys or composite materials to produce improved performance
characteristics. ‘Such fabricated composite materials find very wide application [8]
in electronics, sporting goods, aerospace parts, consumer goods, marine and oil
industries, automobile components like IC engine parts, etc. because of the high
requirements in product performance and rise in global market demand of light-
weight components’ [9].

1.6 A new material for IC engine parts

Material selection for IC engine components has been one active area of
research. Proper selection of materials for the production of IC engines is critical
because of the high temperature and fatigue stresses the engine is subjected to. In
selecting a suitable material for IC engine components, important parameters or
factors such as the physical properties (i.e. melting temperature, hardness, creep
and flow, corrosion, weight and vibration absorption) and mechanical properties
(i.e. strength, strain, elastic modulus, ultimate tensile strength, yield strength,
elongation, fatigue strength, pressure tightness and machinability) as well as avail-
ability and cost of the materials must be considered.

Palm kernel and periwinkle are common sources of foods and are harvested
and processed in very large quantities in most parts of Southern Nigeria. However,
their shells are disposed of indiscriminately giving rise to environmental challenges
to communities where they are processed because palm kernel shell (PKS) and
periwinkle shell (PS) do readily undergo biological degradation [10, 11].

Lightweighting material Mass reduction with respect to mild steel
Carbon fibre composites 50-70%
Magnesium 30-70%
Aluminjum and its matrix composites 30-60%
Titanium 40-55%
Glass fibre composites 25-35%
Advanced high-strength steel 15-25%
High-strength steel 10-28%
Table 1.

Comparison of different lightweighting materials (Adapted from [7]).
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Aluminium and magnesium alloys are commonly used as lightweight engineer-
ing materials, and they are gradually taking over from cast iron and steel in the
automobile and aerospace industries and defence applications [12, 13]. To improve
the properties of aluminium, they are usually alloyed with other very expensive
elements like chromium, nickel, molybdenum, silicon, boron, vanadium, etc.
However, these alloying metallic elements are expensive and difficult to source in
most parts of the developing world such as Nigeria. This study is directed at explor-
ing alternative substitute materials for production of metal matrix composites
(MMC) that can be suitable for the production of automobile parts [14]. Thus, the
purpose of the study is to develop a hybrid composite material with PKS and PS as
the reinforcement particles in aluminium matrix, for the production of appropriate
IC engine parts. In this work, the engine block is used as case study because it is
particularly important in that it houses the power-producing chamber and forms
the fixed point for all other members of the engine. It is hoped that this could be a
cheaper alternative to existing aluminium alloy engine parts.

2. Methodology
2.1 Materials

The following materials were used:
2.1.1 Commercially pure aluminium ingot

Commercially pure aluminium pieces cut from an ingot with the composition
shown in Table 2 was used.

2.1.2 Palm kernel shell (PKS)

Palm kernel shell, a common agro waste (Figure 2(a)), was collected from a
palm oil processing factory in Uselu Community in Benin City, Nigeria. The PKS
was washed thoroughly with detergent and spread in the sun to dry. The dry shell
was pulverised into powder of particle size 425 pm. The PKS powder is shown in
Figure 2(b). PKS is reported to have chemical properties which include 8.786%
calcium oxide (CaO), 6.254% potassium oxide (K,0), 54.81% silicon oxide (5i0,),
6.108% magnesium oxide (MgO), 0.362% iron oxide, 11.40% alumina (AL, O;), 33%
charcoal, 45% pyroligneous liquor and 22% combustible materials [15].

2.1.3 Periwinkle shell (PS)
The periwinkle shell (Figure 3(a)), another agro waste belonging to the poz-

zolanic group, is available in large quantities in the estuaries and mangrove swamp
forest of the South-South region of Nigeria [16]. A large quantity of PS was sourced

Mg Si Mn Cu Zn Ti

0.00118 <0.03456 0.00058 <0.00035 0.00058 0.00438

Fe Na B Sn Pb Al%

<0.09775 0.00118 0.00024 0.01160 0.00116 99.85
Table 2.

Chemical composition of the commercially pure aluminium.
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(b)

Figure 2.
Palm kernel shell (PKS). (a) Broken shells and (b) 425 pm powder.

(b)

Figure 3.
Periwinkle shell. (a) Shells and (b) 75 um powder.

from its dump site around New Benin Market in Benin City, Nigeria. The PS was
soaked in a mixture of detergent and water for 24 h and later washed and spread in
the sun to dry. The clean PS was then pulverised with an electrically driven crush-
ing machine into a powder of particle size 75 pm as shown in Figure 3(b). PS is
reported to have a chemical composition of calcium content of 8.25 x 10* mg/100 g,
potassium content of 5.50 mg/100 g, sodium content of 5.30 mg/100 g and phos-
phorus content of 2.55 mg/100 g [16].

The hybrid aluminium composite material used in this study was made up of
appropriate percentages of commercially pure aluminium and particular percent-
ages of PKS and PS [14, 17].

2.2 Methods

The hybrid composite material of aluminium metal matrix using agro wastes
of palm kernel shell (PKS) and periwinkle shell (PS) powder as the reinforcement
agents was designed using the central composite design (CCD) of the response
surface methodology (RSM). In order to aid homogenous mix of the reinforcement
materials in the matrix, the hybrid composite was formulated and fabricated by stir
casting [18, 19] process using a stir casting machine.

2.2.1 Design of the experiment

The experimental design for the study was done to optimise operating condi-
tions (i.e. factor levels of the input variables) of the fabricated composite with
respect to the predicted response parameters. The CCD method was selected
because it allows the addition of axial runs which in turn allows the quadratic
terms to be incorporated into the model. Three input variables were used in the
design: pure aluminium ingot, PKS and PS. A total of six response variables were
investigated: wear rate (g/s), creep rate (% elongation/h), density (kg/rn3), tensile
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Figure 4.
Computer interface of the preliminary design of experiment.

strength (MPa), hardness (BHN) and melting temperature (°C). Figure 4 shows
the computer interface of the preliminary experimental design using the CCD.

2.2.2 Fabrication of the aluminium composite material

The commercially pure aluminium ingot was cut into smaller sizes. The smaller
pieces of the ingots were soaked with detergent and hot water at 50°C for 10 h and
then washed thoroughly with a hard brush and later rinsed in clean water. The
ingots were dried at about 70°C for 1.5 hrs. A digital electronic scale with an accu-
racy of 0.01 g was used to weigh the ingots into the various percentage weights as
obtained from the design of experiment using CCD of RSM.

The crucible furnace was initially preheated to 100°C. The pure aluminium ingots
that were measured for the different experimental specimen weights were preheated
for about 1 h at a temperature of 450°C [20]. The PS and PKS reinforcement particles
were also preheated to 250°C to remove moisture and oil contents [21]. For the first
sample labelled A-1, aluminium ingot of 87.5 wt.% ~262.5 g was charged into the
graphite crucible pot with 1 wt.% of magnesium powder [22, 23] as the wetting agent.
The graphite crucible was then placed inside the crucible furnace and heated to a
temperature of 750°C [13, 24, 25]. At that temperature the solid aluminium ingots had
melted into molten form. The melt was allowed to cool in the furnace to a slurry form
(semisolid state) at a temperature of about 600°C [25]. At that slurry temperature of the
molten metal, the preheated PKS and PS particles were added and stirred manually for
about 7 min with the stir casting machine. The PKS particles were charred into particles
of black carbon due to the high temperature of 600°C at which the PKS particles were
introduced into the molten matrix. The resultant composite mixture was further heated
from the slurry state to the molten state at about 720°C [25] and mechanically stirred
with the stir casting machine at 400 rpm for about 10 min to form a fine vortex [26].
The molten composite mixture was then poured into prepared permanent moulds made
of mild steel to form the cast composite specimen. This process was repeated thrice for
all the responses. Pure aluminjum ingots without the addition of reinforcement materi-
als were charged into the crucible pot to produce a molten form that was cast in the die
mould. This was used as the specimen for the control of experiment. The specimens
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produced including the control specimens were tested for the six responses, and the
values were recorded. The values obtained from the laboratory tests for the specimens
were modelled and optimised to obtain the blend ratio using RSM.

2.3 Practical application of the developed composite material
2.3.1 Production of the engine block

The developed composite material was used as engineering material to produce
the engine block of a bush cutting machine shown in Figure 5 in order to conduct
practical application assessment on the material to ascertain its applicability in real-
life situation. Performance test was carried out on the produced engine block.

The engine block was produced by casting and thereafter machined. The material
was initially cast into a box dimension of 80 mm « 80 mm « 110 mm by the stir cast-
ing process. Thereafter, the cast material was machined using the centre lathe and
milling machine. Figure 6 shows the dimensions of the produced engine block.

Figures.
The bought-out bush cutting machine.

| n
|
. -
@ S
i = o
L L
5 | * = | I

Figure 6.
The engine block of the bush cutting machine.
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Figure 7.
Produced engine block in bush cutting machine.

2.3.2 Performance test of the produced engine block

The fabricated engine block and cylinder liner were assembled into the engine
as shown in Figure 7. It was thereafter tested for 1 h. The temperature of the engine
block was taken at 1 min intervals. This was repeated for the control cylinder block

and liner. The bought-out bush cutting engine block was used as the control engine
block.

2.3.3 Lightweighting and cost saving analyses

Lightweighting and energy cost saving analyses were carried out on an existing
gasoline engine used for powering a newly designed lightweight utility vehicle.
The engine is rated at 7.1 kW at 5500 rpm with a maximum torque of 18.0 Nm at
3500 rpm. The new material was hypothetically used to replace the conventional
materials used for the engine block, cylinder head, piston and connecting rod. The
potential weight reduction of the engine was then determined. The potential cost
saving in energy was also determined.

3. Results and discussion
3.1 Optimal composition
3.1.1 Design of experiments

Ebhojiaye et al. [17] developed the hybrid composite material of palm kernel
shell (PKS) and periwinkle shell (PS) particles as reinforcements in pure aluminium
matrix. The central composite design (CCD) of the response surface methodology
(RSM) was used to carry out the design of experiment (DoE) as shown in Figure 4.
Stir casting method was used to fabricate the specimens. The design of experiments
by the CCD gave 20 runs (experimental samples) as shown in Table 3. The runs
were replicated three times each, bringing the total number of runs to 60 for each
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of the six responses considered, and 360 specimens were fabricated in all. Three
experimental values were obtained for each of the 120 runs for the wear rate, creep
rate, density, tensile strength, hardness and melting temperature. The average values
were determined and recorded. Control specimens with 100 wt.% pure aluminium
matrix, 0 wt.% of PKS and PS reinforcement particles were prepared. The results
showed that the reinforcement particles had significant improvement on mechanical
properties of the pure aluminium as shown in Table 4 for hardness test of the vari-
ous 20 fabricated composites and that of the control commercially pure aluminium.

3.1.2 RSM analysis

In optimising the results obtained for the six responses using the central com-
posite design (CCD) of the response surface methodology (RSM), three of the
responses [i.e. wear rate (y;), creep rate (y,) and density (y;)] were minimised,
while the other three responses [i.e. tensile strength (y,), hardness (ys) and melting
temperature (ye)] were maximised. The optimal equations obtained for the actual
factors [commercially pure aluminium (A), periwinkle shell (B) and palm kernel
shell (C)] for the six responses are shown in Egs. (1)-(6).

1. Wear rate (y 1)

91 =25.021 - 0.503A - 0.315B - 0.278C + 0.00273AB + 0.00205AC
+0.00279BC + 0.00268 A* + 0.00265B% + 0.00343 C* (1)

2.Creep rate (y 2)

95 = 2303.565 - 49.151A - 14.268B - 9.448C + 0.137AB
+0.108AC - 0.039BC + 0.263A% + 0.179B* + 0.042 C* ()

3.Density (y 3)

y3 = -4283.948 + 152.915A + 50.465B - 86.331C - 0.607AB
+0.925AC + 0.253BC - 0.839 A% + 0.252B% + 0.035C> 3)

4.Tensile strength (y 4)

94 =-198.881 + 6.437A + 7.726B - 6.745C - 0.081AB + 0.088AC
+0.032BC - 0.036 A% - 0545B2 + 0.066 C* (4)

5.Hardness (y 5)

ys=-115.362 - 0.774A + 6128B + 29.139C - 0.180AB - 0.079AC
~1.159BC+ 0.032A% - 0.548 B*> - 0.479 C? (5)

6.Melting temperature (y 6)

Y6 = 475599 + 9.379A - 4.784B + 17.014C + 0.119AB - 0.096AC
- 0.109BC - 0.058A% - 0.219B% + 0.302C? 6)

The result of the RSM analysis gave an optimal blend ratio of 80.98 wt.%

aluminium, 13.55 wt.% periwinkle shell and 5.47 wt.% palm kernel shell particles.
This optimum blend ratio when used to produce an engineering composite material
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Composite Diameter of indenter Diameter of indentation Load BHN (HBS
label (D) mm (d) mm (Kg) 10/1000)
A5 10.00 2.08 1000 291.08
B5 10.00 212 1000 280.07
C5 10.00 211 1000 282.77
D5 10.00 210 1000 28549
E5 10.00 2.08 1000 291.08
F5 10.00 211 1000 28277
G5 10.00 3.20 1000 121.07
H5 10.00 175 1000 412.54
5 10.00 2.54 1000 194.12
J5 10.00 3.00 1000 138.00
K5 10.00 277 1000 162.69
L5 10.00 2.50 1000 200.48
M5 10.00 3.00 1000 138.00
N5 10.00 340 1000 106.86
05 10.00 1.98 1000 321.56
pP5 10.00 197 1000 342.86
Q5 10.00 2.05 1000 299.75
R5 10.00 213 1000 27742
S5 10.00 2.05 1000 299.75
T5 10.00 2.50 1000 200.48
U5 10.00 2.78 1000 98.50
Table 4.

Results of hardness test of the fabricated composites and pure aluminium.

will have the following properties: wear rate of 0.62 x 10™* g/s, creep rate of 19.09%
elongation/h, density of 2598.62 kg/ m’, tensile strength of 94.04 MPa, hardness of

278.83BHN and melting temperature of 935°C. This solution that was selected with
the aid of the design expert software 7.01 has a desirability value of 97.3%.

3.2 Properties of the fabricated aluminium composite
3.2.1 Chemical compositions

Table 5 shows the comparison of the chemical compositions of the as-received
commercially pure aluminium with the fabricated aluminium composite. The
as-received composition was given by the manufacturer, while that of the fabricated
composite was determined in our laboratory using the EPA Method 3050B (con-
centrated HCI, HNO; and HCIO,). The results show that all the elements detected
in the as-received sample increased in the fabricated composite (except for the
ones that were not detected: boron and tin), while the aluminium decreased in the
fabricated composite. However, the elements, cadmium, calcium, chromium and
potassium, were added into the fabricated composite. The increase of elements
and additions could have come from the palm kernel shell (PKS) and periwinkle
shell (PS) as seen from Sections 2.1.2 and 2.1.3, especially for the elements silicon,
calcium, potassium, iron and sodium.
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Element As-received Fabricated aluminium composite Remark
Magnesium (Mg) 0.00118 0.027 Increased
Silicon (Si) <0.03456 0.28 Increased
Manganese (Mn) 0.00058 0.19 Increased
Copper (Cu) <0.00035 0.02 Increased
Zinc (Zn) 0.00058 0.03 Increased
Titanium (Ti) 0.00438 — Not detected
Iron (Fe) 0.09775 0.26 Increased
Sodium (Na) 0.00118 0.19 Increased
Boron (B) 0.00024 — Not detected
Tin (Sn) 0.0116 — Not detected
Lead (Pb) 0.00116 0.06 Increased
Aluminium (Al) 99.85 96.90 Decreased
Cadmium (Cd) — 0.001 Added
Calcium (Ca) — 0.11 Added
Chromium (Cr) — 0.0001 Added
Potassium (K) — 0.16 Added
Table 5.

Chemical compositions of the as-received and fabricated composite samples.
3.2.2 Physical and mechanical properties

The optimum blend ratio obtained from the RSM analysis, when used to pro-
duce an engineering composite material, gave the properties as shown in Table 6.
This is compared with properties of the control commercially pure aluminium
tested under same conditions and those predicted by the RSM analysis. The table
shows that there is improvement on properties of the fabricated aluminium com-
posite over the control commercially pure aluminium. The creep rate, wear rate and
density are reduced by 75.6, 78.2 and 3.4%, respectively, while the tensile strength,
hardness and melting point are increased by 30.7, 184.8 and 31.4%, respectively.
Except for density, these improvements are quite significant.

From the table, the values of the actual formulated hybrid aluminium composite
and the values predicted from the RSM analysis are reasonably close, with all the
absolute deviations of the predicted from the actual ones not greater than 10%. For
example, the deviations are 5.8, 8.7, 0.7, 2.8, 0.6 and 3.9% for creep rate, wear rate,
density, tensile strength, hardness and melting point, respectively.

Values of the above properties obtained from this research study (i.e. As-cast
values) were compared with existing properties of aluminium alloys used for the
production of engine block (i.e. As-used values). From Table 5, out of the six
properties of the engine block examined, the book values of two of the As-used (or
existing) engine block properties (i.e. wear rate and creep rate) were not readily
available in the literature. However, the other four properties (i.e. density, tensile
strength, hardness and melting temperature) were available [27, 28]. The value
of density obtained in this study was found to be within an acceptable range with
the book value. The value of tensile strength was below the range found in litera-
ture. However, it is hoped that with further research work, an appreciable tensile
strength value which will fall within the range of values found in the literature
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Property Commercially Formulated Optimal As-used
pure aluminium hybrid solution values values of
control aluminium obtained from existing
composite RSM (predicted engine blocks
values)
Creep rate (% 74.04 18.04 19.09 Not available
elongation/h)
Wear rate (g/s) 261x107 0.57x107* 0.62x 107" Not available
Density (kg/m3) 270913 2617.39 2598.62 2570-2830
Tensile strength 7399 96.74 94.04 130-280
(MPa)
Hardness (BHN) 98.5 280.49 278.83 80-137
Melting 685 900 935 645-710

temperature (°C)

Table 6.
Physical and mechanical properties of the formulated hybrid aluminium composite [14].

would be obtained. The value of the composite material hardness (As-cast value)
was found to be far above the range of values of As-used (or existing) engine block.
This shows that besides production of IC engine blocks, the developed composite
material could also be used for the production of other engineering components
where material hardness is of utmost importance. Again, the melting temperature
of the developed composite material was found to be far higher than the range

of values for aluminium engine blocks (As-used values) as currently used. The
developed composite material therefore could withstand the high temperatures that
exist within the combustion chamber of IC engines.

3.3 Performance test result of the produced engine block

The fabricated engine block and cylinder liner were assembled into the engine
and tested for 1 h. The temperature of the engine block was taken at 1 min intervals.
This was repeated for the control cylinder block and liner. The initial temperatures
(i.e. before the engine was switched on) of the control engine block and the pro-
duced engine block were recorded as 25.6°C (room temperature).

Figure 8 shows the temperature variations for each test. The fabricated engine
block had a mean temperature of 151.7°C, while that for the control engine block
was 156.9°C giving a deviation of 3.3% from the control value. The lower mean
value of the fabricated engine block indicates that it may have a slightly lower heat
dissipating ability than the control engine block.

This is expected as it is a fabricated material from aluminium, periwinkle
shell and palm kernel shell, the last two being non-metallic materials with lower
thermal conductivities. Heywood [29] stated that the combustion temperature
within the combustion chamber of the IC engine is about 250°C. Despite this
relatively lower heat dissipating ability, the developed hybrid composite mate-
rial may still be regarded as a good heat conductor because within the first
minute, it shot up the engine block temperature from the initial room tempera-
ture value of 25.6°C to about 80.7°C, showing an upsurge of 3.2 times the room
temperature value. This is comparable to the 3.9 times for the control engine
block. This heat conducting phenomenon is good for engine blocks so as to
preserve their life span.
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Figure 8.
Temperature reading of produced against control engine blocks.

3.4 Potential benefits of the new aluminium hybrid material
3.4.1 Lightweighting

A gasoline engine rated at 7.1 kW at 5500 rpm generating a maximum torque of
18.0 Nm at 3500 rpm used to power a new lightweight utility vehicle is considered.
Table 7 shows potential weight reductions if this new aluminium hybrid material
were to be used as materials for the engine parts indicated, volume for volume. The
table shows that:

i. The weight of the engine block is reduced by 63.03% if the new material
were to replace the grey cast iron used.

ii. The weights of the cylinder head, piston and connecting rod will be reduced
by 1.93, 2.13 and 6.37%, respectively, if the new aluminium hybrid material
were to replace the aluminium alloys indicated.

iii. The weight reduction for the engine block, cylinder head, piston and con-
necting rod totalling 13.501 kg will be 48.37% if the new aluminium hybrid
material were used to make these parts.

iv. The weight reduction for the whole engine weighing 25.75 kg will be 25.36%
if the new material were used to make the engine block, cylinder head,
piston and connecting rod.

The table also shows the comparison of weight reductions if the conventional
aluminium alloy A356 and the new hybrid aluminium material were to be used to
make the engine block. As the new material has a slightly lower density, it produces
a slightly greater weight reduction of 1.99% over the A356 aluminium alloy. When
all the above parts are made with their conventional aluminium alloy materials, the
weight reduction will be 2.07% when the new aluminium hybrid material is used
for the indicated engine parts.

These results show that lightweighting of the engine and consequently the vehicle
powered by it will be achieved if this new aluminium hybrid material is used.

3.4.2 Energy saving

It is envisaged that the use of this new material in manufacturing engines will
not only lead to lightweighting but also energy saving. If we consider melting in an
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induction furnace, the energy consumption for melting cast iron ranges from 550 to
575 kWh/ton, while that for melting light and solid aluminium scraps ranges from
500 to 625 kWh/ton [31].

Using the average values of the above energy ranges, we have that the:

i. Cost of energy required to melt the cast iron engine block in Table 7
= ((550 + 575 kWh)/2 x (10.25 kg/1000)) x $0.13/kWh = $0.75.

ii. Cost of energy required to melt the aluminium hybrid engine block in Table 7
= ((500 + 625 kWh)/2 x (3.789 kg/1000)) x $0.13/kWh = $0.28, where
$0.13/kWh is the cost of electricity.

The above shows that there could be an energy cost saving of 62.67% in melting
which accounts for a significant part of the manufacturing cost, if the new alumin-
ium hybrid material is used in place of cast iron in manufacturing the engine block.

3.5 Further work

This fabricated aluminium composite seems to present an interesting material
which requires further work: while its tensile strength is about 53% less than the
mean value for the commercially as-used, its hardness and melting points are 159
and 33% more than the mean values for the commercially as-used, respectively.
While its tensile strength may further be improved, it could find uses not only for
engine blocks but also for other engine parts such as parts of the linkage mechanism
in the combustion chamber and other non-engine applications. Also, there is the
need to determine its porosity due to these non-metallic combustible materials used
as reinforcements.

4, Conclusion

The search for lightweighting materials for automobiles is a continuing process
that opens up opportunities for development of new engineering materials. This
work which is a part of this process has shown that agro wastes such as palm kernel
shell (PKS) and periwinkle shell (PS) may be used as reinforcement materials for
metal matrix composites giving good results for fabrication of some IC engine parts
such as the engine block. This new material has the potential of lightweighting
engines and giving significant energy cost saving in the manufacturing process.
Due to the interesting properties it has, further work is necessary to determine
additional and/or proper areas of application.
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