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Preface

The rate of consumption of the energy resources available continues to increase in
spite of the significant progress being made to enhance the efficiency of their usage.
Contributions to this increase in consumption include the rise in world population,
improvements in the average standard of living, and the increase in average life
expectancy. It is expected that the combustion of fossil fuels will continue to be the
prime source to rely on for energy for some time to come. This will be constrained,
however, by the continued depletion of crude petroleum resources of quality, the
need for ever-cleaner exhaust emissions, and the rapid progress being made in the
development of renewable resources. On the other hand, it is becoming increasingly
evident, especially more recently, that the availability of natural gas, as well as other
gaseous fuels, is increasing. This has come about mainly as a result of the improve-
ments in the long-range transportation of gas and the increased availability of uncon-
ventional sources, such as those of shale gas, biogases, and coal bed—derived gases.
Moreover, the increased exploitation of unconventional resources of liquid hydro-
carbon fuels, such as tar sands, is bringing with it the potential production of large
amounts of gaseous fuel mixtures, albeit of varied quality and having lower heating
values than those of the conventional processed pipeline natural gas. On this basis,
there are many opportunities to increasingly exploit such gaseous fuel resources
while at the same time economizing on the consumption of other nonrenewable type
liquid fossil fuel resources. Such approaches would need to develop further new
means for the production of power while continuing the overall reduction of exhaust
emissions, including those associated with their contribution to global warming.
Much benefit has been derived from the continuing investment in research and
development directed at supporting and improving the performance of the wide
variety of power-producing devices of the internal combustion type. These have
progressed rapidly over the years to a current level where high-quality performance
is achieved with reliability while spanning a wide diversity of designs, sizes, and
fields of application. In recent decades in particular, reciprocating internal combus-
tion engines became the dominant versatile and convenient form of power genera-
tion systems, including at the individual consumer level. Moreover, the diesel engine,
especially through the rapid progress made in recent years, has come to be recognized
as the prime class of combustion engines for the economic production of power, for
both stationary and mobile applications. The modern diesel engine nowadays is of a
superbly high efficiency, combined with very high specific power output and excellent
reliability and durability, and favorable output torque and exhaust emission charac-
teristics. The conventional diesel engine is distinguished additionally by its ability to
be developed in widely different sizes and ranges of power output. These can vary by
orders of magnitude, from those producing merely a few kilowatts to those capable
of producing several thousands of kilowatts per engine cylinder. A wide spectrum of
fields of application that spans small sizes such as those powering lawn mowers to

xiii
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huge ones that may power a super-tanker or provide the main electrical energy supply
to a small town is also covered.

An important positive feature of the compression ignition engine of the diesel
type, by virtue of its mode of combustion, is its tolerance to accept a wider variation
in the fuel type used, more so than the spark ignition engine. Historically, diesel
engine applications have employed a wide range of fuels that include not only those
that are liquid, but also those that are gaseous. On this basis, the usage of diesel
engines will continue to increase, benefiting from the improvements in performance,
economy, emissions, and reliability. Moreover, this type of engine probably will
continue to command the major sector of power generation via internal combustion
prime movers, aided by the inherent capacity of the diesel engine to relatively easily
tolerate changes in the type of fuel employed, including those fuels derived directly
or indirectly from biosources or from the processing of natural gas.

It is also evident that there is a need to develop approaches to the production
of power that capitalize on the relative superiority of the diesel engine as a power
producer, in comparison to other prime movers, while exploiting the increasingly
available reserves of natural and other fuel gases. At the same time, this will reduce
the consumption of the depleting reserves of liquid petroleum fuels in general, and
in particular those associated with the high-quality liquid fuels recently required for
diesel engine operation. Accordingly, these requirements point to the gas-fueled die-
sel engine, commonly known as the dual-fuel engine, as the most favorable device to
employ. The future of such applications appears to be very promising, supported by
the rapid technical advances made in recent years that lead to the superior optimiza-
tion of their operation and control.

Engines that operate in the dual-fuel mode are normally conventional diesel
engines converted so as to be capable of burning a gaseous fuel while using the
conventional liquid fuel injection system of the engine to introduce only a relatively
small amount of liquid diesel fuel to provide consistent ignition. These engines that
require a minimum of modification from the diesel version can be operated to con-
sume a relatively wide range of gaseous fuels while often retaining the full capacity
to operate whenever desired as a conventional diesel engine. They economically
produce power at high thermal efficiencies that can exceed those of diesel engines,
with favorable levels of exhaust emissions and reliability.

The objective of the present contribution is to present to engineering students,
practicing engineers, technologists, and scientists at all levels a comprehensive and
well-integrated review of the relevant fundamentals and practices of the operation
of gas-fueled diesel engines of the dual-fuel type in their variety of sizes and fields
of applications. Both the positive features and limitations are highlighted, together
with an outline of measures for optimizing their operation and overcoming some of
their apparent potential limitations. The latest developments in this rapidly expand-
ing field, especially for the transportation sector, are reviewed, together with a dis-
cussion of possible future development in this economically and environmentally
important field.
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Introduction

1.1 PROLOGUE

The conventional internal combustion engine or clones of its mode of working will
be with us for quite some time to come. At the same time, the demand for higher-
output efficiencies, greater specific power output, increased reliability, and ever-
reduced emissions will continue to rise in intensity. There is an increased need also,
whether for environmental, economic, or resource conservation reasons, to operate
on a multitude of natural and processed gaseous fuels. Of course, there is much
continuing research and development being expended worldwide to provide further
improvements, often through making incremental progress toward achieving the
desired goals. It is evident that a main effort needed is through improvements to bet-
ter understanding and controlling the relatively complex physical and chemical pro-
cesses of combustion in the engine environment. Many of the remedial technologies
that have been successfully developed over the years were, until relatively recently,
largely the product of empiricism, with the rate of progress remaining rather insuf-
ficient to fulfill the demanding long-term objectives. These, in addition to achieving
high efficiency, minimum pollutant emissions, and high specific power output, need
to include the capacity to respond automatically to variations in the fuel quality with-
out losses in output, efficiency, or reliability.

It is to be shown that the gas-fueled diesel engine, when operated in the dual-fuel
mode, can be associated with exhaust gas emissions that are less detrimental to the
environment than those of the other forms of internal combustion engines, including
the diesel engine. For example, carbon monoxide concentrations are relatively low,
with NOx emissions no higher than those emitted by a comparable diesel engine,
and often they are even much lower. The emissions of oxides of sulfur are negligible
since the main fuels employed are usually processed to become virtually free of any
sulfur compounds, except perhaps for the exceedingly small amounts arising from
the combustion of the odorant additives, such as mercaptans, commonly added to
gaseous fuels for safety reasons. The unburned hydrocarbons emitted are essentially
nontoxic and hardly reactive in the atmosphere to produce photochemical smog or
acid rain. However, since methane is the main component of the fuel gases commonly
available, such emissions, when not suitably treated, may be potential contributors to
greenhouse gas emissions, and they need stricter controls. Particulates, which repre-
sent a serious concern in the exhaust emissions of common diesel engines, are hardly
a concern in dual-fuel engines. This is largely because of dual-fuel engines overall
employing lean fuel-air mixtures throughout, the gaseous nature of their dominant
fuel, and that the very small amounts of diesel fuel that are employed are usually for
ignition purposes only.



2 Dual-Fuel Diesel Engines

1.2 RELEVANT TERMINOLOGY

There has been some confusion over the years surrounding the term dual-fuel
engines, whether in the technical literature or in the popular press. The term, when
used, describes compression ignition engines that burn simultaneously two entirely
different fuels in varying proportions. These two fuels are usually made up of a
gaseous fuel, which supplies much of the energy released through combustion, and
a second fuel, which is a liquid employed mainly to provide the energy needed for
ignition and the remaining fraction of the energy release by the engine.

Engines that utilize two different fuels alternately while having the ignition pro-
vided by an external source of energy, such as an electric spark, are better described
as bi-fuel engines. A common example of these is engines that are diesel engines
in origin that have their high compression ratios reduced, consuming fuel gas with
ignition carried out via an electric spark. Accordingly, they are strictly spark igni-
tion engines made to operate alternately on either a liquid fuel such as gasoline or a
gaseous fuel such as propane or natural gas. Since vehicular travel may be conducted
over long distances, there has been a common tendency in transport applications to
retain the bi-fuel capacity of gas-fueled vehicles. This trend has continued, and per-
haps will until such time when the infrastructure needed for refueling with gaseous
fuel supplies becomes sufficiently widely available.

Another term sometimes used in gas-fueled engine applications is the gas-
diesel engine. These have tended to relate to dual-fuel engines where the gaseous
fuel is injected directly into the cylinder either during the early stages of compres-
sion or sometimes after the injection of the liquid fuel toward the end of compres-
sion. The gaseous fuel does not autoignite on its own via compression ignition, but
usually burns with the assistance of the injected liquid-fueled ignition processes.
Accordingly, these engines are dual-fuel engines that employ different forms of
introduction of the gaseous fuel that does not undergo autoignition on its own.

The term multifuel engines tends to be used to relate to liquid-fueled diesel
engines of the compression ignition type that have been suitably modified so that
they can operate alternately on different liquid fuels, including those that may not
necessarily be of the conventional diesel type. An example of such engines is those
having the capacity to operate in the conventional diesel operational mode while
using suitably modified liquid fuels, such as gasoline or jet fuel. Such approaches are
especially attractive for ensuring increased flexibility of operation on a multitude of
fuels, such as in military applications or in remote locations with limited accessibil-
ity to liquid fuel supplies.

The term alternative fuels has come to indicate any fuel that may be used in
engine applications other than those conventional liquid fuels, such as gasoline or
diesel fuel. They may include the following fuel groups:

» Pipeline and wellhead gases, methane, liquefied natural gas (LNG), com-
pressed natural gas (CNG), biogases, landfill gases, and coal bed methane

* Liquefied petroleum gases (LPGs), propane, and butane

* Industrially processed fuel-gas mixtures such as those of coal gas, coke
oven gas, blast furnace gas, synthesis gas, and producer gas
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* Hydrogen, as both a gas and a liquid
* Arange of liquid fuels that includes alcohols and some forms of bio-derived
fuels

The operation of dual-fuel engines depends in a large way on how the gaseous
fuel is introduced. The common approach is to introduce the gaseous fuel into the
incoming air well ahead of the intake valve, as commonly accomplished in gasoline-
fueled spark ignition engines. The gas may also be introduced at the beginning of
the compression process so that much of the gaseous fuel becomes thoroughly mixed
with the air before pilot fuel injection. These engines can be described as premixed
dual-fuel engines, and this mode of gas introduction as fumigation. On the other
hand, there are other approaches, such as those where the gaseous fuel is injected
under very high pressure directly into the cylinder, either just prior to or after the
injection and ignition of the pilot liquid fuel. Such engines are described as high-
pressure direct injection gaseous-fueled dual-fuel engines.

The relatively small quantity of the liquid diesel fuel injected to provide con-
trolled ignition in dual-fuel engines is commonly described as the pilot. The term
size of pilot can be defined on the basis of the combustion energy released by the
combustion of the pilot fuel relative to the total thermal energy to be released by
combustion at full load. The size of the pilot may be alternatively defined relative to
the energy to be released by a stoichiometric mixture when operating in the diesel
mode. There are also other approaches for quoting the size of the pilot, such as that
of the mass of the liquid fuel injected in grams per cubic meter of engine cylinder
swept volume. This latter definition can be useful in comparing the size of the pilot
directly with pure diesel operation for different engine sizes and speeds.

1.3 THE EQUIVALENCE RATIO

A stoichiometric mixture contains exactly the theoretical amount of oxygen needed
for complete combustion. In practice, however, there is no assurance that combus-
tion will be completed simply by providing the correct fuel-to-air ratio. The terms
lean and rich mixtures usually relate to mixtures leaner or richer in fuel than the
corresponding stoichiometric amounts. For most common fuels, although their heat-
ing value on volume basis can vary widely, the energy release on combustion per
unit of stoichiometric fuel-air mixture tends not to be so widely variable. The term
equivalence ratio, which indicates the ratio of the actual fuel-to-air relative to the
corresponding stoichiometric value by mass, moles, or volume, becomes a very use-
ful indicator of the relative energy release on combustion of a mixture of fuel and air.
Accordingly, the equivalence ratio of the gaseous fuel-air charge admitted becomes
a key operating parameter in dual-fuel engine applications. Another common term
in the case of dual-engine applications is the toral equivalence ratio, which is based
on the combined contributions of both the pilot and the gaseous fuels used. It is in
general equal to the amount of stoichiometric oxygen needed for the complete com-
bustion of the two fuels divided by the total available oxygen, i.e.,
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(Equivalence ratio),;, =
(Mass of pilot fuel/Mass of available air)/(Mass of pilot fuel/Mass of air);c,

(Equivalence ratio)p,e o, =
(Mass of fuel gas/Mass of available air)/(Mass of gaseous fuel/Mass of air),;.,

(Equivalence ratio), ., e =
(Masses of gaseous fuel and pilot/Mass of available air)/(Masses of gaseous
fuel and pilot/Mass of air);., = (Masses of stoichiometric air for the

gaseous fuel and pilot)/(Mass of available air)
For mixtures containing some oxygen in addition to that of the air:

(Equivalence ratio), ., f,e =
(Masses of stoichiometric oxygen for the combustion of the gaseous fuel
and pilot)/(Mass of oxygen available)

Occasionally, in lean mixture engine applications the inverse of the equivalence
ratio is used and given the symbol 3, while the symbol @ is used for its inverse,
i.e., relating to the corresponding fuel-to-air equivalence ratio.

The extent of emissions of any component in the engine exhaust gas may be
shown relative to the brake power output as g/kW.h or g/kJ (or g/hp.h). However,
often, to examine the trends for the observed variation in the concentration of a cer-
tain species emitted, it may be reported merely on molar (volumetric) concentration
basis in the dry exhaust. In general, it is important to establish whether any concen-
trations quoted are on volume, mass, dry, or wet bases relative to power output under
steady, rated, or transient operation. It is also necessary to watch whether any plots
of concentration values are on a logarithmic or linear scale basis.

The term excess air usually relates to the amount of air supplied beyond that ide-
ally needed to fully oxidize the fuel. Similarly, excess fuel is the extra fuel supplied
beyond the amount that can be oxidized completely by the available oxygen.

Example

A diesel engine is supplemented with fumigated propane vapor. Calculate the
equivalence ratio and the rate of excess air employed when 0.255 kg/h diesel
fuel, 2.12 kg/h propane, and 49.53 kg/h air are used. Assume the diesel fuel to be
represented by cetane (C,Hs,).

ANSWER

Write the overall combustion reaction in moles:
Molecular weight of cetane (C;¢H;,) = 16 x 12 + 34 = 226 kg/kmol

Molecular weight of propane (C;Hg) = 3 x 12 + 8 = 44 kg/kmol
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Effective molecular weight of air = 0.21 x 32 + 0.79 x 28 = 28.9 kg/kmol
The overall ideal reaction equation for a stoichiometric mixture in air (in moles) is

%565C16H34 #2.2 C3Hy 10210, +0.79N;) = aCO; +bH.O +dN,

Employ elemental mass balance equations to find the unknowns, A, a, b, and d.

0.255 2.12

Carbon balance = ——""x16 + x3=0.1626
226 4
0.255 2.12
=——x17+——-x4=0.2119
Hydrogen balance 226 14

Oxygen balance = 0.2TA =a+b/2=0.1626+0.10595=0.2686
A=1.279
Mass of stoichiometric air = 1.279 (0.21 x 32 + 0.79 x 28) = 36.87 kg/h

But the air supplied is 49.53 kg/h.
Excess air = 49.53 — 36.87 = 12.66 kg/h

The equivalence ratio is

_36.87 _
= 49.58=0-744

Since in dual-fuel operation the combustion of more than a single fuel is involved,
the use of the overall or total equivalence ratio values sometimes tends to be con-
sidered insufficient. Knowledge of the equivalence ratio value on the basis of the
gaseous fuel only may also be employed.

1.4 EFFICIENCY CONSIDERATIONS

The chemical energy of the fuel when converted by combustion directly into heat
becomes degraded and less amenable to universal conversion into useful work
energy, a more organized and universally convertible energy form. In principle, the
chemical energy of the fuel may be converted fully into work when it is not converted
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into heat first. The corresponding work production efficiency then, ideally under the
right conditions, can be very high, and indeed may even in principle approach 100%.

Depending on the prevailing temperature, only a fraction of the heat energy can
be converted directly into work, while rejecting the remainder as unconverted heat to
the surroundings. The maximum ideal extent of conversion of heat energy into work
depends on the temperatures of the heat supplied and the rejection environment, and
it is established via the well-known Carnot cycle efficiency consideration. Various
other forms of nonheat energy, e.g., electrical, chemical, high pressure, etc., are also
more amenable to full conversion into useful work. Ideally, if no conversion of such
energies takes place into heat and without losses, then they are mutually convertible.
Of course, work can readily be fully converted wastefully into heat. On this basis,
the internal combustion engine in principle has the advantage of a superior level of
conversion of the chemical energy of the fuel into useful work. Figures 1.1 and 1.2
show schematic representations of two different approaches to produce work from
fuel energy. The first converts the energy initially into heat, followed by its fractional
conversion into work, while the second, such as in an internal combustion engine,
can ideally avoid going through the heat energy mode, directly converting the fuel
chemical energy into work through chemical reactions within the flow process.

The term efficiency is universally employed for the evaluation of the performance
of energy devices and processes. In engine applications it is commonly used to indi-
cate the net output relative to the ideal or maximum output. The definition employed
will depend on the specific field of application and the objective of the intended
evaluation.

Energy
Carnot Cycle
Limited Conversion

Heat Work

Heat Engine

Unconverted Heat

FIGURE 1.1 Only a fraction of the input from a heat energy source is converted into work.

Energy Conversion into Work
via a Process Change

Energy Work
Fuel & Air IC
Oxidation Engine :,>

FIGURE 1.2 An internal combustion engine has the potential to convert the fuel energy
input more fully into work.
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For internal combustion engines, the following term is used:

Work production efficiency = Work output

Max work output

or
_ Work output
Exergy change
or
_ Work output
Gibbs function change

For the combustion process of most common fuels, this efficiency term approxi-
mates to

Work output

Fuel mass consumed x Heating value

In principle, the value of this type of efficiency will be high and may even conceiv-
ably ideally reach 100%.

Instead of efficiency, the term rate of specific fuel consumption may be com-
monly used. It relates the mass of fuel consumed to the corresponding useful power
produced in kg .,/kJ or kg,../kW.h. However, in dual-fuel engine applications where
two fuels are consumed with different heating values, the term rate of specific energy
consumption is more suitable when evaluating the performance of dual-fuel combus-
tion devices. It is evident that the value of the work production efficiency will be
directly related to the inverse of the corresponding specific energy fuel consumption.

It is also convenient and more informative, when comparing the relative power
outputs of engines of different sizes and speeds, to employ the term mean effective
pressure, which is the rate of specific power output per unit of engine cylinder size:

Mean effective pressure = Volumetric specific power output
= Power output/(Engine swept volume X Working cycles per time)

A high value of the mean effective pressure indicates a high power production
density with respect to the engine cylinder size. Both indicated and brake effective
pressure values are widely used based correspondingly on the indicated or brake
power output, respectively. It can be also shown that the value of the mean effective
pressure is directly proportional to the torque produced by the engine.

The heating value of a fuel gas is quoted in terms of either its lower or higher
values. Normally, the lower value, which is associated with the case where the
water vapor in the combustion products remains in the vapor state, is employed in
engine applications. This is mainly because it is acknowledged that on combustion
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in engines the products are not cooled down to the temperature of the surround-
ings. This would result in the relatively small concentrations of the water vapor not
condensing. Also, the heating value per unit volume or mole of the gas is usually
quoted for gaseous fuels at specified temperature and pressure, when the gas is dry.
Occasionally, the heating value of the stoichiometric mixture of the fuel and the
required air is quoted. Such a value tends to be useful in the analysis of the relative
thermal contribution of different fuels.

1.5 COGENERATION

All internal combustion engines can manage to convert only a relatively moder-
ate fraction, typically, on average, just over a third of the chemical energy of the
fuel released through combustion to net available mechanical or electrical work.
The bulk of the energy is then dissipated in the form of environmental thermal pol-
lution. This is via both the high enthalpy exhaust gases discharged and the heat
transferred to the external environment of the engine, such as through the circu-
lating cooling water, air, and lubricating oil and through dissipation via radiation
transfer. The proportional distribution of this dissipation of energy between the vari-
ous possible paths can vary significantly, depending on the engine type, its design,
fuel employed, and operating conditions. Much effort is expended normally at all
stages of engine design and operation to increase its work production capacity and
its associated efficiency. However, there are practical and theoretical barriers that
limit such increases. Accordingly, there is increasingly a greater effort to utilize
some of this rejected heat energy. This is employed especially in power generation
stationary engine installations to provide relatively low temperature heat to produce
hot water, low-temperature steam, or hot air. This simultaneous production of power
and utilization of waste exhaust gas and circulating water heat is known commonly
as cogeneration. It is increasingly employed to cut down on fuel consumption, asso-
ciated costs, and reduce the overall discharge of thermal as well as exhaust emis-
sions, particularly carbon dioxide, the greenhouse gas. A common example of some
cogeneration action is in automobiles, where the heating of the interior of the vehicle
is carried out by using some of the thermal energy rejected by the engine, usually to
the circulating water. Another common example is the improvement to the engine
power output and efficiency through fitting exhaust gas turbochargers.

There is also an increasingly wide range of cogeneration installations with an
assortment of heating requirements, associated designs, and complexity, depending
on the type of fuel used, engine power, heating demands, and heat recovery condi-
tions required. These combined add much to the capital and operational costs of
the installation and increase the complexity of its control. Typically, as shown in
Figure 1.3, a waste heat recovery system has a number of interconnected water cir-
cuits. Heat is transferred from the engine cooling water to the secondary water cir-
cuit by means of a heat exchanger. This heated water is then passed through a form of
waste heat boiler, where further heat is recovered, this time from the engine exhaust
gases before they are discharged into the atmosphere.

The dual-fuel engine is well suited for cogeneration applications. For example, it
has been widely used in biomass and sewage processing works to produce electric
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. | | Generator
Engine Hot Water
To Stack
T or Steam
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1 Recovery Boiler
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FIGURE 1.3 A schematic arrangement of a cogeneration system producing power and hot
water or steam supply simultaneously.

power using the sewage gas produced, and can provide hot water to improve the
effectiveness of the anaerobic sewage digestion processes. This way, the gas yield
and the overall thermal efficiency can be improved substantially. Also, gas-fueled
engines with cogeneration are widely used in some countries not only to maintain
the warmth of greenhouses, but also to independently provide electrical lighting over
long periods of up to 24 hours per day while suitably modifying the concentration of
carbon dioxide in the local environment. Such approaches can promote more vigor-
ous growth of plants while reducing greenhouse emissions. There are also applica-
tions where engines can be made to provide electrical power and cooling for air
conditioning through the use of chillers and engine waste heat.
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2 The Internal
Combustion Engine

2.1 THE RECIPROCATING INTERNAL COMBUSTION ENGINE

The internal combustion engine (ICE) may be considered one of the most significant
inventions that changed human life in recent times. It provides prompt and simple
control of power generation while consuming a variety of commonly available fuels.
Enormous research effort and resources have increasingly been expended to improve
its performance while reducing its undesirable impact on the environment. Over the
years billions of units have been produced, and the internal combustion engine has
come to be the prime device at present for the production of work through fuel com-
bustion. Such devices, which are mostly of the reciprocating type, employ intermittent
combustion, or they may be of rotary action with continuous combustion. Their dis-
tinctly different modes of operation and associated combustion processes often dictate
a restrictive choice of design features and the types of fuels that can be used by them.
A broad classification of the very wide range of devices developed over the years of
this type may be according to the listing shown in Table 2.1. The interrelated engine
type devices that manage to a varying degree of success to convert the fuel chemical
energy into useful work through controlled combustion are represented in Figure 2.1.

The common internal combustion engine is expected to simultaneously satisfy
an increasingly large number of key requirements. These would depend in complex
and interrelated ways on numerous engine design features, operating conditions, and
fuel requirements. This would require engine designers, developers, and operators to
spend much time, effort, and resources to ensure satisfactory and dependable opera-
tion for any specific engine and fuel combination.

It is expected that the internal combustion engine in one form or another will
remain with us for quite some time to come. However, it must increasingly satisfy
more challenging demands for higher-output efficiencies and power per unit of cyl-
inder volume, superior reliability, reduced costs, and all forms of exhaust emissions.

TABLE 2.1

Unsteady Combustion Equipment

Fuel Form of Introduction to Equipment  Main Equipment

Gasolines Sprayed or vaporized Spark ignition engines

Diesel fuels Sprayed Compression ignition engines

Gaseous fuels Fumigated or injected Spark and compression ignition engines

1
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Combustion Engines

Internal Combustion External Combustion

Steady Intermittent Rotary Reciprocating
Fuel Cell ~ Gas Turbine  Reciprocating Rotary Steam Turbine  Stirling Engine Steam Engine

—

Aviation Industrial ~Compression Ign. Spark Ign.

Diesel Eng. Dual Fuel Eng. HCCI

FIGURE 2.1 Schematic representation of the various devices that produce power through
the combustion of fuel.

There is also an increasing need, whether for environmental, economic, or resource
availability reasons, to operate satisfactorily on a multitude of natural and processed
fuels. Accordingly, there is much continued intense research and development
proceeding globally, at least to make incremental progress toward meeting these
demanding objectives.

The factors exerting the greatest influence on the economics, life, and perfor-
mance of any power producing installation include unit size, plant load factors, and
total hours operated per year. Of critical importance are their cost and possible
future changes required. These include the costs of capital investment, fuels, labor,
taxes, operation, and maintenance. In the electric power generation field, the avail-
ability and electric utility costs are decisive influencing factors. Often, the econom-
ics of engine plant operation can be made more favorable by having some of the heat
rejected by the engine recovered and utilized to save in overall costs and achieve
high overall energy efficiency. It is especially attractive to be able to consume some
of the abundant and cheap gaseous fuels for power production, cogeneration, and
transport applications.

Prime examples of the reciprocating type engines, shown schematically in
Figures 2.2 and 2.3, are the spark ignition and compression ignition diesel engines,
respectively.

There are some major variations in these types of engines, such as those of
the premixed dual-fuel engine, shown schematically in Figure 2.4, which aims at
utilizing gaseous fuels as the prime source of its energy while using only a relatively
small amount of liquid diesel fuel injection, mainly to provide ignition.

More recently, interest has been shown in the development of an engine applica-
tion that operates on the principle of having homogeneously fed fuel-air mixtures that
undergo controlled compression ignition. This type of device, which has been coined
homogeneous charge compression ignition (HCCI), when it works successfully, has the
potential for further improvements in efficiency and reduction of emissions. Figure 2.5
shows a schematic representation of the working of an HCCI engine.
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FIGURE 2.5 Homogeneous charge compression ignition (HCCI) engine.

The main rotary type internal combustion engine is the gas turbine, which pro-
vides jet propulsion for aviation and power for land applications. The rotary recipro-
cating engine that was commonly known as the Wankel engine has not shown, on the
whole, the necessary promise needed for it to be a serious alternative to the common
reciprocating type.

Modern engine installations of recent design tend to be of complex construction
and working. This has been mainly driven by the continuing need to increase their
specific power output, efficiency, flexibility of operation, and control while continu-
ing to reduce to a minimum their undesirable exhaust emissions. The need to be able
to effectively burn a wider range of fuel types is also an important consideration.
Most modern internal combustion engines, especially those of large-size diesel type,
have been made to usefully exploit a significant fraction of the thermal energy of the
exhaust gases in a turbocharger, which provides compression work for the incom-
ing engine intake air and increases the intake total mass and specific power output.
Moreover, in recent years some controlled exhaust gas recirculation (EGR) has been
increasingly employed. This approach mainly aims at providing an additional control
of the composition of the exhaust emissions, especially those of oxides of nitrogen.
Figure 2.6 shows a schematic arrangement of an internal combustion engine installa-
tion where a turbocharger with EGR is fitted. The recirculated gases, as shown, may
be cooled before their introduction or kept partially warm.

It is to be shown that the economics of the dual-fuel engine can be made quite
attractive, and its usage of two fuels is a positive feature since it permits whenever
desired the changeover back to conventional diesel operation without interruption of
power production. It allows the efficient exploitation of interruptible fuel supplies,
such as in transport applications, where the limitations imposed to the range that
can be traveled by a vehicle between fuel refillings by the limited portability of the
gaseous fuel can be relaxed.
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FIGURE 2.6 Schematic representation of a turbocharged engine installation employing
exhaust gas recirculation (EGR).

2.2 HYBRID ENGINE APPLICATIONS

The internal combustion engine in general, especially for transport applications,
is called upon to satisfy numerous key requirements during its operation under a
variety of operating conditions, both steady and transient. Often, these would have
the engine not confined to operate over a more limited set of operating condi-
tions that would permit optimal performance, especially in relation to the desired
torque ~ speed characteristics, enhanced efficiency, and reduced exhaust emissions.
Accordingly, the concept of the hybrid operation of an engine, shown schematically
in Figure 2.7, relates typically to an engine that is coupled to an electric motor/genera-
tor/storage system, which can controllably provide power through these components.
This hybrid approach has been developed in a variety of forms and applications in
general, including in a number of examples involving dual-fuel engine applications.
A well-established example of a hybrid operation is the diesel-electric locomotive,
where the engine is coupled to an electric generator that transfers its electrical output
to electric motors that ultimately drive the wheels. In recent years the use of hybrid
vehicles in automotive applications has increased significantly, driven mainly by the
associated reduction in running fuel costs and emissions, but with increased capital
cost and complexity of controls. The dual-fuel engine, just like the common diesel
engine, is eminently suited for hybrid engine applications where the optimization
of engine operation can be improved, especially in transport applications. However,
there are a number of limitations to such potential benefits. These include increased
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FIGURE 2.7 Arrangement of a hybrid type vehicle employing an IC engine. (From Karim,
G.A., Fuels, Energy, and the Environment, CRC Press, Boca Raton, FL, 2012.)
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FIGURE 2.8 Schematic arrangement of an electric vehicle system. (From Karim, G.A,,
Fuels, Energy, and the Environment, CRC Press, Boca Raton, FL, 2012.)

capital and operational costs, difficulties in control, increased vehicle mass, and a
potential increase in electrical fire and safety hazards in general. Electric-powered
vehicles (Figure 2.8) with a sufficient suitable energy storage uncouple the short-
term power requirement of the vehicle from the load seen by the engine to permit
it to operate at settings to produce high efficiency and low emissions. The size of
the engine may be reduced and equipment life improved, but with increased mass,
mainly due to the electric storage system.

2.3 SELECTION OF ENGINE POWER SYSTEMS

In the decision to use an engine type and choose its mode of power production, a
variety of factors need to be considered. Some of these are of critical importance,
while others may be less so, but nevertheless requiring satisfactory consideration. To
choose an engine-based power system to perform a specific task such as generating
electrical power in stationary units requires the consideration of numerous factors
beyond those of merely cost, thermodynamic, or combustion origins. Often, there
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are other overriding factors that must be catered to. Examples of some of these fac-
tors that need to be evaluated and their potential impact on output, cost, and emis-
sions follow:

* Fuels availability and their required quality; current supply costs and pos-
sible future trends; availability and potential changes in market demand for
the power and any by-products produced, taxes, subsidies, and any incen-
tives from different sources that may become available

» Total costs, such as those relating to capital equipment, design, related civil
engineering work, land acquisition, insurance, legal, operation, mainte-
nance, storage, and infrastructure

* Current requirements and future potential changes in social acceptance,
workers’ availability and safety, exhaust emissions and environmental
impact, noise and vibration, water supply, quality, and disposal requirements

* Time needed from conception, design, construction, commissioning and
production, ease of starting the equipment, and shutdown; manpower qual-
ity requirements and whether there is specialized technical support readily
available when needed

* Durability, expected working life, maintenance frequency and costs, mate-
rials compatibility, the tendency to depreciate, such as through corrosion
and increased wear, ease of replacement of parts and equipment, retrofitting
possibilities, recycling and secondhand value of equipment and facilities

e Complexity of instillation, operation, control, and whether remote control
and compatibility with other similar installations are possible

* Availability and costs of any auxiliary power and water of the right quality
needed, including insufficient quantities in emergency

It can be suggested that when a well-designed and well-operated high-compres-
sion-ratio diesel engine is operated on gaseous fuels, and especially natural gas, few,
if any, contemporary power sources can successfully compete with it on the basis of
economic returns per capital invested. The economics of the combination of cheap
fuels and a well-developed prime mover often prove to be a very attractive invest-
ment opportunity while offering long-term environmental and resource advantages.
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3 The Compression
Ignition Engine

3.1 THE DIESEL ENGINE

Conventional diesel engines rely on compression ignition of an atomized liquid fuel
jet injected into the high-temperature and high-pressure cylinder air charge toward
the end of the compression stroke of a high-compression-ratio unthrottled recipro-
cating piston engine. A brief review of the main specific features of these engines
and how they differ from the common spark ignition type follows:

* Diesel engines need to have sufficiently high compression ratios to ensure
reliable, prompt, and well-controlled autoignition of the injected fuel. They
involve nonhomogenous fuel-air mixtures leading mainly to heterogeneous
diffusion type combustion. The rapid energy releases produced require
robust engine construction to withstand the resulting high mechanical and
thermal loading rates.

* The engine requires suitable liquid fuels that, in comparison to those of the
spark ignition, are more prone to autoignition and have high cetane num-
bers, but at the same time very low octane numbers. Excess air operation
is employed throughout with intense turbulence and swirling fluid action
provided so as to aid in the rapid atomization, vaporization, and subsequent
mixing of the fuel and air.

* The engine normally operates unthrottled at lower speeds than the spark igni-
tion types and is relatively harder to start unaided under cold weather and
intake air conditions. But, it tends to have superior work production efficiency
and torque characteristics. The engine is well suited for high levels of turbo-
charging and can be made of extremely large size and power capacity.

¢ The exhaust emissions in diesel engines tend to show normally low levels
of carbon monoxide and unburned hydrocarbons, but relatively high levels
of NOx and particulates. At present, to render their exhaust gas emissions
environmentally acceptable, most engine types require special treatment.

The many improvements made in recent years in diesel engine design, manu-
facture, and performance, such as in their superior fuel injection systems, are very
impressive. They led to significant improvements in key performance features, such
as power production, brake torque characteristics, driving dynamics, fuel utilization,
increased reliability, and reduced exhaust emissions. The engine has been recog-
nized almost from its inception as having the capacity to operate on a multitude of

19
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fuels, varying from gaseous to even solid-liquid slurries. The engine was originally
conceived as capable of using cheap low-grade liquid fuels, but with the more recent
stricter requirements to achieve sufficiently low exhaust emissions combined with
high efficiency, ultra-low sulfur-distilled liquid fuels are required.

The four-stroke compression ignition engine of the diesel type, in comparison to
its corresponding two-stroke type, tends to be relatively bulkier and more expensive
and complex. The two-stroke version, in comparison, yields more average power per
engine revolution while often employing simpler piston porting. The engine tends
to have poorer exhaust emissions, noisier operation, and somewhat lower efficiency,
is more difficult to lubricate, and overheats more readily than the four-stroke type.
The two-stroke engine has a greater tendency for a portion of its charge, unless spe-
cial remedial action is taken, to short-circuit the combustion process by proceeding
directly to the exhaust stage.

The operation of diesel engines with swirl chambers tends to be less sensitive
to the quality of the fuel in comparison to the direct injection type, with an easier-
to-form, relatively less heterogeneous fuel-air mixture. Also, when gaseous fuels
are introduced, the mixing of the fuel and air in the combustion chamber can be
achieved more readily.

The diesel engine, which spreads over a wide variety of sizes and types, represents
one of the major widely used prime movers throughout the world. It is anticipated
that its application will continue to have an increasingly commanding lead. However,
concerns may be raised about the environmental impact of its emissions and the
increasing need to provide economically suitable fuel supplies of the right quality.
On the other hand, world resources of natural gas, in comparison to those of petro-
leum liquids, appear to be enormous, relatively widespread, and have been increas-
ing quite rapidly in recent years. In fact, natural gas is increasingly being touted as
capable of potentially ensuring the long-term continued supply of fuel energy. It is to
be shown that the gas-fueled diesel engine of the dual-fuel type offers an excellent
and flexible means for employing the well-established and highly developed diesel
engine while primarily and economically consuming abundantly available gaseous
fuels. However, modifications to engine design and operation need to be effected
to render diesel engines suitable for gaseous fuel consumption. These changes vary
widely in complexity and effectiveness, depending on the fields of their applications,
the fuels employed, and the associated operating conditions.

Some common diesel engines, including those of large capacity, were sometimes
converted to operate as spark ignition engines so as to consume common gaseous
fuels. This was performed through eliminating direct liquid fuel injection and using
electric spark ignition instead. In order to avoid the onset of spark knock and any
associated uncontrolled autoignition, the high compression ratio normally associated
with the diesel engine was substantially reduced. Such conversion of diesel engines
was often made largely on an ad hoc basis, potentially wasting fuel energy and
contributing to increased undesirable exhaust gas emissions. Moreover, some gas-
fueled diesel engines operating in the field were of varying types, ages, and design,
and invariably equipped with the minimum of devices for metering and control.
Traditionally, this was considered acceptable mainly because of the relatively low
cost of traditional gaseous fuels, including natural gas. With the continuing increase
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in the relative cost of fuels in general and the increasing need to more strictly curb all
forms of exhaust gas emissions, including those of the greenhouse gases, remedial
effective measures have been increasingly introduced in recent years.

3.2 OPERATIONAL FEATURES OF DIESEL ENGINES

The direct injection (DI) diesel engine (Figure 3.1), which has an open combustion
chamber, is widely used, especially in large-bore stationary engine applications. The
combustion process in these engines mostly involves the interaction of the injected
liquid fuel jet with the bulk air, which is brought about normally by suitably sited and
shaped inlet ports directing the incoming air into a swirling and circulating motion.
This is subsequently modified by the motion of the piston, residual gases present,
changing geometry of the cylinder, and heat transfer effects. Squish in the form of
a toroidal air motion is produced by piston motion and modified by piston shape
and its mode of travel. The interaction of the swirling fluids cannot be controlled
normally well over the wide speed and load ranges of the engine. At any instant of
engine operation there are no significant differences in pressure between the differ-
ent regions of the chamber.

In the indirect injection (IDI) or divided chamber engines (Figure 3.1), the fuel is
injected in a separate chamber attached and open to the main cylinder. Fuel injec-
tion and some of the liquid jet breakup, atomization, and vaporization take place
in this prechamber. During compression, when the main chamber is decreasing in
volume, air is forced into the prechamber. In this type of engine, when employed
in small-bore engines, the prechamber can represent a significant fraction of the
engine clearance volume. Engine designs usually aim at having a smooth commu-
nicating passage of the right shape, orientation, and size so as to reduce the fric-
tional, thermal, and aerodynamic losses. After ignition, the rich mixture, products
of combustion, partial oxidation products, and unconverted fuel within the precham-
ber are forced as a burning jet into the much leaner surroundings and air of the
main chamber, permitting burning to proceed more vigorously. Since the fuel-air
mixing processes, in comparison to direct injection engines, are less dependent
on the momentum of the jet, relatively lower fuel injection pressures can be used.

Fuel Injector Injector

Fuel Spray

* Prechamber

Direct Injection Indirect Injection

FIGURE 3.1 Schematic representation of direct and indirect injection diesel engines.
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Moreover, lower maximum pressures, rates of pressure rise, and noise are associ-
ated with indirect injection engines. However, these engines tend to be associated
with relatively lower efficiencies, higher thermal stresses, and later burning, and can
be harder to start. These trends are due largely to the high heat transfer and the
work dissipation by the flow of gases through the restriction between the prechamber
and main chamber. Undesirable emissions may be lower than in the direct injection
engine counterpart, largely aided by the mode of combustion where rich combustion
is followed by lean combustion. A typical diesel engine of recent design is expected
to have the following operational and design characteristics:

* Maintain high efficiency with minimized emissions while delivering
increased power output per unit of cylinder swept volume aided by turbo-
charging and higher engine speeds

* Tolerate some variations in the type of fuel burned while retaining good
cold starting capacity and ensuring excess air is provided throughout

» Provide sufficient fuel jet penetration while having good atomization and
vaporization and avoiding wall impingement

* Have increased life and reliability with reduced requirements for service
and maintenance

As a testimony of the superior performance of diesel engines is the diversity of
the fields of their successful applications. For example, some of the main fields of
their applications are

* Road transport systems, especially heavy-duty trucks and buses, delivery
vans, and taxis, as well as increasingly in private passenger automobiles

» Stationary applications, such as for the production of electrical power, either
steadily or for standby duties applications, with a wide range of applications
involving cogeneration duties

» Military and agricultural applications, such as in tractors and harvesters

* A wide variety of industrial duties, such as driving pumps, compressors,
and earth-moving and drilling rigs in the energy industry

» Rail traction and marine systems, especially those of very large power capacity

For example, the relatively slow speed diesel engine driving electric generation
sets has become one of the most efficient practical convertors of fuel energy into
electricity, with overall efficiency increasingly approaching the 50% mark. Also, its
reliable operation in transport applications is virtually unmatched by other power
systems. It is becoming increasingly apparent that a properly developed dual-fuel
engine can equally replace the conventional diesel engine in almost all its fields of
application, especially whenever the limitations associated with the portability of the
fuel gas can be resolved.

Diesel engines tend to be more expensive than their equivalent spark ignition gaso-
line type. The relatively lower fuel prices in some countries in the past made the buying
of engines mainly on fuel economy advantages alone less likely. However, this situa-
tion is gradually changing in recent years with the rapid increases in fuel costs.
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Diesel engine performance is closely controlled by numerous key design and
operational variables that must be fully considered in any application, such as the
following:

» Fuel type, quality, and properties, both physical and chemical

* Various features of engine design and operation, including turbocharging,
EGR, cogeneration, throttling, and variable valve timings employed

e Combustion chamber fluid flow and turbulence characteristics

* Fuel injection characteristics and timing

* Engine size, compression ratio, number of cylinders, and speed range

» Specific operating conditions, such as intake temperature and pressure, over-
all equivalence ratio, percentage of total load, and water jacket temperature

Much research and development in recent years have been directed successfully
at reducing diesel engine emissions. These included, for example, improving the
quality of the fuels used, combustion chamber geometry, and the fuel injection char-
acteristics. Controlling parameters included variable ultra-high fuel injection pres-
sures and injection timing with changes to nozzle geometry. Measures such as these
allowed the diesel engine to make significant inroads in the relatively light duty and
transport applications. Of particular additional significance is the capacity of the
diesel engine to effectively utilize gaseous fuel resources for the production of power
without contributing to increased emissions or loss of efficiency.

The matching of mixture motion with the fuel injection characteristics in diesel
engines is of prime importance for ensuring good emissions and engine load ~ speed
characteristics, particularly in direct injection type engines. The increasing employ-
ment in recent years of very high pressure liquid fuel injection, together with the
intense turbulent swirling airflows, has resulted in improved mixing of the fuel and
air that is so essential for superior combustion and thus performance.

3.3 THE IGNITION DELAY

There is a readily observable delay in diesel engines between the commencement
of fuel injection and the first detection of ignition. The length of this ignition delay
is of paramount importance and controls the progress of the combustion process
and affects most aspects of engine performance. Excessively long ignition delays
bring about reductions in torque and efficiency with increased emissions. The delay
period has been viewed for convenience to be made up of two overlapping parts
due to the times needed to satisfy the physical and chemical processes that bring
about successful ignition. Generally, the chemical part of the delay tends to be longer
than the physical part, but the chemical reaction events are sped up exponentially at
high temperatures, while those processes that are physical in nature tend to increase
with temperature relatively to a much lesser extent, almost linearly. Figure 3.2 shows
schematically pressure development records for three widely different ignition delay
values. Figure 3.3 shows typical variation of the ignition delay with changes in the
amount of fuel injected, while Figure 3.4 shows the reduction in the delay period
length with increases in the partial pressure of oxygen in the intake charge.
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FIGURE 3.2 Schematic variation of the cylinder pressure with time for three cases having
different lengths of delay. (From Karim, G.A., Fuels, Energy, and the Environment, CRC
Press, Boca Raton, FL, 2012.)
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FIGURE 3.3 Typical variation of the ignition delay of a normally aspirated DI diesel engine
with equivalence ratio of CR =14.2:1. (Adapted from Badr, O. et al., Journal of Energy
Resources Technology, 118, 2, 159-163, 1996.)

The ignition delay is usually defined as the time between the commencement
of fuel injection and the first formation of a detectable ignition center somewhere
within the chamber. This is normally detected through the first discernable pressure
rise from the normal trend associated with the compression process. The end of
the delay is easy to determine from the rapid variations in the rate of pressure rise.
Another approach is to define the beginning of ignition with the instant at which
the rate of change of the energy release rate just becomes positive. In most die-
sel engine applications, the ignition delay is usually shorter than the fuel injection
period. However, in the case of the dual-fuel engines, where only a small quantity of
diesel fuel is employed, this may often not be the case.

The development of the liquid fuel spray in diesel engines is mainly controlled
by a number of important physical factors, such as atomization, penetration, entrain-
ment, vaporization, and wall impingement. The entrainment rate of fuel jets in the
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FIGURE 3.4 Variation of the ignition delay of a DI diesel engine with the oxygen concen-
tration in the air at ambient intake operating conditions. (Adapted from Gee, D., and Karim,
G. A., The Engineer, 222, 473—-479, 1966.)

presence of the intense cross-flow within the chamber is, of course, a complex func-
tion of the combined effects of the multicomponents of the relative velocity of the jet
material and the surrounding fluid. The effects of some chemical reaction activity
tend at least, in the very early stages of fuel injection, in comparison, to be less sig-
nificant. Moreover, cyclic variation in the spray structure and penetration character-
istics, especially of modern diesel engines under steady-state operating conditions,
tends to be less significant than it used to be.

Most diesel engines of recent design are turbocharged, which tends to reduce the
length of the delay. The pressure and temperature of the intake air are increased, with
substantial increases in the mass flow of engine air, which permit the burning of much
more fuel, leading to substantial increases in the total energy release, power output, and
torque. However, unless remedial action is taken, turbocharging results in increased
engine thermal load, bringing about the onset of knock. Accordingly, the compres-
sion ratio of the engine may be reduced slightly, which can affect the engine capacity
to deliver its maximum power potential. Some partial remedies can be provided by
employing measures such as intercooling after compression, exhaust gas recirculation
(EGR), and variable geometry turbochargers. The proper matching of the turbocharger
characteristics with those of the engine in the dual-fuel mode is a requirement that may
take much effort by engine manufacturers to accomplish properly.

3.4 DIESEL ENGINE FUELS

The suitability of a fuel for diesel engine applications is evaluated through a number
of properties in accordance with standard specifications. They include the cetane
number, density, distillation characteristics, viscosity, heating value, flash, cloud
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and pour points, sulfur and nitrogen contents, carbon and ash residues, water and
sediment contents, and overall composition. Most of these, which are defined and
discussed in fuel standards such as those of the American Society for Testing and
Materials (ASTM), have been briefly defined and listed within the glossary at the
end of this book.

One of the prime properties for the suitability of a liquid fuel for acceptable igni-
tion in a diesel engine is the empirically devised cetane number scale. This rating
is mainly based on the test fuel having the same ignition delay value as that of a
specific binary liquid fuel blend made up of cetane (n-hexa-decane) and iso-hexa-
decane (heptamethylnonane) when tested in a standard engine under the same stan-
dard operating conditions. In this rating scale, the n-hexa-decane is given a rating
of a 100 cetane number, while isohexadecane is given a rating of 15, i.e., cetane
number = n-cetane (%) + 0.15 heptamethylnonane (%).

A low cetane number indicates that a fuel is hard to ignite within the available
time in the engine settings, and thus it is less suitable as a diesel engine fuel. A fuel
with a high octane number, which reflects resistance to autoignition, should have a
correspondingly low cetane number value. Most common commercial diesel fuels
typically have a cetane number within the range of 45 to 60. The long-chain normal
hydrocarbons that are easily oxidized tend to have high values of cetane number,
while aromatic fuels, which are comparatively less prone to autoignition reactions,
such as aromatics, have low cetane numbers. Suitable additives are often employed
to improve the properties of fuels destined for diesel engine applications. Following
the refining of a typical crude petroleum, the yield of the diesel fuel can represent
only a fraction of the products, as shown in Figure 3.5.

LPG & Refinery Gas, 6.6%

Gasolines, 40.0%

Kerosene & Jet Fuel, 6.5%

Diesel Fuels, 18.5%

Residual Fuel Oils, 16.5%

Petro-Chemical Feed, 6.0%

Lubes, Greases, & Waxes, 2.0%
\Asphalt, Coke, & Losses, etc., 3.9)

FIGURE 3.5 Typical distribution of the products of refining crude petroleum. (From Karim,
G.A., Fuels, Energy, and the Environment, CRC Press, Boca Raton, FL, 2012.)
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The employment of biodiesel fuels, which are derived from renewable resources,
is not new, and some of the earliest diesel engines were developed to run on vegetable
oils. These fuels may produce lower emissions of particulates, improved cetane num-
ber values, and high fuel lubricity, but they have tended to be more expensive than
petroleum-derived fuels. Some of their negative features include high viscosity, poor
cold weather performance, higher NOx emissions, slight power loss, and poor materi-
als compatibility, which may include increased corrosion of parts of the fuel system
and increased wear. A wide variety of additives have been employed to reduce the
impact of some of these negative features. Common biodiesels are usually employed in
the form of blends of conventional diesel fuel with a fatty acid methyl ester made from
a variety of sources of vegetable oils or animal fats. Their use as a fuel supplement is
growing steadily, particularly with the increasing cost of conventional diesel fuel and
the need for ultra-low sulfur fuels, but typically much less than 20% by mass. The veg-
etable component, for example, may be derived from rape seed, palm, or coconut oil.

The production of biodiesel from biological sources is usually done by reacting
them with an alcohol in the presence of a catalyst. A biodiesel blend with petroleum-
derived diesel fuel, designated B10 as an example, indicates that the blend is made up
of 10% biodiesel, and the rest is a conventional diesel fuel, on a liquid volume basis.

Liquid biofuels have sometimes been championed as reducing energy dependence,
boosting farm revenues, and contributing toward reducing global warming. However,
such claims need to be moderated and qualified suitably. In fact, biofuel usage can be
viewed to negatively impact the environment and affect food sources availability and
pricing worldwide, especially when factors such as acidification, fertilizer use, biodi-
versity loss, and toxicity of agricultural pesticides are taken into account.

A synthetic liquid fuel suitable for diesel engine applications is the Fischer—
Tropsch diesel (FTD) fuel. It is produced from synthesis gas, which is a mixture
of primarily hydrogen and carbon monoxide. The gas is commonly produced by
the catalytic reforming of coal or natural gas with steam or by partial oxidation.
The product of the FTD synthesis is a mixture of hydrocarbons of different size
molecules, which undergo further cracking to produce diesel fuel. The FTD is con-
sidered a cleaner-burning fuel and of better ignition quality than conventional diesel
fuels. This is mainly because it has a high fraction of straight-chain high molecular
weight components that are readily reactive and require lower ignition temperatures.
It also has virtually no sulfur. However, its production remains somewhat costly,
with the fuel produced from coal tending to be relatively more energy wasteful and
more complex than if it were produced from natural gas. The FTD fuel can be used
in engines without the need to modify existing engines. For example, the diesel fuel
produced from coal tends to be relatively energy wasteful and more expensive and
complex than if it were produced from natural gas.

3.5 HOMOGENEOUS CHARGE COMPRESSION
IGNITION (HCCI) ENGINES

A practice followed in the past mainly for research and developmental purposes was
to feed fuel-air mixtures to engines in the absence of an external ignition source or



28 Dual-Fuel Diesel Engines

auxiliary pilot fuel autoignition. This was done mainly to examine various aspects
of the thermal, physical, and chemical behavior of fuel-air mixtures under the high-
temperature and high-pressure conditions in a firing engine cylinder. Often such a
mode of operation would not necessarily lead to autoignition or even the release of
sufficient energy on reaction to overcome the frictional and other operational losses.
Under such conditions, the engines were partially motor driven using an external
power source until the operating conditions used were conducive for independent
engine running and the generation of sufficient net positive mechanical work to dis-
pense with the external drive. Such operation, which used to be described as motored
engine operation, was employed, for example, to observe the pre- and post-autoig-
nition processes of the fuel-air mixture. However, relatively recently, mainly with
the drive to develop engines with ultra-low emissions, especially those of NOx, and
the desirability to operate on lean mixtures, such an approach has been receiving
more attention and further development. It became known as homogeneous charge
compression ignition (HCCI). This mode of engine operation is akin to that of the
motored engine approach, except ensuring that the power output is sufficiently posi-
tive in excess of that needed to overcome engine running losses. On this basis, the
HCCT operation can also be viewed as a form of dual-fuel engine operation that is
employing essentially a zero-pilot quantity.

Through the potential improvements to the operational control of engines, there
have been numerous variations on such approaches in recent years. These include the
deliberate lack of homogeneity of the charge where the introduction and mixing of
the fuel with the air are carried out in a variety of approaches and stages during the
intake and compression strokes. These have been pursued since they are potentially
capable of overall lean mixture operation, which has ultra-low NOx emissions while
having high efficiency at low loads, albeit with lower specific power output than
in comparable diesel or spark ignition engines. To effectively control the progress
of the combustion process and the associated energy releases in HCCI engines in
the absence of a deliberate source of external ignition such as a spark or pilot fuel
injection remains with a number of challenges. For example, the autoignition reac-
tion rates tend to be self-accelerating, resulting in the heat release rates over a num-
ber of consecutive cycles becoming rapidly too high for acceptable operation. This
takes place in association with other troublesome factors, such as increased heat loss,
cyclic variations, noise, and vibrations. Thus, the elimination of deliberate externally
controlled sources of ignition can lead to a loss in the effective and reliable control of
the autoignition timing, with exceedingly high associated combustion rates.
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4 Gas-Fueled Engines

4.1 MERITS OF OPERATING ON GASEOUS FUELS

Fuels that are gaseous under normal ambient conditions are classified as gaseous.
Notable examples of these include natural gas, propane, and hydrogen. The gaseous
nature of such fuels provides distinct advantages in their utilization in combustion
devices in comparison to the combustion of common liquid or solid fuels.

The price of natural gas relative to that of diesel or gasoline can vary widely from
time to time and from one location to another. Generally, on an energy basis, natural
gas and liquefied petroleum gas (LPG) sell significantly cheaper than diesel fuel and
gasoline. Also, to store an equivalent amount of energy on board a vehicle, the vol-
ume of a liquefied natural gas (LNG) tank may be approximately 1.7 times that for
diesel fuel, and the corresponding volume of a typical compressed natural gas (CNG)
tank is approximately 4 times. Of course, in engine applications, when evaluating the
merits of a gaseous fuel, it is the volumetric heating value of the combustible fuel—
air mixture used that is rather more important than merely the consideration of its
conventional heating value. Much care is also needed when considering prospects,
benefits, and limitations of the use of alternative fuels in general to ensure that avail-
able information is not colored by possible interests of lobbyists on behalf of either
producers or consumers. Reducing costs, retaining jobs, and exploiting available
indigenous fuel resources remain compelling factors. Table 4.1 shows the relative
values of the specific energy storage for a number of common fuels. The superiority
of the fuels as potential energy carriers, as compared to batteries.

TABLE 4.1

Some Energy Storage Mediums

Energy Storage Medium Specific Energy (M)/kg)
Gasoline 42.4

Diesel fuel 42.5

Methanol 19.7

Ethanol 26.8

Hydrogen (gas) 119.9

Methane 50.0

Lead acid battery 0.19

Source: Bols, R.E., and Tuve, G.L., eds., Handbook of Tables for Applied
Engineering Science, CRC Press, Cleveland, OH, 1970.
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An apparent limiting feature of the use of gaseous fuels in engine applications is
the fact that they enter the engine generally as a gas, which displaces some of the air
that would otherwise be inducted by the engine. This would reflect adversely then on
the extent of power that can be produced by the engine. This is in contrast to liquid
fuel applications, such as gasoline, which enters the engine initially mostly as a lig-
uid spray, and its vaporizing helps lower the overall intake temperature and increase
the density of the intake mixture. However, the slight lowering of the effective volu-
metric efficiency of the gas-fueled engine may not be a serious constraint since the
lowering of the capacity to produce power can be offset by the associated positive
combustion features and turbocharging. Moreover, operation on gaseous fuels has an
important positive influence on engine maintenance and its lubrication system, while
any small shortfall in power output from the corresponding operation on liquid fuel
can be made up through employing a slightly larger or faster version.

Any undesirable substances that may be introduced into an engine with the gas
supply vary widely with the type of fuel gas used, the processing it received, and
local operating conditions. For example, “wet” natural gas, which normally con-
tains small concentrations of higher hydrocarbons, will contribute to an increased
tendency for the incidence of knocking, valve sticking, and increased deposits.
However, “dry” processed natural gas, although it may be considered to be clean,
can carry with it some very fine particles, such as those of rust, along the supply
lines. Also, producer and coke oven gases tend to contain some undesirable particles,
such as those of carbon black and particles of sulfur compounds, while fuel gases
originating from the steel industry can additionally contain some hydrogen sulfide.

Large fleet operators such as those of taxis, road trucks, delivery vans, buses,
and locomotives tend to have large expenditures for fuel and maintenance. Their
use of natural gas and other gaseous fuels often will save a considerable amount of
money. Additionally, there are numerous positive features that may be considered to
be associated with the employment of gaseous fuels in combustion systems in gen-
eral and internal combustion piston engines in particular, in comparison to operation
on liquid fuels. For example, the composition of gaseous fuels generally tends to be
much simpler in structure in comparison to common liquid fuels, which are made
of complex mixtures of a wide range of large molecular weight hydrocarbons. Thus,
the properties of a liquid fuel are varying averages that can change with the source of
the fuel and the processes that have gone through its refining, with optimum engine
performance being less certain than in the corresponding employment of gaseous
fuels that require no atomization or vaporization for their combustion. This renders
gaseous fuels introduction into the engine both simple and more efficient. It helps
to ensure good mixing in the desired proportions with air and good mixture quality
distribution between the various engine cylinders while requiring relatively simpler
manifold design. Engine idling can be also improved with easier cold starting. In
addition, an important positive feature contributing to the widespread utilization of
gaseous fuels, and notably in the form of natural gas, is the ease of distribution and
availability of the fuel over considerable distances from points of production and
processing to consumers. Usually, in the case of stationary engine applications, there
is no need for fuel storage and associated infrastructure since a clean, convenient,
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and constant supply of fuel gas is assured from the mains to the combustion device
and flows easily with automatic and remote regulation provided.

Some other main positive features that can be cited for the employment of gas-
eous fuels in combustion systems in general and in piston engines in particular in
comparison to liquid fuels are the following:

* Gaseous fuels are generally associated with high combustion efficiency
over wide firing ranges with improved flame stability limits. They need less
time for proper mixing with the necessary air for combustion, because of
their gaseous nature.

* The burning of gaseous fuels is associated with the production of relatively
cleaner product gases with hardly any solid pollutants emitted, such as
ash, particulates, or soot. They normally have a lower tendency to initiate
corrosion.

e Simpler and cheaper combustion equipment can be developed with better
low-temperature operation. The fuel supply is easy to control, with finer
control of excess combustion air and larger turn-down ratios.

* Design, operation, and the control of gaseous fuel combustion systems that
depend on the properties of the fuel, and the mixing needed between the
fuel and air following their introduction, tend to be relatively simpler and
easier for initiating combustion.

A serious limitation associated with gaseous fuels usage is the tendency for
increased fire, explosion, and toxic hazards, especially following a leak. However,
over the years there have been much experience and strict regulatory controls estab-
lished for the safe handling and usage of gaseous fuels.

4.2 MODES OF OPERATION OF GAS-FUELED ENGINES

The premixed dual-fuel engine is basically a conventional compression ignition
engine of the diesel type where the injection of some liquid fuel, often in quite small
dosages, is used to provide the source for ignition. The cylinder charge is made up
mainly of lean mixtures of a gaseous fuel and air (Figure 4.1). There are a number of
variations of this mode of operation, such as having the gaseous fuel injected at very
high supply pressures directly into the engine cylinder so that the fuel burns into the
wake of the earlier injected and already ignited liquid fuel jet (Figure 4.2).
Normally in dual-fuel engine applications, mainly for economic reasons, much
of the energy release comes from the combustion of the usually cheaper gaseous
fuel, while only a small amount of diesel liquid fuel is injected to provide ignition
through timed cylinder injection in the usual way as takes place in conventional die-
sel engines. Such an operation, with optimum conversion methods, has been shown
to have the potential to provide operational characteristics that are often comparable
or even superior to those of conventional liquid-fueled diesel or gas-fueled spark
ignition engines. This may be achieved while displaying improved emission charac-
teristics and quiet, smooth, and improved low-ambient-temperature operation with
reduced thermal loading. Such superior performance may be achieved only when
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FIGURE 4.1 A schematic representation of a premixed dual-fuel engine with diesel injec-
tion to serve as the pilot for ignition.
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FIGURE 4.2 Schematic representation of a dual-fuel engine where the fuel gas is injected
directly into the chamber and ignition is obtained with pilot fuel injection.

sufficiently effective measures are ensured, such as, for example, the avoidance of
knock at high loads and the excessively incomplete gaseous fuel utilization at rela-
tively light loads. Usually, a main aim while retaining alternatively acceptable diesel
operation is to maximize the replacement of the diesel fuel by a usually cheaper and
more abundant gaseous fuel while maintaining acceptable levels of exhaust emis-
sions and engine performance.

Dual-fuel engines are expected to display sufficiently high power density and effi-
ciency, and lower heat rejection, with multifuel consumption capability. Their operation
may be viewed to be falling into broad categories, largely depending on the amount of
the gaseous fuel employed relative to that of the diesel liquid fuel. The more common
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and simple strategy is to have only a relatively small pilot quantity of liquid diesel fuel
injected at a fixed rate over the whole load and speed ranges. This is mainly to provide
timed ignition of the cylinder contents made up usually of lean premixed gaseous fuel—
air mixtures, as shown schematically in Figure 4.3. The bulk of the energy release then
comes increasingly from the combustion of the gaseous fuel component.

Another category may be viewed as merely supplementing the variable supplies
of liquid fuel of a fully operational diesel engine, at a stage well beyond the light
load region, with an increasing addition of a gaseous fuel to the engine air, as shown
schematically in Figure 4.4.

However, it would be more beneficial to optimally vary the liquid fuel quantity
relative to that of the gaseous fuel and its supply rates with operating conditions and
the type of fuels employed. Usually, there is no need then to maintain relatively large
pilots with the increase in engine load (Figure 4.5). This way it becomes possible
to achieve superior performance over the whole load and speed ranges. This form
of approach may not be incorporated in some dual-fuel engine installations, mainly
because of the relatively demanding complexity of its control.
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FIGURE 4.3 Schematic representation of the changes in gaseous fuel quantity relative to a
constant liquid pilot fuel quantity.

Fuel Gas

Fuel Load

Diesel Fuel

Engine Load

FIGURE 4.4 Schematic representation of the supplementing of diesel liquid fuel by increas-
ing the amount of fuel gas.
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FIGURE 4.5 Variation in the liquid pilot quantity with load.

The modern high-compression-ratio diesel engine is imminently suited to dual-
fuel operation, particularly when using a fuel such as methane, the main component
of a wide range of natural and biogases. Largely by virtue of the provision of a high
compression ratio with excess air and an adequate sized, consistently timed pilot
liquid fuel injection, almost any gaseous fuel or vapor can be utilized to a varying
degree of success. A wide range of pure gaseous fuels, such as methane, ethane,
propane, butane, hydrogen, and ethylene, have been employed in dual-fuel engine
applications. Moreover, various gaseous fuel mixtures, which include, besides natu-
ral gases, liquefied petroleum gases and those containing excessive concentrations of
diluents such as biogases, landfill gases, coal bed methane, and blast furnace gases,
are being successfully used. Information is also available in the open literature about
the performance of dual-fuel engines when a range of liquid fuels, including lique-
fied natural gas, gasoline, and alcohols, are introduced into the incoming engine air
or injected subsequently into the cylinder during the early part of the compression
stroke with diesel fuel pilot ignition.

The economics of dual-fuel engine operation is quite attractive. Its usage of two
separate fuel systems may be viewed as a positive feature since it would permit the
changeover to conventional diesel operation without interruption of power production
whenever required. With this feature it would allow the efficient exploitation of inter-
ruptible fuel supplies such as in transport applications, where the limitations imposed
to the range that can be traveled by a vehicle between refuelings due to the limited
portability of the gaseous fuel can be waved. It can be suggested that when the well-
designed and well-operated high-compression-ratio diesel engine is operated on gas-
eous fuels, and especially pipeline natural gas, few, if any, contemporary power sources
can compete successfully on the basis of economic returns per capital invested. The
combination of cheap fuels and a well-developed prime mover proves a very attractive
investment opportunity while offering environmental and resource clear advantages.

Most diesel engines of recent design that are turbocharged can perform equally
well when converted to dual-fuel operation. Diesel engines of the two-stroke type
normally require excess scavenging air to clear the cylinder adequately of residual
gases. In their corresponding dual-fuel applications, when the gaseous fuel is fumi-
gated into the intake air before entry into the cylinder, special procedures need to
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be taken to ensure the elimination of the discharge of some unburned fuel into the
exhaust. Otherwise, there will be both much fuel wastage and increased contribution
to exhaust emissions.

4.3 THE APPLICATIONS OF GAS-FUELED ENGINES

The applications of gas-fueled diesel engines can be found in numerous fields.
Stationary engine applications have included electric power generations, driving
compressors, pumps, and cogeneration sets. The engines have also been extensively
employed in mobile applications, such as for driving of fleet vehicles, heavy-duty
trucks, buses, rail locomotives, and marine vessels, and in various applications
within the construction and agricultural industries. Often, it is desirable to have the
diesel engine converted to fuel gas operation capable of accommodating some varia-
tion in the composition of the gaseous fuel.

Common diesel engines tend to endure successfully long operational lives. They
vary widely in type, size, applications, and operational ranges of load and speed.
These make their wide conversion to gas-fueled operation quite demanding, espe-
cially when optimal performance is aimed for. There is, for example, a consistent
need to develop operational approaches in conjunction with the gaseous fuel com-
bustion characteristics, such as by a careful choice of pilot fuel size and its injection
timing so as, for example, to reduce oxides of nitrogen emissions. Moreover, the
operation of these engines, especially when employing some gaseous fuel mixtures,
can be seriously limited by the onset of knock. Its avoidance, while retaining the
high-compression ratios of the efficient diesel engine, with some gaseous fuels, often
remains a challenge and requires proper expertise.

The employment of dual-fuel engines for the production of power, despite its
numerous operational, environmental, and economic positive features, has not seen
as much wide application in the past as would be expected. A number of contributory
factors can be suggested that tend to confine their application to power generation in
relatively large, mostly stationary engines. Relatively fewer applications were related
to the transport sector. Some of the contributory factors to these trends could have
included the following:

* The combustion process in the gas-fueled diesel engine of the dual-fuel
type is quite complex. It displays some of the features and associated prob-
lems of the compression ignition diesel engine, as well as those of the pre-
mixed spark ignition type.

* The exhaust emissions of dual-fuel operation, until relatively recently, were
not easy to deal with satisfactorily when in combination with the widely
varying quality of the fuel systems possible, over the whole ranges of load
and speed. However, many recent advances have been made, making it eas-
ier to deal with these difficulties.

» To obtain the potential benefits associated with gas-fueled operation, many
influencing operational and design factors require careful optimization
and control. Suitable computer controls of the many engine variables were
not widely available in the past, while relying mainly on mechanical type
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control devices. This tended to make transport applications harder to imple-
ment satisfactorily and lacked the versatility and reliability required for the
frequent transients in performance. The need to provide two complex sets
of controls and adequate portable storage for two sets of fuel systems of
widely different properties has also contributed to the challenges.

There has been a continuing need to retain the capacity of gas-fueled
engines to revert to the diesel operational mode promptly and smoothly
when needed. This facility is required to be retained without undermining
the performance of the engine as a diesel. This sometimes represented a
challenge since diesel engines are required to satisfy increasingly stricter
and more challenging requirements of performance and controls.

Until recently, relatively small diesel engines were less operationally flex-
ible and tended to be more costly in comparison to their spark ignition
counterparts. Accordingly, the exclusive conversion to fuel gas spark igni-
tion operation was easier to accomplish and more satisfactorily performed,
especially while retaining the bi-fuel operational capacity.

Large output stationary engines, such as those employed exclusively for the
generation of electric power, consume very large quantities of fuel. The need
to lower fuel costs and maintain high efficiencies is an important consider-
ation. These tended to favor employing the efficient and reliable liquid-fueled
diesel engines, which in recent years have reached a very advanced stage of
sophistication and reliability. They are readily turbocharged, and their perfor-
mance is well optimized. However, only when relatively cheap and abundant
fuel gas supplies were available were dual-fuel engines employed.

A consequence of operating diesel engines in the premixed dual-fuel mode
is that some of the intake air is displaced by the gaseous fuel induced. The
amount of air displaced increases with the decrease in average molecular
weight of the fuel. For example, for stoichiometric mixtures, the decrease by
volume is 3.13% for butane, 4.03% for propane, 5.66% for ethane, 9.51% for
methane, and 29.6% for hydrogen. This air displacement can have a signifi-
cant influence on the volumetric efficiency, emissions, and associated power
output of the engine, requiring remedial measures to recoup the potential
shortfall in engine power output and performance. Otherwise, relatively big-
ger engines are needed with increased capital and operational costs.

The low efficiency and sensitivity to changes in the fuel gas composition
of the low-compression-ratio spark ignition gas engine made it fall increas-
ingly out of favor in comparison to the gas-fueled diesel engine. However,
diesel engines, with their continued improvements in the control of their
emissions, efficiency, and reliability, tended to relegate the dual-fuel engine
to a secondary role, confining it increasingly to special applications where
economic advantages can be assured through the exploitation of much
cheaper gaseous fuels. The increased attention in recent years to reduce
the emission of greenhouse gases is aiding in the widespread application of
dual-fuel engines in transport applications.
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5 The Premixed Dual-
Fuel Engine

5.1 HISTORICAL DEVELOPMENT

Much of the early development of the internal combustion engine was based on
employing gaseous fuels. The widespread use at the time of coal gas, produced
by the processing of coal for lighting, domestic, and industrial applications, also
encouraged its use in engines, despite the gas being highly toxic and explosive. There
were also some engine applications employing industrially derived fuel gases such
as those in the steelmaking industry or in the processing of municipal sewage and
biomass. After the rapid success of the four-stroke liquid-fueled internal combustion
engine, gas-fueled engines tended to be confined primarily to special applications
and the stationary engine fields.

It was in 1901 that Rudolf Diesel obtained a U.S. patent covering the concept of
the dual-fuel engine. A mixture of fuel and air was to be compressed to a temperature
below that needed for its autoignition. Ignition was then produced through the injection
of a second, more reactive fuel that has a lower ignition temperature than the fuel gas.
Others followed later with patents describing the operation of high-compression-ratio
internal combustion engines that operate on both oil and a gaseous fuel. Regular igni-
tion was also provided through the injection of a suitable liquid fuel.

Some applications of gas-fueled engines could be seen before the Second World
War in countries such as Italy, Russia, Germany, Holland, the United States, and
the U.K. During the war there was much activity to utilize gaseous fuels for engine
applications as supplies of liquid fuels of the right quality became increasingly
scarce, especially in countries such as Germany. There were also attempts to use
some low-quality gasolines instead of gas in engines that operated on the dual-fuel
mode due to the shortage of diesel fuels. It was mainly before the Second World War
that some dual-fuel engines were supercharged and others operated on high-pressure
natural gas that was injected directly into the cylinder at near TDC position and
ignited by diesel fuel injection. These approaches, however, did not see wide applica-
tions in the energy industry until much later on.

Natural gas-fueled transport applications declined considerably after the war,
mainly due to the increasing availability at the time of relatively cheap oil supplies.
However, dual-fuel engines were widely employed for special stationary applica-
tions, mainly for the generation of power, such as by the oil industry in the field or
in municipal sewage works aiding, through cogeneration, the production of sew-
age gas, which was also used as the fuel for the engine. It has only been within
the last few decades, driven by the ever-stricter air pollution controls, the rise in

41
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the cost of fuels in general, and the relatively reduced availability of liquid fuels
of the right quality, that gas-fueled engine applications began increasing, mainly
in the stationary electric power generation and commercial vehicle sectors. Also,
the increasingly wide availability of bulk supplies of natural gas through long-dis-
tance pipeline transport and supplies of liquefied natural gas (LNG) transported
by sea from remote parts of the world made the running of engines on natural
gas increasingly possible and economically attractive. This is particularly true in
countries that are relatively well endowed with cheap natural gas supplies, and for
bus transport in some highly polluted cities. The increased availability of LNG sup-
plies also encouraged the development of engines that can operate either directly
on LNG or its boil-off, including in the large engines of marine tankers transport-
ing the liquefied fuel to markets. Currently, there are many commercially available
dual-fuel systems offered by various manufacturers in many parts of the world.
However, although these systems work adequately, they do not necessarily have
their operation sufficiently well optimized, particularly for the specific application.
Moreover, the localized electric power generation by dual-fuel engines has been
made somewhat less common by the increased availability in many countries of
electric power supplies through the grid systems. With the increased recent uncer-
tainties surrounding the dependability of the electric power supplies, together with
the increased availability of cheap and relatively abundant supplies of natural gas,
increased price of diesel fuel, and potential limitations to its supplies, and with the
ever stricter controls on emissions, the dual-fuel engine is expected to undergo sig-
nificant gains in popularity. Meanwhile, the normal diesel engine continues to gain
in efficiency, power density, and reliability.

In the early days of the diesel engine air-blast injection was commonly applied,
mainly in stationary and marine applications, to assist in the rapid atomization of
the injected liquid fuel. Compressed air around 65-70 bars was supplied from stor-
age air cylinders charged by a separate compressor, which was often driven by the
engine. At a certain point toward the end of the compression stroke a high-pressure
blast of air drove the fuel at a great velocity into the cylinder to mix with the com-
bustion air and later ignite. The blast of air usually constituted around 2-3% of the
total air and contributed to lengthening the fuel injection and ignition delay periods.
The whole system was cumbersome, costly, and troublesome, absorbing a consider-
able amount of power, which contributed to reducing the overall efficiency of the
engine and its available power output. The high-pressure air storage cylinders were
especially too cumbersome for transport applications. When more effective fuel
injection systems were successfully developed later, such as through employing the
jerk pump, the air-blast method of fuel injection was replaced and rendered obso-
lete. In recent years, some remnants of this technology have again found their way
in the development of high-pressure fuel gas injection directly into the combustion
chamber of dual-fuel engines.

Some limited attempts were made in using slurries of liquid and powdered solid
fuels as supplementary fuels in engines injected through suitably modified injec-
tors. Some other attempts of direct injection of dry powdered solid fuel into the
engine cylinder were made, but on the whole they were operationally or economi-
cally not viable.
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5.2 DUAL-FUEL ENGINE OPERATION

To render common diesel engines capable of operation on a range of gaseous fuels,
whether for stationary or mobile applications, has tended in the past to be made
often without achieving some of the potentially attractive features of the engine.
Moreover, the operational and design features of converted engines were on occa-
sion reported in the open literature, while based on experience gained mainly from
prototype installations or under laboratory conditions. Such features may need to be
modified significantly later on through subsequent design changes made or through
additional operational experience. Accordingly, it is not uncommon that some of the
published reports about dual-fuel performance, especially in the popular or trade
press, appear to be in conflict with others.

Currently, there are many commercially available dual-fuel engine systems
offered by various manufacturers in many parts of the world, usually in parallel
with their diesel engine lines. There is also an increased successful entry of dual-
fuel engines in the transportation sector targeting primarily the public and industrial
fields. However, although these systems have been operating satisfactorily and eco-
nomically, there is still room for reducing costs and enhancing their performance
further, whether in terms of efficiency, power production, maximizing diesel fuel
replacement, displaying a wider tolerance to changes in gaseous fuel composition,
or ensuring additional improvements in exhaust gas emissions. Indeed, dual-fuel
engines, when dedicated properly primarily to fuel gas operation, can have some
aspects of their performance equal or superior to those of the common diesel engine
while economically exploiting a wider variety of gaseous fuel resources.

The satisfactory operation of dual-fuel engines depends on numerous operating
and design variables that tend to be greater in number than those controlling the per-
formance of conventional spark ignition or diesel engines. Accordingly, the level of
power production potential and the associated levels of exhaust emissions of engines
operating on various gaseous fuels in the dual-fuel mode will depend on how well
the effects of the following design and operational variables have been dealt with.

* The type of fuel used, its composition and heating value, the physical and
chemical properties of the fuel, and their variations with temperature and
pressure; values of the effective flammability limits and burning rates,
especially at the high temperatures and pressures encountered in engines at
the end of compression and initiation of the combustion process

» Intake and exhaust temperatures and pressures, the equivalence ratio values
used, the presence of any diluents in the fuel or air supplied, the autoignition
characteristics, ignition energy and limits, and their corresponding variations
with equivalence ratio and temperature, and operational knock limits

e The associated operational volumetric efficiency with throttling when
employed, turbocharging, and the extent of exhaust gas recirculation (EGR)
used; the nature and extent of any fuel and temperature stratification, the type
of pilot fuel employed, its relative size, injection characteristics, and timing

* Values of the engine compression ratio, bore, and stroke, combustion cham-
ber shape, engine speed range, and any surface activity
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In the case of turbocharged dual-fuel engines, their output can be controlled
through employing waste-gates and variable geometry turbines. The waste-gate is a
valve fitted in the exhaust gas path that can be actuated to divert some of the exhaust
gas to bypass the turbine altogether, thereby reducing the available work for com-
pression. In engines fitted with a variable geometry charger, the turbine nozzles are
adjusted to vary the pressure drop across the turbine to better match the pressure rise
needed for the compressor part. This would also allow, for example, the torque to rise
beyond that of the corresponding diesel engine version, which is traditionally limited
by the emission of unacceptably high density smoke at peak torque speeds. When
sufficiently high pressure fuel gas supply is provided, turbocharged dual-fuel engines
often have their fuel gas introduced beyond the outlet of the compressor. However, for
some applications the fuel gas carburetion may be made ahead of the turbocharger.

Of course, throughout, more than just adequate measures must be taken to ensure
the safety of operation of dual-fuel engines irrespective of the type of fuel gas,
engine, and load employed. Transient operating engine conditions are usually more
likely to provide a greater risk, especially when highly turbocharged engines operat-
ing with exhaust gas recirculation are employed.

Diesel engines with their high compression ratios are associated with relatively
high work production efficiencies. However, high NOx and particulate emissions
are produced mainly due to the diffusion types of combustion of the liquid fuel
associated with multiple ignition sites and the many localized regions of high com-
bustion temperature.

The performance of the gas-fueled dual-fuel engines in comparison to that of the
conventional premixed spark ignition gas engine displays a number of positive fea-
tures. For example, a wider selection of gaseous fuels can be employed, with a much
lesser tendency to encounter the incidence of knock. This is aided by the overall lean
mixtures normally employed while having superior control and safety character-
istics. The dual-fuel engine displays less cyclic variation even at light load, arising
mainly from the deliberate and reliable source of the controlled energetic pilot igni-
tion employed. The engine that is normally of diesel engine origin is of more robust
construction and can better withstand shock and knock loadings at high loads with low
heat loss and good cogeneration capacities. The control of power output in dual-fuel
engines is normally obtained by quality control, with changes made in the fuel con-
centration rather than through throttling, as is the common practice in spark ignition
engines. The engine can then operate over a wider overall range of mixture equiva-
lence ratios and turbocharging intensity. The high compression ratios and torque of the
diesel engine can be retained in dual fueling while requiring less variation in pilot fuel
injection timing in comparison to the usually large changes in the timings of electric
spark ignition, with changes in speed and load needed by the spark ignition engine. In
recent years, gas engines of the spark ignition type have tended to be stationary and
with large size and multicylinders. They are rather slow and less efficient with their
performance, severely restricted by their tendency to encounter knocking, especially
with some gaseous fuels, such as those of raw unprocessed natural gases. On this
basis, the gas-fueled spark ignition engine has fallen increasingly out of favor to the
dual-fuel engine. However, conventional diesel engines of recent design have tended to
overtake dual-fuel engines in some applications with the continuing improvement in
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the effective control of their exhaust emissions and their high efficiency and reliability.
The dual-fuel engine remains favored for applications where its economic advantages
are considered to be very important and clearly assured.

Diesel engines converted to unthrottled premixed dual-fuel operation always
employ at light loads very lean gaseous fuel-air mixtures, which can lead to the
production of significant amounts of unconverted gaseous fuel and carbon monoxide
emissions. The catalytic treatment of the exhaust gas also tends to be less straight-
forward than in spark ignition engines or when burning fuels other than methane.
Care is also needed to minimize the size of the pilot liquid fuel component relative to
that of the fuel gas. Depending on operating conditions, it may lead at high loads to
increased exhaust emissions, encourage the incidence of knock, and intensify cyclic
variations. However, the emission of particulates tends throughout to be of much less
significance than for comparable diesel engine operation.

There is a complex interaction between the liquid fuel spray and the bulk pre-
mixed gaseous fuel-air charge. This interaction not only is thermal, but also has a
significant chemical kinetic component, which can bring about an extension to the
ignition delay and increased emissions. The direct injection of the gaseous fuel into
the cylinder, especially as implemented in some recent engine systems, represents
an added complexity. A sufficiently high pressure gas supply needs to be gener-
ated on board and the fuel gas introduced at the appropriate instant directly into the
engine cylinder. The relative phasing of the introduction and mixing processes of the
injected fuel gas and those of the liquid fuel pilot require very careful sequencing,
control, and implementation. All these efforts are being supported by the increas-
ingly successful modeling of dual-fuel combustion while using comprehensive three-
dimensional computational fluid dynamics (3D CFD) approaches with increasingly
more realistic detailed chemical kinetic simulation and aided by advanced diag-
nostic experimental methods. However, as will be shown in the following chapters,
the ignition and combustion processes of dual-fuel engines in comparison to those
of diesel or spark ignition engines remain relatively complex. This is because they
include diesel injection and autoignition processes together with premixed and dif-
fusional modes of combustion of the fuel gas.

5.3 THE CONVERSION OF DIESEL ENGINES
TO DUAL-FUEL OPERATION

In general, to convert diesel engines to dual-fuel operation, the control system must be
suitably matched to the operational and design characteristics of the diesel engine to be
converted, which imposes limitations to the application of universal engine conversion
kits. This can become quite restrictive, especially since the corresponding operation of
diesel engines of recent design is the subject of demanding performance requirements,
especially in relation to emissions, fuel quality, and efficiency controls.

Some of the recent advances in the operational dual-fuel technology include the
improved control of exhaust gas emissions through transient catalytic treatment of
the exhaust gases and EGR, high-pressure direct in-cylinder gas injection, enhanced
capacity to operate on a multitude of gaseous fuels and some of their mixtures,
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employing when needed multiple timed fuel injections, turbocharging, ultra-high
boost intake pressures, employment of “micro-size” liquid fuel pilots, cogeneration,
and extensive safety and operational computer controls. All these features have been
supported by the recent advances made for the effective predictive modeling of the
complex combustion processes, exhaust emissions, and performance.

It appears so far that there are not many examples of engines designed and developed
wholly dedicated to dual-fuel operation. Accordingly, the conversion of common diesel
engines to dual-fuel operation does not require significant modifications to the engine,
substantially reducing capital, operational, and maintenance costs. The diesel engine
converted to fuel gas operation can also continue to operate without undermining its
operational life. It may even have it extended beyond that expected of conventional die-
sel engines. The overall specific energy/fuel consumption may also be lower, or at least
not much in excess of that associated with the correspondingly loaded normal diesel
operation. Similarly, the engine power output and speed ranges are kept around those
values associated with diesel operation. Turbocharged dual-fuel engine operation can
also continue to provide effective power supplement over the whole operational range
while maintaining a high level of operational safety. The extent and mode of associated
exhaust gas emissions may be on the whole superior to those encountered with diesel
operation, especially with respect to the hard-to-deal-with emission of particulates and
NOx. Additionally, dual-fuel engine operation can be made to allow some variations in
the type and composition of the gaseous fuel used, while permitting controlled varia-
tions in the relative size of the pilot and its injection characteristics so as to maintain
a superior performance. The fitted gaseous fuel intake delivery system also does not
produce unacceptably high pressure drop or excessive cooling within the intake mani-
fold, so as not to undermine the volumetric efficiency of the converted engine to fuel
gas operation. Of course, safety of operation on gaseous fuels remains of paramount
importance, with the idle and overspeed governing remaining available throughout,
while ensuring fail-safe operation in case of an emergency, malfunction, or sudden
interruption to either of the two individual fuel supplies.

In principle, some of the main potential positive features to be anticipated out of
the proper conversion of diesel engines to gas fuel operation in the dual-fuel mode
may be the following:

* The conversion need not be too costly and aims to produce an engine that
has an overall specific energy consumption not exceeding that associated
with its operation as a diesel. The corresponding power output and the
extent and mode of exhaust gas emissions need not be inferior to those
associated with normal diesel operation. The converted engine would be
able to operate without reductions in its operational life.

* The volumetric efficiency of the engine should not be reduced by the added
gaseous fuel delivery system, with safe turbocharged operation maintained
over the whole operational range.

» Itis preferable to have the size and injection timing of the pilot varied inde-
pendently so as to contribute toward achieving and maintaining optimum
performance in the dual-fuel mode. Also, the developed controls should
maintain acceptable engine performance when some relatively minor
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FIGURE 5.1 Variation of brake specific energy consumption (BSEC) with load for a dual-
fuel engine operating on natural gas, and the corresponding values when operating as a die-
sel. (From Danyluk, P.R., ASME Journal of Engineering for Gas Turbines and Power, 115,
728-733, 1993.)

variations in the composition of the gaseous fuel supplied are encountered.
It has been a common practice to have the engine start and stop while oper-
ating on liquid diesel fuel only. Figure 5.1 shows an example of the superior
performance of a highly rated dual-fuel engine in comparison to the cor-
responding diesel operation.

5.4 THE EMPLOYMENT OF DUAL-FUEL ENGINES

The dual-fuel engine is particularly attractive where the fuel gas is considered
superfluous, such as in coal mines or the waste gases from refining processes. The
conversion then requires relatively little investment with low fuel costs, good dura-
bility, and low maintenance. These features have often tended in the past to provide
insufficient monitoring and control systems and dispensing with the optimization
of the different systems.

The economics of conversion of diesel engines to dual-fuel operation benefits
from the combination of a cheap fuel and an efficient well-developed and readily
available prime mover in the form of diesel engines. It often proves to be an attractive
investment opportunity while offering clear environmental and resource advantages.
However, the dual-fuel engine has not seen, until relatively recently, the wide appli-
cation it should have commanded. The majority of its fields of application tended
to be electric power generation, with fewer applications within the smaller engines
of the transport sector. In this sector, fleets of trucks and vans that perform routine
tasks such as delivery, pickup, and other repetitive daily tasks do not usually require
the generation of much power, but instead favor having high reliability, low specific
fuel consumption, and low operational costs. These vehicles also tend to have expe-
rienced drivers with access to regular maintenance, and technical attention should
it be needed. However, there are a number of associated potential limitations. These



48 Dual-Fuel Diesel Engines

include the limited range of driving distances with increased vehicle capital costs,
higher weight, and some of the storage space occupied by the cylinders contain-
ing the fuel gas. They can be associated with increased costs, some deterioration
in vehicle handling, decreased net payload, and may lead even to some increases
in fuel consumption. The limitations imposed by the distance traveled after a fuel
refill represent a significant limitation to the flexibility of vehicle operation on gas-
eous fuels. Additionally, there is often a limited availability of refueling facilities.
In general, these can contribute to increased costs of engine conversion and operat-
ing costs. In the economic evaluation of the viability of the application of gaseous
fuels for a transport system such as diesel-powered buses, numerous factors need to
be considered and evaluated. These would include the capital cost of the converted
engines and buses, fuel, operational and maintenance costs, fleet size, infrastructure
for fuel supplies, and its capital; with routes’ characteristics, taxes, and subsidies, if
available. There is also the need to provide the gaseous fuel at high pressure within
sufficiently reliable fuel containers with safety issues attended to effectively. The
cost of the gas cylinders remains quite substantial and can add considerably to the
weight of the vehicle and may occupy a substantial volume. Another consideration is
the fact that the composition of the fuel gas, when originating from different supply
points and times, may vary unless special measures are taken in the engine opera-
tional controls to tolerate such changes in composition or to suitably process the fuel
gas before its entry into the engine.

The compression work expended in compressing the fuel gas is not recovered or
much of it exploited usefully. The expansion of the gas to the much lower engine intake
pressure produces cooling to engine parts and controls, and may require the provi-
sion of suitable warming. Otherwise, it may adversely affect engine performance. Of
course, whenever the supply of the specific fuel gas being used is not constant or is
inadequate, then the continuity of power generation may have to be ensured by using
an increased diesel-to-fuel gas ratio or switching over to wholly diesel operation.

Another prominent common application for stationary dual-fuel engines has been
for many decades the exploitation of sewage biogases, where a gas of around two-
thirds of the heating value of methane is produced following the processing of sew-
age. Such installations not only can produce electric power and heat, but also can,
through the fitting of exhaust gas boilers, warm the sludge material and enhance the
rate of gas production.

Dual-fuel engines usually can develop their diesel output when operating on gas-
eous fuels that are high in methane content. For operation on gaseous fuels that are
high in hydrogen and low in methane content, such as producer or coal gases, the
engine controls need to be suitably adjusted, and its power output may need to be
suitably derated. For engines of the two-stroke type, the fuel gas needs to be injected
directly into the engine cylinder to avoid discharging some of the fuel gas directly
unburned into the exhaust manifold.

Among many power generation applications of dual-fuel engines are those arranged
as packaged skid mounted to serve as mini-power production installations, which can
be easily transported and may operate on the fuel supplies and electric power available
locally. Such arrangements tend to be sufficiently versatile and economic both opera-
tionally and capital cost-wise for providing direct power supply where it is needed,
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including in remote locations, without incurring otherwise high costs and significant
transmission losses. Such units can be also employed to provide cogeneration in a
variety of forms and applications. They may also be employed as standby generators
in case of power cuts or when excess power is needed on occasion at a specific site.
They use combinations of equipment that include the engines, electric generators and
motors, heat exchangers, controls and fuels, and water supply facilities.

Dual-fuel engines in general are well suited to multicylinder applications having
high-output capacity, which makes them attractive both operationally and economi-
cally, while maintaining the flexibility to revert to wholly diesel operation. With
proper adjustments they can be made to also operate satisfactorily on a range of
gaseous fuels with an equally wide range of fuel characteristics. Examples of the
fields of applications of stationary dual-fuel engines include power generation with
cogeneration, pumping duties for irrigation, driving compressors, drilling rigs, and
forklift trucks. Additionally, there are applications for marine transport via ships,
tankers, submarines, fishing trawlers, and motorboats. On the other hand, transport
applications, while employing relatively smaller engines, are largely for relatively
short haul trucks, vans, buses, taxis, and school transport applications, and until
recently, seldom for private individual vehicle transport.

An important consideration for converted engines is whether they need to main-
tain the capacity for delivering the diesel full load output when needed, or they are
merely destined exclusively for dedicated dual-fuel application, and diesel opera-
tion is merely a short-time measure in case of interruption to dual-fuel operation.
Hence, kits for the proper conversion of engines usually are not made of universal
and generic design-type. They target specific diesel engine and fuel gas types with a
knowledge of the expected operating conditions. Such requirements have tended to
impose limitations to the number of conversions made. Low-technology conversion
of engines to dual-fuel operation has tended to be unreliable. It results in exces-
sive emissions, poor fuel economy, tolerating less variation in fuel gas composition
variations, and tendency to encounter knock, with reduced power and reliability, in
comparison to the corresponding diesel version.

In general, the conversion of a diesel engine to dual-fuel operation should main-
tain the following desirable features:

* Major modifications to the engine need to be avoided while retaining the
facility to operate as a diesel engine. Some partial derating of the engine
output may need to be tolerated.

» Peak cylinder pressure values are to be kept within the acceptable limits for
the engine as a diesel. It is preferable to have the size of the liquid fuel pilot
relative to that of the gaseous fuel-made variable, depending on the load,
speed, and other prevailing operating conditions.

» Safety of operation with gaseous fuels must remain of paramount impor-
tance with the diesel idle, and fail-safe and overspeed governing are to
remain available in the dual-fuel mode.
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5.5 SOME ECONOMIC CONSIDERATIONS

The cost of conversion of diesel engines to dual-fuel operation depends on many fac-
tors that include the type and number of engines to be converted and whether they
are new or used, turbocharged or normally aspirated, two-stroke or four-stroke, of
multi- or single cylinder, and directly or indirectly liquid fuel injected; the field and
type of application, such as whether for transport or power production; and what
type of exhaust gas treatment is needed, and whether cogeneration and EGR are
to be applied. There are other key factors affecting such costs that include the type
and composition of the gaseous fuel used and whether the engine is intended for
multiple fuel applications, pilot fuel size minimizing, or to be implemented merely
for topping up with some gaseous fuel the power output of diesel operation. The cost
advantage with fuel gas operation relative to that with conventional diesel fuel must
be maintained so as to make the additional costs associated, for example, with fuel
storage, its compression, and engine conversion economically worthwhile.

The capital cost of diesel engines tends to be higher than that of their counterpart
spark ignition engines, which in the past often discouraged further investment in
fuel-saving hardware, especially when the engine is not meant to be operated near
full load for long periods. Usually large engines are favored since they operate at
low speeds, permitting the operation of slow-burning fuels without the production
of excessive deposits, fouling, or rapid deterioration of lubricants. Close control of
the temperatures of injection nozzles, piston crowns, and cylinder liners is easier
to implement than in small high-speed engines that have limited cooling capacity.
Accordingly, the cost of conversion of diesel engines to operate as dual-fuel engines
is widely varying and would depend on the many influencing factors.

Many conversions in the past have been made largely on an ad hoc basis, indicat-
ing there is a continuing need for further progress to bring about a more cost-effective
and trouble-free conversion of the much improved diesel engines of recent years. Of
course, it pays to remember that the conventional internal combustion engine in gen-
eral and the diesel engine in particular had benefited from many decades of research,
development, and experience to reach the present state of reliability, sophistication,
and superior performance.

Nowadays many cities around the globe are increasingly embarking on convert-
ing their diesel buses so as to operate on the flexible dual-fuel system while employ-
ing mostly compressed natural gas. This is mainly on the grounds of the associated
low operating cost and the reduced emissions, especially since buses operate in
thickly populated areas of large cities. Fuel tankage and its protection against the
possibility of an impact leakage or fire, as shown typically in Figure 5.2, have been
dealt with quite satisfactorily. Nevertheless, having to carry the fuel gas in the form
of compressed gas within heavy metallic cylinders does represent a limitation by
taking considerable space, added mass, and increased costs.

In general, there is a great uncertainty in calculating the economy of natural gas-
fueled vehicles, with values varying considerably, depending on the application.
The investment for conversion can often be recovered typically around 8 years or
less, depending on the engine type, mode of conversion, field of application, fuel
gas employed, number of engines to be converted, and average load factor. The
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FIGURE 5.2 An example of a city bus powered with a dual-fuel engine by having the cyl-
inders of compressed natural gas installed on its roof.

periods between oil changes and engine overhaul tend to be significantly increased.
However, to produce an optimum control of engine units tends to be more costly at
present given the relatively low volume of dual-fuel engines produced in comparison
to those mass-produced conventional liquid-fueled engines. This is in addition to the
increasing constraints being imposed by emissions regulations and the variation in
the quality of the gaseous fuels that may be available for consumption.

The application of dual-fuel control strategies to transport applications has tended
to be more challenging than their application to stationary engines, which often run
at one speed and may be even at one load. However, engines for transport applica-
tions usually operate over wide speed and load ranges, requiring more complex con-
trols, such as to avoid knock, overfueling, and unacceptably high levels of emissions.
In contrast, the conversion of diesel engines to spark ignition, mainly to consume
cheap gaseous fuels, tends to still be rather expensive and less flexible. It would
require extensive and permanent changes to the engine installation while losing the
option to maintain the facility to diesel operation. The diesel engine liquid fuel injec-
tion system and associated controls and fuel storage need to be removed and replaced
with metering and control systems and storage for the gas fuel. The cylinder head
needs to be modified to remove injectors and install spark ignition plugs, while the
valves, pistons, and ring systems are suitably modified or replaced. The high com-
pression ratio of the engine is reduced, and the turbocharging system, if it is to be
retained suitably, changed or modified. An ignition system and its controls need to
be installed, and a throttle valve with a suitable catalytic exhaust cleaning system
added. Suitable changes must also be made for the modified engine to comply with
the corresponding engine’s emissions standards.

Figure 5.3 shows a dual-fuel engine where an independently controlled supply of the
fuel gas is made just outside the intake valve, while Figure 5.4 shows an engine where
the fuel gas supply is made independently via a prechamber directly into the cylinder.
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FIGURE 5.3 An engine where the fuel gas supply is made independently just outside the
intake valve. (From Karim, G., Combustion in Gas-Fueled Compression Ignition Engines of
the Dual-Fuel Type, in Handbook of Combustion, ed. M. Lackner, F. Winter, and A. Agarwal,
vol. 3, Wiley Publishers, Weinheim, Germany, 2010.)

Main Combustion Pilot Nozzle

Chamber

Main Nozzle

Prechamber

FIGURE 5.4 An engine with independent injection of the pilot directly into a prechamber
attached to the engine cylinder. (From Schiffgens, H.J., Brandt, D., Rieck, K., and Heider,
G., Low NOx-Gas Engines from MAN B&W, in CIMAC Congress, Copenhagen, Denmark,
1998, pp. 1399-1414.)
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6 Methane and Natural
Gas as Engine Fuels

6.1 NATURAL GAS AS A FUEL

Natural gas is usually the volatile portion of crude petroleum. It normally occupies
under high pressure the porous rocks of oil reservoirs above the liquid fuel zone.
The gas is also found in dry form or nonassociated with oil gas fields. Initially,
when the prime objective was the production of oil, the gas was traditionally consid-
ered a nuisance and was often wasted and flared off. Unfortunately, some significant
amounts of gas are still being flared when the gas cannot be effectively utilized
locally, pumped back into wells to enhance oil recovery, or transported to potential
markets via pipelines over long distances.

Natural gas has been known since ancient times, mainly through its fires follow-
ing its ignition when it escaped through fractures and fissures in the earth, such as
in Persia, Iraq, and China, producing the so-called eternal fires that were revered
by some ancient civilizations. Its industrial exploitation began mainly in the 19th
century. It was used initially for street lighting and domestic heating. In around the
1920s and later, high-pressure gas pipelines were laid over long distances, making
the gas increasingly available to millions of domestic and industrial users. After the
Second World War, long pipeline networks with large diameters, well in excess of 1
m, and internal pressures in excess of 70 bars were laid in many parts of the world,
such as Russia, Canada, and the United States.

Rapid progress has been made worldwide in recent years in the discovery of new
natural gas deposits and its transportation over the globe, both as a gas and in its
cryogenic liquid state, liquefied natural gas (LNG). Its increased availability, the
need to meet increasingly lower emission controls, and its relatively low cost have
tended to increase its usage as a fuel in a wide variety of applications. The gas has
been increasingly viewed as a premium fuel that is in much demand, and may well
be for quite some time in the future a prime source of usable fuel energy.

The transmission of natural gas via pipelines represents a very efficient and eco-
nomic highly developed distribution system that can be controlled remotely over the
whole integrated network. More recently, through the expenditure of much capital
and advances in technology, the gas resources have been increasingly exploited via
liquefaction, so as to permit the transport of gas via suitable ships as LNG.

Natural gas is also a prime feedstock in the petrochemical industry, such as for
the production of a wide range of economically important materials. Above all, it
is increasingly being used to produce the hydrogen needed for the upgrading of
common fossil fuels, especially those that are of low quality, to make them more

55
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TABLE 6.1

Total World Energy Supply (Mtoe)

Fuel Type 1973 2011
Natural gas 16.0% 21.3%
Oil 46.0% 31.5%
Coal/peat 24.6% 28.8%
Biofuels and waste 10.6% 10.0%
Hydro 1.8% 2.3%
Nuclear 0.9% 5.1%
Other 0.1% 1.0%
Total 6109 13,113

Source: Adapted from U.S. Energy Information Administration, U.S. Department of Energy,
Washington, DC, 2014, http://www.eia.doe.gov/emeu/international/reserves.html.

acceptable operationally and ecologically. Table 6.1 shows the rapid increase in
energy consumption over four recent decades and displays the corresponding big
increase in the relative consumption of natural gas in comparison to other fuels.

The composition of the natural gas delivered through pipelines to consumers
could vary somewhat with time and location. Such variations in gas composition can
affect gas-fueled engine performance and its emissions, such as through changes in
fuel metering characteristics and the resistance to autoignition and knock. This is
especially the case since high-output, low-emissions engines are operated increas-
ingly close to the knock-limited power for economic reasons, and to take advantage
of the high resistance to knock of methane, the main component of natural gas.

Much attention has recently been given to natural gases that are sometimes found
in low-permeability tight, deep underground rock formations. The exploitation of
these gas resources is associated with high capital, operational, and environmental
costs since it usually requires extensive hydraulic fracturing of the reservoir struc-
ture to improve the mobility of the gas.

The composition of raw natural gas varies significantly, depending on its source and
whether it has been processed for pipeline distribution and consumption or not. Typically,
natural gas as delivered to consumers is suitably processed and composed of about 90%
methane, and the remainder is of various concentrations of ethane, propane, butane, and
non-fuel-diluent gases, such as nitrogen and carbon dioxide. Methane, a much lighter
than air gas, is odorless, nontoxic, and colorless. Odorants, such as mercaptans (e.g., ethyl
mercaptans) are added to pipeline natural gas, usually at its distribution points, to ensure
easy detection down to very low concentrations in case of a leak. The processing of
natural gas removes almost all the hydrogen sulfide that may be present, and reduces the
water contents to an acceptable level; also, it reduces much of the inert gases and the eco-
nomically valuable higher hydrocarbon vapors present in much smaller concentrations.

The processed gas is normally sold mainly on the basis of its heating value, often
with a lesser consideration of its specific chemical composition. For thermal applica-
tions such as in furnaces, the main properties that are considered of much significance
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are its specific gravity and heating value through its Wobbe number, which is an indica-
tion of the rate of energy release by combustion of a fuel when discharged through an
orifice such as that of a burner under the action of a specified constant pressure head.
However, the detailed nature of the constituents of a natural gas has an important signif-
icance for its use as a chemical feedstock and as an engine fuel, including for dual-fuel
applications. For example, the detailed nature of the gas composition can affect very
markedly the resistance of the gas engine to knocking and the nature of its emissions.
Engine operating conditions, design, and controls need to be increasingly optimized so
as to cope with the consequences of any variation in the composition of the fuel gas.

The potential for methane participating in the formation of photochemical smog
is small. Its presence in the open atmosphere, on the other hand, represents a source
of greenhouse gases with a serious contribution to global warming that is requiring
increasingly effective control. Much of the emissions of methane arise from escapes
and releases of the gas described as fugitive gas emissions, whether naturally, such
as through biodegrading processes, or industrial releases, especially those associated
with the functioning of the oil and gas industry.

The sulfur content of processed natural gas is reduced to extremely low values,
leading to virtually no sulfur remaining in the fuel. Any small presence of sulfur in
processed natural gas is usually that originating from the very small concentrations of
the mercaptans added for safety to the gas to serve as odorants. Also, much attention is
given to controlling water in the feed fuel gas to reduce the potential for corrosion and
the formation of solid hydrates, such as in pipes and storage vessels. In peak shaving
applications employed to adjust for some of the variation in the heating value and other
properties of the gas, its composition may be varied seasonally by including very small
amounts of a higher-density fuel, such as propane, or of air. Any remaining presence
of some higher hydrocarbon in the gas, such as propane, needs appropriate accounting
and control since it can affect engine performance significantly, especially in spark
ignition gas engines and, to a lesser extent, in dual-fuel engines. Table 6.2 shows a list-
ing of some major properties of the main hydrocarbon fuel gases.

The expansion of the compressed high-pressure gas, whether during fueling or
prior to its mixing with the air for combustion, will result in substantial cooling of
the expanded gas. Not only will the associated temperature drop lead to cooling
of parts of the combustion device, but also the resulting change in density, unless
accounted for, can produce variations in the quality of the mixture reaching the
engine cylinder. Suitable remedial measures are sometimes incorporated, especially
in large-capacity engines and in transport applications. For example, some heating is
provided to gas pressure regulators or to locate the first stage of regulation near the
fuel tank, while the second is located closer to the intake manifold so that heat can
be picked up by the fuel flow along the piping system.

There have been various schemes to suitably process natural gas into other indus-
trially important fuel mixtures, such as synthesis gas (H, and CO) that is employed
to produce liquid fuels such as alcohols, gasoline, and diesel fuel for transport appli-
cations. However, recent attempts to use them as a fuel tend in general to be less
economically attractive.

Methane, by virtue of its simple chemical structure, is not rapidly reactive in compari-
son to other common fuels. This feature helps to render methane a very attractive engine
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TABLE 6.2
Properties of the Main Hydrocarbon Fuel Gases

Propane
Propene
Butane
Iso-Butane

Methane
Ethane

Butene

Energy content (LHV) (MJ/kg) 50.01 4748  46.35 4578 45774 4559 4532

Liquid density (kg/L) 0.466 0572 0.501 0.519  0.601 0.549  0.607
Liquid energy density (MJ/L) 23.30 27.16 23.22 23.76 27.49 25.03 27.51
Gas energy density (MJ/m?) 32.6 58.4 84.4 79.4 111.4 1104 113.0
Gas specific gravity (@ 25C) 0.55 1.05 1.55 1.47 2.07 2.06 1.93
Boiling point (°C) -164 -89 —42 —47 0.5 -12 6.3

to 3.7

Source: Adapted from Rose, J.W., and Cooper, J.R., eds., Technical Data on Fuels, Tth ed., British
National Committee of World Energy Conference, London, UK, 1977.

fuel with exceptionally high knock-resistant properties. It also renders the fuel, when pres-
ent in the exhaust gases of engines, rather hard to oxidize through the use of common cata-
lysts. To complete its oxidation would require special metallic catalysts and higher exhaust
gas temperatures to activate the catalyst than with other common hydrocarbon fuels.

A lowering of the gas temperature can result in condensation of the excess water,
which may contribute to increased tendency for corrosion of retaining vessels, equip-
ment, and pipes. Increasing the gas pressure will lower the relative retention of the
water vapor by the gas. The use of activated carbon has been tried for storing natu-
ral gas and reducing the negative effects of the portability problems of the fuel.
However, this approach has so far been shown to not be practically suitable, with a
tendency for any higher hydrocarbons in the gas to be adsorbed preferentially by the
solid carbon, which reduces the desorption capacity of the methane gas. Thus, with
each refueling these strongly adsorbed compounds build up on the surface, gradually
reducing the capacity of the activated carbon to adsorb fuel. This tendency has some-
times been described as the poisoning of the solid with repeated usage.

The methane number, which is an empirical criterion, has been employed by some
to denote the relative tendency of the gaseous fuel to encounter knock in engines.
Such an approach has its limitations, especially when applied indiscriminately to all
possible gaseous fuels, including those of nonnatural gas types or those containing
many diluents.

6.2 COMPRESSED NATURAL GAS (CNG)

The fuel gas system on a vehicle faces a number of demanding requirements. The fuel
must be safely stored at high pressures and then safely and accurately delivered to the
engine. Variations in the fuel pressure and temperature can present operational and con-
trol challenges. These problems would be compounded by the fact that there may be some
variations in the fuel composition from one filling to another unless rigorously regulated.
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The inability to carry a sufficient amount of natural gas in transport applications
represents a major limitation to employing the widely available fuel. Much progress
has been made in recent years in the construction of high-pressure compact cylin-
drical containers of light weight for carrying compressed natural gas, making it the
preferred mode of carrying the gas on board vehicles. Many of the CNG storage
tanks used are constructed of aluminum or steel liners with fiberglass or carbon fiber
overwraps to increase the strength while minimizing the weight. Gas pressures of
200 to 240 bars are increasingly common, which typically correspond on an energy
basis to an equivalent amount of gasoline of merely around 30% by volume. The
weight, bulk, and cost of the fuel storage tanks remain a serious limitation to the
wide application of CNG, particularly for transport. They can typically constitute a
significant fraction of the cost of the conversion to fuel gas operation.

Composite cylinders can have masses of only a fraction of the mass of the cor-
responding equivalent all-steel cylinder. Also, CNG fuel tanks cannot be made
of irregular shapes, as with gasoline applications, to fit into available spaces in
vehicles (Figures 6.1 and 6.2). This would contribute to their relative bulkiness and

Air

Regulators
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200 Bar Pressure
HP LP

Control Valves

Gas-Fueled
Engine

FIGURE 6.1 A typical arrangement of the supply of CNG to an engine.

FIGURE 6.2 Examples of CNG containers used in transport applications. (From Gas
Research Institute, Technology Today, Chicago, IL, 1991.)
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wastage of vehicle-carrying volume capacity. Moreover, as long as CNG is used,
then the associated cost should include the high cost of compression work, which
is usually wasted by simply expanding the high-pressure gas to around that of the
atmosphere as it enters the intake section of the engine. For buses, the CNG fuel
tanks are often located on the roof while connected in series. The fuel cylinders are
mounted with brackets designed to withstand better crash loading, and they are not
removed during refueling.

Local distribution and capital costs of high-pressure CNG vary greatly with the
type of station served. Fuel dispensers are of either the fast or slow fills. Fast-fill
installations may have sufficiently fast filling time, comparable to that of filling with
liquid fuels, but they require storage vessels that are of very substantial capacity.
Compression heating of cylinders during a quick fill is usually small and quickly
dissipates (Figure 6.3).

There can be some operational and materials compatibility problems with the use
of CNG, arising mainly from the possible presence of lubricating oil droplets and
vapors out of the compression system. Also, the presence of any water vapor in the
gas can result in freezing the water, especially following the rapid expansion of the
high-pressure gas for use. This will lead to corrosion problems, particularly with the
presence in the gas of very small concentrations of hydrogen sulfide or mercaptans,
and it can lead to the formation of hydrates. Effective natural gas dryers and filters
are employed normally to ensure sufficient removal of any water vapor in the gas
prior to and during its compression and storage. Also, the odorant mercaptans are
normally added to CNG for safety and leak detection.

"~ COMPRESSED
NRTURRL GRS

FIGURE 6.3 A CNG dispensing unit for transport applications. (From Pollock, E., ed.,
NGV Resource Guide, RP Publishing, Denver, CO, 1985.)
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In typical transport vehicle applications the tank is equipped with relief valves
designed to vent the gas in the event of a fire near the tanks. Rupture disc type pres-
sure relief valves designed to vent at excessive buildup of pressure are also fitted.
A shutoff valve is installed in each tank and is located on the outside, which can
isolate each tank from the rest of the fuel system. Stainless steel tubing is usually
used throughout the high-pressure side of the fuel system. The entire fuel storage is
isolated from the engine fuel delivery system by a shutoff valve. The high-pressure
gas is reduced from the service high pressure down to a pressure of around several
atmospheres through regulators that can be water warmed when needed and located
near the fuel tanks to eliminate freezing of the regulators as the gas expands down to
its working pressure. The lower-pressure gas is fed to secondary regulators located
near the engine, where it is reduced further. On this basis, the largest retrofit item in
engine conversion to CNG operation tends to be the fuel tanks.

Most compressed natural gas tanks in use are restricted to a cylindrical shape
with two hemispherical ends since they must be symmetrical in order to contain
the high-pressure gas effectively and safely. CNG fuel tanks are typically located
in the beds of trucks, in the trunks of cars, and on the tops of buses. The number of
tanks carried depends on the range to be traveled and how much extra weight can be
tolerated by the vehicle. Compressor costs depend on factors that include compres-
sor electrical demand, electrical unit cost, and compressor pressure and its capacity.

CNG for transport applications has had relatively limited usage in the past, espe-
cially in North America. Some of the main factors contributing to that are the following:

* Until relatively recently, price differentials between liquid and gaseous
fuels in the form of CNG tended to make its usage in the transport sector
insufficiently attractive economically. The increased availability and rapid
relative reductions in recent years in the price of natural gas have helped to
increase CNG usage.

* The average distances of common travel in North America are relatively
large, and the size of engines that are typically used, in comparison to other
world locations, are also large. This made it less attractive to operate with
the insufficient capacity of the CNG fuel tanks, especially with the lack of
support of the needed fuel supplies’ infrastructure.

o Efficient electrical power grid distribution has been widespread, which
often made the production of power using gas-fueled combustion engines
in different locations unnecessary.

* The combined costs of the engine, vehicle, and high-pressure gas compres-
sion, storage, and carrying often tended to be too high.

On this basis, these factors resulted in the need for a much higher fuel price differ-
ential relative to the corresponding liquid fuels. However, in recent years, this has been
increasingly satisfied, helped by the relatively low price of the increasingly abundant
natural gas supplies, while the cost of refined liquid fuels of the right quality needed to
meet current and future environmental requirements continues to escalate.

The development of economic and safe small home compression facilities for
refilling gas cylinders under sufficiently high pressure, although attractive in
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principle, has not been proven sufficiently well so far as a safe, reliable, and eco-
nomic alternative to large-sized compression in suitable supply stations.

6.3 LIQUEFIED NATURAL GAS (LNG)

Natural gas is liquefied in very large installations close to the points of gas source,
which permits its long-distance transportation, including over oceans and between
continents. The liquefied natural gas (LNG) is then transported mainly via large spe-
cialized tankers to points of usage and distribution, often after its vaporization into
the gas delivery pipes network. At present, it is still somewhat less likely, for both
economic and technical reasons, that the widespread liquefaction of the gas can be
made conveniently in relatively small units at points of gas consumption. Hence, its
relative limited availability remains a problem associated with its wider cost-effec-
tive employment as a fuel in combustion devices in general and engine transportation
applications in particular. It is in locations where LNG is stored or distributed, such
as at marine terminals, and where it is unloaded that some of it may be diverted for
use as a fuel nearby.

Often for simplicity, liquid methane is taken to represent LNG. However, the
heating value and composition of LNG can vary slightly from one batch to another,
depending on the concentrations of some of its minor nonmethane components that
can remain in solution. Table 6.3 shows the main properties of liquefied methane
representing LNG.

The specially designed and built marine tankers that are suitable for safely trans-
porting the cryogenic liquid long distances may use dual-fuel engines for their pro-
pulsion. These engines invariably consume some of the boil-off fraction of the LNG
and may be supplemented when needed by conventional liquid fuels.

LNG production is capital-intensive, yet its production from natural gas, which
contains in the liquid phase some higher hydrocarbon components, notably ethane
and propane, is still economically attractive in many situations. Also, the lead time
between the discovery of natural gas at a certain location and its export in the form
of LNG is usually quite long. In spite of these limitations, the demand for LNG,
whether for domestic heating applications or industrial use, including its use for

TABLE 6.3

Properties of LNG When Considered as Pure Liquid Methane
Specific gravity 0.415

Density 426.1 kg/m?

Boiling point 111.8 K

Critical temperature 1912 K

Critical pressure 46.3 bar

Heating value 55.83 Ml/kg

Source: Zabetakis, M., Flammability Characteristics of Combustible Gases and
Vapors, Bureau of Mines Bulletin 627, U.S. Department of the Interior,
Washington, DC, 1965.
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power generation in power stations or transport engines, continues to increase. The
high capital cost to liquefy the gas and the associated cost of the energy require-
ments contribute to the relatively high costs of production, operation, and transport
of LNG. Moreover, LNG projects usually require very large gas reserves to make
them economically viable and return the high initial capital and operating costs.

Tanks storing LNG are normally double-walled with an inner vessel made up of
stainless steel and another one made up of carbon steel. The LNG is usually stored
at pressures only slightly higher than atmospheric. A typical tank costs substantially
more than those for CNG, and of course many times more than for gasoline or diesel
fuel. Heat transfer from the environment into the well-insulated LNG tank will boil
off increasingly more fuel, raising the pressure within the tank. Modern tank designs
will not release the remains of the gas through insulated relief valves until there is a
significant buildup of pressure to a prescribed value over a protracted period of time,
typically such as 2 weeks elapsing. Figure 6.4 shows a schematic representation of a
typical container of LNG for transport applications.

On arrival in marine terminals, LNG is stored in specialized tanks and then
vaporized when needed for transport by pipelines as a gas to augment conventional
pipeline natural gas supplies. The conversion of natural gas to the liquid state some-
what changes its composition and properties, including its heating value. All the sour
components, such as H,S and CO,, and any water vapor are removed. Some hydrocar-
bon molecules that are larger than methane can still remain in small concentrations.

The transportation, fueling, and storage of LNG represent a substantial safety
hazard due to its extremely low temperature (111 K at atmospheric pressure), with
the potential for fire and explosion following a leakage or spillage and its subsequent
vapor spreading. At present, there are only a relatively limited number of locations
where LNG receiving terminals are sanctioned.

The use of LNG in transport engine applications is attractive because much more
energy is stored per unit volume than as high-pressure, compressed natural gas
(CNG). The advantages of using LNG compared to CNG in transport applications
include lower fuel system weight, shorter refueling times, lower refueling facility
cost, and a more uniform and relatively higher quality fuel. The liquid nature of LNG
permits its pressurization to high levels with cryogenic pumps. However, normally
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FIGURE 6.4 A typical container of LNG for transport applications. (From Bergman,
H., and Busenthur, B., Facts Concerning the Utilization of Gaseous Fuels in Heavy Duty
Vehicles, in Proceedings of the Conference on Gaseous Fuels for Transportation, August
1986, pp. 813-849.)
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LNG engines use the fuel in its gaseous state by vaporizing it through heat transfer
before entry into the cylinder. The engine coolant is usually used to supply the heat
needed to vaporize and warm the fuel sufficiently. The fuel pressure is further regu-
lated before feeding the gas to the engine, where it is metered and mixed with the air.

In applications of natural gas the temperatures of the air and gas have a marked
effect on engine performance and the resulting emissions. The introduction of LNG
into the intake air of an engine, whether as a liquid or when vaporized, will result,
upon mixing with the incoming air, in a marked decrease in the temperature of the
resulting mixture. For example, as shown in Figure 6.5, a stoichiometric mixture of
LNG cold vapor and ambient temperature air can produce a mixture at a temperature
as low as —26°C. The extent of increase in the observed length of the ignition delay
tends to be very sensitive to the effective value of the temperature of the intake mix-
ture. The low-temperature mixtures, when ignited with small pilot quantities, tend to
produce increased emissions and cyclic variations.

The operation of a dual-fuel engine on LNG requires an adequate capacity cryo-
genic fuel tank equipped with sufficient insulation. The diesel fuel tank capacity in
turn may be reduced to partially offset the increase in bulk associated with the LNG
tank. Adequate safety measures are also provided with protection against the likeli-
hood of fuel spillage. There may also be a case for employing a better quality diesel
fuel when used as the pilot, such as having lower viscosity and vapor pressure with a
higher cetane number. Often with dual-fuel engines operating on LNG, the engine is
started and shut down while operating as a diesel. The cold of the LNG may be used
to provide, if needed, cooling to the diesel fuel injector or to maintain refrigerated

30

22

Air to Fuel Ratio, by Mass
T
)
S

60
14
80,

10 1 1 1
-80 -60 —40 -20 0 20

Mixture Temperature, °C

FIGURE 6.5 The resulting mixture temperature with the feed air-to-fuel ratio follow-
ing the evaporation of LNG into air at different temperatures. (Adapted from Ali, A.IL, and
Karim, G.A., Combustion, Knock, and Emission Characteristics of a Natural Gas Fuelled
Spark Ignition Engine with Particular Reference to Low Intake Temperature Conditions, in
Proceedings of the Institute of Mechanical Engineers, London, vol. 189, 1975, pp. 139-147.)
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cargo in the case of transport trucks. Some work extraction may also be possible,
such as to reduce the compression work for the fuel injected. These measures repre-
sent added complexities and costs that need to be justified. With the many possible
associated variables affecting the performance of LNG-fueled engines, computer
controls are being relied on and used.

The provision of a suitable heat source is required to evaporate the LNG. This
is done through a heat exchanger such as that using hot circulating cylinder jacket
water. Arrangements are usually made to bypass this heat exchanger whenever
needed. The gas injection system is also made such that it is capable of coping with
the very cold aerosol of methane, especially at the high flow rates of the fuel near
engine full load conditions. The hot exhaust gas tends to be a less convenient source
for such fuel heating, which has to be accomplished without much reduction in the
water jacket temperature. An excessive reduction in this temperature will adversely
affect engine performance, such as through increased ignition delay, noise, and
exhaust emissions of notably unburnt hydrocarbons and carbon monoxide, with the
potential for increases in smoke and particulates. The water jacket temperature may
be suitably controlled according to the load. The injection of the gas from the boil-
ing liquid fuel into the intake manifold or directly into the cylinder would tend to
enhance the volumetric efficiency of the engine through the resulting increase in the
density of the charge, leading to an improvement in power output.

Some engine modifications are needed with dual-fuel LNG operation. These can
include the potential to employ higher compression ratios since there is less likeli-
hood for the onset of knock then, and a further reduction in NOx emissions. The
injection timing of the pilot may benefit from a certain degree of advance to compen-
sate somewhat for the increased cooling of the intake charge, which leads to slightly
lower temperatures at the end of compression. In transport applications, the size of
the radiator may be reduced, while greater attention is given to increased lubricating
oil potential problems, increased corrosion in the exhaust system, and some possible
material compatibility problems. Some icing problems may need to be attended to
also in LNG engine operation, particularly in locations where high humidity air is
normally encountered.

6.4 FUEL MIXTURES CONTAINING METHANE
WITH DILUENT GASES

It is common to consider carbon dioxide, nitrogen, or water vapor, when present
with a fuel gas such as biogas with methane, as diluents, although they may not
necessarily remain entirely neutral chemically, especially at high temperatures. The
processed pipeline natural gas is usually made up primarily of methane and may
include in small concentrations the gases nitrogen and carbon dioxide with some
water vapor. However, the composition of raw natural gases varies widely, depending
on the source, nature, and level of treatment they may have undergone. The presence
of such diluent components with methane can bring about significant changes to
the combustion characteristics of the fuel mixture. It may undermine its effective
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utilization as an engine fuel altogether, depending on the composition and type of
engine and associated operating conditions.

There are numerous sources of combustible gas mixtures besides natural gas that
are made up of mainly methane, with varying concentrations of carbon dioxide and
nitrogen, such as in the case of biogases. Such gas mixtures have lower overall heat-
ing values in comparison to that of pure methane, which has commonly come to
be considered a typical representation of processed pipeline natural gas. The reac-
tivity and key characteristics of such gaseous fuel mixtures will depend on their
composition and not necessarily, as sometimes assumed, on their heating value. For
example, the presence of a small amount of hydrogen in a gaseous fuel mixture may
not necessarily increase the heating value significantly as the corresponding pres-
ence of a similar concentration of propane. However, the combustion characteristics
and performance as engine fuels can be significantly different for the two sets of gas
mixtures under similar conditions. Hence, the composition of the different biogases
needs to be considered carefully and may require special processing to render them
suitable for utilization in engines and avoid operational problems affecting engine
performance and durability. For example, a fuel mixture of methane and nitrogen
would be more likely to permit more flexible variations in combustion controlling
parameters than a similar mixture of methane and carbon dioxide having the same
heating value. The combustion of fuel mixtures containing yet higher concentrations
of diluents can be made with the use of oxygen-enriched air.

The presence of diluents with a fuel such as methane proportionally reduces the
effective heating value of the resulting fuel mixture. The energy released through
combustion of the fuel component will be shared with the diluents present. The rela-
tive fraction of this energy release taken by these diluents will increase as the tem-
perature is increased since the thermodynamic properties, especially the enthalpy
and internal energy, as shown in Figure 6.6, increase rapidly with temperature. The
rates of increase for carbon dioxide are greater than those for nitrogen. Carbon diox-
ide, water vapor, and, to a much lesser extent, nitrogen will also tend to increasingly
undergo endothermic dissociation reactions that increase rapidly in intensity as high
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FIGURE 6.6 Variation of the specific heat with temperature relative to the corresponding
values at 300 K for methane, carbon dioxide, and nitrogen.
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combustion temperatures are approached. The net effect will be substantial reduc-
tions in the flame temperature and associated reaction rates through the presence
of the diluents. In general, the dilution of methane with CO,, N,, or H,O below the
15% range may be considered approximately, as the diluents are approximately inter-
changeable with an appropriate quantity of excess diluting air.

The heating value on a volume basis is an important characteristic of a fuel mix-
ture since engine size, piping, and associated equipment needed depend on the vol-
ume of the fuel for a certain thermal loading. The levels of combustion and exhaust
temperatures are also important because of their effects on the amount of heat that
can be recovered in the case of turbocharging and cogeneration setups. With the
lower wall combustion chamber temperatures associated with the combustion of
methane—diluent mixtures, complete combustion requires longer retention times,
which is favored more by slower-speed engines.

6.5 SOME OTHER NATURAL GAS MIXTURES

Shale gas: The gas trapped in low-permeability shale rock is described as
shale gas, made up primarily of methane. The gas, which is not easy to
extract from its reservoirs, has been receiving greater attention in recent
years as a source of gas energy that is economic to extract in certain loca-
tions. When beds of sands or carbonates have porosities and permeabili-
ties that are sufficiently low to inhibit the flow of the gas at commercial
rates, they are known as tight formations. In order to produce shale gas,
two technologies usually have to be coupled together: horizontal drilling
and hydraulic fracturing. The fractures are induced along horizontal wells
and in the shale rock by injecting pressurized water with added special
sand and additives along the well bore at different intervals to increase the
viscosity. The sand added to the water helps to prevent the induced frac-
tures from closing under the great pressures of the rock. However, there
are a number of environmental, social, health, and economic issues with
shale gas production. Its exploitation requires substantial amounts of water,
which results in the production of much wastewater. Other issues would
include potential groundwater contamination, gas leakages, and migration
into drinking water resources.

Coal bed methane (CBM): The emission of methane from coal beds, some-
times known as fire damp, is a serious source of greenhouse emissions,
fire, and explosion hazards that have been associated with coal deposits.
The rates of CBM production are the outcome of several major factors that
vary from one formation to another and from source to source. Most of the
methane is stored within the molecular structure of the coal and held by
the overlaying rock or presence of water in the structure of the coal seam.
Generally, the higher the pressure of the formation, the higher the gas con-
tent of the coal. The gas associated often with the presence of some carbon
dioxide is released through desorption by lowering the pressure. Fractures
in the coal provide pathways for gas to travel to the wellbore and ultimately
guided it to the surface. In general, the older the coal, the higher its gas
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content. Coal bed methane is generally considered sweet gas since often it
contains hardly any hydrogen sulfide.

The exploitation of CBM has improved considerably in recent years
because of advances in drilling, including much better control of direc-
tional and horizontal drilling.

Fracture stimulation of the bed takes place through forcing a fluid under
high pressure into a fracture in the coal seam to cause it to widen and create
new passages for the migration and release of the gas, and thus improve gas
productivity.

Methane hydrates: Some gases, such as methane, can have different com-
bined forms of molecular structure with water at low temperatures and high
pressures, which are described as hydrates. These products dissociate endo-
thermically with an increase in temperature or a reduction in pressure. The
molar methane content of hydrate is typically less than 16%. It is known
that there are huge reserves of methane in the form of hydrates located at
some sea floors and under permafrost of the arctic regions. However, it is
unlikely that such a resource can be exploited effectively in the near future.
Many industrial operations, such as in pipelines, try to prevent unwanted
hydrate formation through the use of suitable inhibiting agents since it can
impede fluid flow and undermine safety.

6.6 SOME COMMON NONNATURAL GAS-FUEL MIXTURES

Almost any gaseous fuel mixture may be employed to a varying degree of success
in dual-fuel engines. This is largely by virtue of providing a substantial source of the
required energy for ignition through the injection and subsequent ignition of an ade-
quate amount of liquid diesel fuel to serve as a pilot. There is an increasing need to
maximize the replacement of the diesel fuel by the usually cheaper available gaseous
fuels while maintaining acceptable levels of emissions and engine performance.

Most of the gaseous fuels commonly available for consideration as an exploitable
energy resource are fuel mixtures that are gaseous under normal ambient condi-
tions. These include natural and liquid petroleum gases and a wide range of other
fuel mixtures that are mostly products of industrial and natural processes, and that
can vary widely in composition and properties. One broad classification of such fuel
mixtures has been based on their heating value relative to that of natural gas/meth-
ane of approximately 1000 Btu/ft3,i.e., 37.0 MJ/m3. These are the following:

¢ High heating value gases: Having heating values of >500 Btu/ft? (18.6 MJ/m?).

e Medium heating value gases: Having heating values of around 300—
500 Btu/ft? (11.2 to 18.6 MJ/m?3).

¢ Low heating value gases: Having heating values of 100-300 Btu/ft* (3.7 to
11.2 MJ/m?).

The exploitation of low heating value fuel mixtures in engines tends to be less
attractive in applications where the compression of the fuel gas is required due to
the excessive costs involved. Fewer combustion problems are usually encountered
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in the exploitation of high heating value gases, and to a lesser extent, even medium
heating value gases, than of those of the low heating value variety. These fuel gases
can represent an enormous potential energy resource, much of which may be still
wasted due to technical, economic, and environmental reasons. The severity of the
associated problems with their proper exploitation can vary widely and depends on
the fuels’ origin and their composition. These problems arise mainly from the dif-
ficulties associated with their combustion and the environmental and toxic effects
associated with their exploitation and emissions.

Some of the main factors that need to be dealt with effectively when planning
to exploit an insufficiently high heating value fuel resource and to employ it as an
engine fuel are the following:

e What is its average composition and how does it vary with supplies and
time? Are the supplies of the fuel adequate, uninterrupted, and continuing?
What are the supply pressure and temperature values? Can the fuel be ren-
dered sufficiently clean and noncorrosive?

* What are the combustion and other properties? Is the gas toxic? Does it
need treatment before burning? Are its products environmentally unaccept-
able? Will the products of combustion need treatment or cause operational
problems?

* Is a standby fuel required for either mixing with the fuel to enhance its
properties or replacing it altogether, if needed, to ensure continued opera-
tion in case of supply interruption? Often natural gas supplies are used to
supplement the fuel to improve its combustion properties.

There are many nonnatural gas—fuel mixtures that originate from a variety of
sources and processes. These are increasing in importance and diversity because of
their potential as a cheap energy resource, and to reduce the negative contribution
of their release to the environment and minimize the associated potential fire and
toxic hazards. As an example, it can be seen in Table 6.4 that most of the gases that

TABLE 6.4

Composition of Some Manufactured Gases from Coal

Composition Coal Coke Oven Water Producer Blast Furnace
(% by vol.) Gas Gas Gas Gas Gas
CO, 4.0 2.0 5.0 4.0 11.0
0, 0.4 0.4 — — —
CH, 2.0 2.6 8.0 - -
(€(0) 18.0 7.4 335 29.0 27.0
H, 49.4 54.0 39.5 12.0 2.0
CH, 20.0 28.0 9.0 2.6 —
N, 6.2 5.6 5.0 52.4 60.0

Source: Adapted from Foxwell, G.E., The Efficient Use of Fuel, British Ministry of Technology, HMSO,
London, UK, 1958.
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originate from the processing of coal contain methane with large concentrations of
carbon dioxide, nitrogen, and water vapor. They reduce the available useful energy
and maximum combustion temperature while undermining the combustion proper-
ties of the fuel mixture.

The following are examples of some of the most common gaseous fuel mixtures that
are used in a variety of combustion devices, including engines of the dual-fuel type:

* Biogases, landfill gases, and sewage gases

¢ Coal mine gases and coal bed methane

» Blast furnace and coke oven gases

* Producer gases, pyrolysis gases, and wood gases

The presence of diluent gases such as carbon dioxide and nitrogen with methane
primarily affects the thermodynamic and transport properties, and consequently the
amount and mode of heat flow from the combustion zone. The peak temperature
attained on combustion is reduced significantly with the increased presence of the dilu-
ent, as shown in Figure 6.7 for methane for a wide range of equivalence ratio values with
different concentrations of carbon dioxide, nitrogen, and water vapor. Reaction kinet-
ics can be very much affected by the lowering of combustion temperatures. Similarly,
the burning velocity of the mixture is lowered significantly as the concentration of the
diluent gas with the methane is increased. Again, this results mainly from the associ-
ated reduction in the flame temperature, reaction rates, and changes in the diffusivity
and other transport properties. The flammable range, when established on the basis of
whether an ignition source of adequate energy, such as an electric spark or pilot flame,
is employed and can initiate a propagating flame, also narrows significantly.

Much attention has been given in recent years to the exploitation of low and
medium heating value fuel mixtures, especially those derived from biological
sources. This is supported by the following potential benefits:

* The gas to be consumed is often available as a by-product or waste essen-
tially free of charge for substitution of increasingly expensive conventional
fuels. It represents an environmentally friendly way to dispose of “prob-
lem” gas releases and a potential source for efficient power and heat gen-
eration in suitably modified wide ranges of combustion devices, including
dual-fuel engines.

* By avoiding the uncontrolled releases of gases containing significant
amounts of methane and carbon dioxide into the atmosphere, the associated
greenhouse gas emissions are reduced. This is very important nowadays
since the release of methane into the atmosphere is 21 times more environ-
mentally harmful as a greenhouse gas than a similar amount of CO,.

* Coke oven gas contains some hydrogen and carbon monoxide, while pro-
ducer gas contains much nitrogen. The heating values of these fuel gases
will vary with the specific composition of the gas and can be much lower
than that of a typical natural gas. In engine applications, this will reflect
negatively on the power that can be produced per engine cylinder volume in
comparison to natural gas applications.
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FIGURE 6.7 Variation of the thermodynamically calculated adiabatic flame temperature
with changes in equivalence ratio for a range of variation of the molar concentration of the
diluents carbon dioxide, water vapor, and nitrogen in methane at atmospheric pressure and
initial ambient temperature. (From Karim, G.A., Hanafi, A.S., and Zhou, G., A Kinetic
Investigation of the Oxidation of Low Heating Value Fuel Mixtures of Methane and Diluents,

Proceedings of the ASME/ETCE Emerging Energy Technology Conference, Houston, TX,
1992, pp. 103-109.)

6.7 BIOGAS FUELS

It is both economically and environmentally beneficial to produce a combustible fuel
gas through transforming organic materials often considered as waste into an eco-
nomically useful commodity, while releasing energy relatively easily in conventional
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engine systems requiring a minimum of change. Clearly, this would also collectively
represent a significant global environmental benefit. Additionally, the production
of such fuel gases is often associated with the production of high-quality fertilizer
material as a by-product, while providing some savings of natural resources, such as
through reduction in the burning of wood.

Biogas has come to be a term used to describe gaseous products formed following
the pyrolysis, gasification, or anaerobic digestion of organic matter originating from
living sources of animal and plant origin described as biomass. The gasification of
such material produces a mixture of gases that contain to various degrees many or
all of the following: methane, hydrogen, carbon monoxide, carbon dioxide, nitrogen,
water, and some simple hydrocarbons, mainly lower olefins. The occasional presence
of some hydrogen tends to help compensate for the associated low burning rate in the
fuel due to the presence of diluents.

Biogases are one of the most common examples of low to medium heating value
fuel mixtures. In principle, all organic material can be used for biogas production. The
gas is considered a renewable energy source derived from organic waste on a continual
basis. It is widely used in developing countries for a wide range of applications, espe-
cially for cooking, and also as an engine fuel due to its availability at low cost. Unlike
natural gas derived from petroleum sources, biogas production takes place over a rela-
tively short time of days to weeks. The production of combustible gases from biomass
is an old tried technology. However, as a result of the variable and dispersed nature of
the biomass, it is often economically unattractive to accumulate substantial amounts in
a single location. Accordingly, large-scale biogas generation projects tend to be rather
uncommon or necessarily cheap. The gas produced from most biomass sources must
be thoroughly cleaned up of any tarry materials, alkaline metal compounds, and dust
before it can be used in general, and in engines in particular. When, the fuel gas is
used for heating purposes in furnaces, the requirements for cleaning in comparison to
engine applications tend to be of less importance.

The typical variation in the composition of biogases by volume is 50-80% meth-
ane, 15-45% carbon dioxide, water, traces of hydrogen sulfide, and traces of nitrogen
gas. The relative amount of each gas varies depending on the maximum temperature,
pressure, heating rate, and size and porosity of the biomass bed. Scrubbing away
some of the CO, in water is needed for reducing this gas content and to permit sat-
isfactory operation in some devices, such as engines. Figure 6.8 shows an example
of the variety of processes and resulting products arising from the processing of
biomass to yield a wide range of products, with most of the combustible products in
the form of fuel gases.

In general, the rate of production and composition of biogases depend on a num-
ber of variables. These include temperature, available nutrients, retention time, pH
value, solid contents, agitation, etc. Moderately increasing the average temperature
tends to increase the rate of production of the gas. The external heat input required
is often supplied through the burning of some of the product gas.

Due to the variation in biogas quality, flow conditions, and reaction Kinetics,
the modification of commercial devices (so as to be able to burn such fuels satis-
factorily) tends to be heavily dependent on empirical approaches based mainly on
operational experience and local conditions. The partial oxidation of biomass using
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FIGURE 6.8 The various fuel-gas mixtures produced from the processing of biomass. (From
Parik, P.P, Bhave, A.G., and Shash, LK., Performance Evaluation of a Diesel Engine Dual
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Combustion, National Small Industries Corp. Ltd., New Delhi, India, 1987, pp. Af179-Af186.)

pure oxygen or oxygenated air is often relatively uneconomic and has tended to be
uncommonly applied. Moreover, landfill gas, sewage gas, and marsh gas are estab-
lished examples of biogases. It is generally known that for civic sewage processing
plants, approximately 1 MJ of methane can be produced daily from the digestion of
sewage per capita.

Fluidized beds are being considered increasingly suitable, in principle, for the
production of biogas through the gasification of biomass, especially in small batches.
They tend to be compact in size and construction, with high heat transfer and reac-
tion rates because of the intimate and high level of mixing within the fluidized bed.
However, their proper operation requires complex controls with some power con-
sumption, such as for compression of the supplied air.

There are a number of key requirements for the successful employment of bio-
gases for power production in engine applications. It must have an adequate heating
value and should be free of dust and tars in order to produce continually sufficient
power at a satisfactory efficiency and minimize engine wear, deposits, and mainte-
nance problems while complying with the required exhaust emission controls. The
maximum power that an engine can produce while running on biogas depends on
the heating value of the gas, its composition, and specific engine characteristics. In
comparison to natural gas operation, bigger size engines and supply lines would be
required to compensate for the low specific energy content of the gas. Combustion
devices, including engines, need to be suitably modified to permit the effective
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burning of biogases. These modifications, for example, include suitably increasing
the size of the fuel piping and injector to permit handling the larger flow rates.

For effective usage of biogases as fuels, their methane and other combustible
components may need to be enriched through measures such as water scrubbing,
glycol absorption, application of molecular sieves, and membrane separation. These
are employed in wastewater and sewage treatment plants, where the water does not
need to be regenerated or recycled. The presence of any hydrogen sulfide in the gas
has prejudicial effects on, for example, the lubricating oil, cylinder surfaces, valving,
and exhaust gas treatment measures. It is also necessary when using natural gas and
other gaseous fuels to ensure that they are sufficiently dry.

To operate dual-fuel engines on producer gas obtained from indigenous sources
of agricultural materials and wastes represents an attractive approach for the produc-
tion of power in relatively small units. For example, crop irrigation via engine-driven
pumps is economically attractive. Of course, such engines are often started as a diesel,
and then converted gradually and increasingly with load to dual-fuel operation.

Sewage gas and biogas frequently contain silicon and halogen vapor compounds
in small concentrations, which require removal, such as through using activated car-
bon adsorber systems. These compounds can form undesirable deposits of silica in
the engine, increasing component servicing requirements and wear and affecting
the operation of oxidizing catalytic exhaust gas converters. Engines operating on
biogases that may contain some siloxanes will tend to lose efficiency and require
increased maintenance. Also, the silicon dioxide contaminates lubricating oil with
increased accumulation of deposits.

6.8 LANDFILL GASES

A notable example of a low to medium heating value gaseous fuel is landfill gases.
They are a form of biogas that is produced naturally through waste material decay-
ing over time in an anaerobic oxygen-deficient environment. A typical landfill gas is
made up largely of methane and carbon dioxide, with a small concentration of other
gases, such as nitrogen and oxygen. Toxic components can also be found, but usually
at very small concentrations, such as ammonia with hydrogen and carbon monox-
ide. Depending on the waste composition, low molecular weight intermediates such as
organic acids and alcohols may also be found in the gas. Landfill gases pose a pollution
problem by odor and a threat to the environment. They contaminate the soil and water
table and emit powerful greenhouse gases. There are environmental and economi-
cal benefits in exploiting the gas for the production of power in engines or for heat in
suitable furnaces since the strongly potent greenhouse gas methane is converted to
relatively less pollutant products while simultaneously producing useful work and heat.

The generation of landfill gases from the biomass accumulation is affected largely
by factors that include the availability of nutrients, temperature, moisture, pH value,
atmospheric and climatic conditions, age, and variations in the water table. The
amount of gas produced off a landfill site depends on factors such as its age, size,
volume, type of waste, soil, and moisture content. The capture of gases produced
by landfills requires pipes suitably embedded into the landfill mass to collect the
gas and bring it to a collection point where it is processed. The gas is recovered by
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inducing a partial vacuum to drive the gases toward the collection well through the
resulting pressure difference. The methane yield off landfills is usually optimum at
a temperature range of 35-45°C. At temperatures below 10°C the production is sig-
nificantly reduced, limiting production in winter months. A number of halogenated
compounds (chemicals containing chlorine, fluorine, or bromine) are produced, and
they may combine with hydrocarbons after combustion to produce toxic compounds.
Such formation needs to be prevented by having the raw gas suitably refined before
combustion. Such refinement often tends to be costly.

To use the gas in reciprocating engines requires its processing to remove various
contaminants and reduce moisture. The troubling materials in gas applications in
engines include chlorine-bearing compounds, sulfur compounds, organic acids, par-
ticles, and metal and silicone compounds. The concentration of CO, in gases derived
from landfills varies widely, depending on the age and local conditions of the land-
fill, and can range from 40-55%.

6.9 SOME OTHER GASEOUS FUEL MIXTURES

The volumetric heating value of a fuel gas is an important indicator of its economic
viability since the pipeline capacity and design of equipment depend on the volume
of gas that needs to be handled for a certain thermal loading. The associated result-
ing temperature on combustion is also important because of its effect not only on
the combustion rate, but also on the amount and quality of heat that can be released.
The heating value of the fuel may be raised through supplementing the fuel gas with
a high-grade fuel such as natural gas. Raising the temperature level through heat
transfer employing heat exchangers tends not to be used due to cost, pressure losses,
corrosion, and other material problems.

There is a wide range of other gaseous fuel mixtures suitable for employment in
dual-fuel engines that are produced from a variety of materials having their own
name while using different processing approaches. Some of these follow:

Bagasse: A gaseous fuel mixture produced from the processing of the remains
of sugarcane after extracting the juice.

Blast furnace gas: A low heating value gas—fuel mixture produced as a by-
product of the blast furnace during steelmaking.

Coal gases: For many decades the main domestic fuel gases used, including
in engine applications, were derived from coal. Generally, coal gasifica-
tion, which takes place at high temperatures and pressures, refers to the
partial oxidation reactions of coal with air, oxygen, steam, carbon dioxide,
or a mixture of these gases to yield a combustible gaseous product for use
as a fuel. The principal gases produced are H,, CO,, steam, CO, and some
methane. The composition of the product gas can be altered with the aid
of catalysts and the proper control of operating variables such as to favor
hydrogen and carbon monoxide production.

Producer gas: A fuel-gas mixture that is produced by the combustion of
fuels such as coal with air and steam. The product gas contains hydro-
gen and carbon monoxide with nitrogen, but with hardly any oxygen. The
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gas is better suited to stationary engine applications. However, when used
in mobile applications, the apparatus for generation of the gas tends to be
bulky and often located on a trailer pulled by the vehicle.

Refinery gas: The noncondensable vapors resulting from the fractional distil-
lation of crude oil. The gas is usually either flared or supplied for mixing
with other fuel gases, such as propane and butane, mainly for domestic use
and engine transport applications.

Synthesis gas: A manufactured fuel-gas mixture made from the reforming or
partial oxidation of fossil fuels, such as coal, natural gas, or oil. The gas,
which is made up mainly of hydrogen and carbon monoxide, serves as a
raw material for the chemical synthesis of a wide range of fuels, e.g., alco-
hols and synthetic diesel fuel. This gas mixture is normally considered
more valuable chemically, and normally employed less as an engine fuel.
The production of alcohols and higher hydrocarbon fuels, including diesel
fuel, is from the gas mixture while employing, as an example, the Fischer—
Tropsch process.

Water gas: A manufactured gaseous fuel mixture consisting primarily of carbon
monoxide and hydrogen made by the action of steam and hot carbon/coal. The
product gas is used mainly to serve on combustion as a heating source.
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7 Liquefied Petroleum
Gases, Hydrogen, and
Other Alternative Fuels

7.1 EVALUATING THE MERITS OF THE DIFFERENT
GASEOUS FUELS FOR DUAL-FUEL OPERATION

Care is needed when evaluating the suitability of different fuels for dual-fuel engine
applications. Different conclusions may be arrived at depending on the basis on
which the evaluation is being made. For example, a comparison of fuels based on
their heating values on a mass basis may produce a different ranking from one made
similarly, but on a volume basis or on the basis of the energy release per unit of
volume of fuel-air mixture. Similar yet different rankings may be obtained if the
comparison were to be extended to include considering the energy expenditure in the
fuel production and its dispensing. Also, in any fuel application, the use of the avail-
able energy should be optimized whether with respect to the direct chemical energy
of the fuel or that arising also from its state, such as the compression work of com-
pressed natural gas (CNG) or the cold in liquefied natural gas (LNG) applications.
Moreover, in transport applications, the energy expenditure due to the increased
mass of the vehicle arising from the additional weight of the fuel tanks needs to be
considered. Similarly, the introduction into the engine of gaseous fuels such as meth-
ane or hydrogen displaces a significant portion of the intake air. Also, the enhance-
ment of the volumetric efficiency in liquid fuel applications due to the evaporative
cooling of the fuel will be missing whenever gaseous fuels are employed. These
would lead to a reduction in the total energy that can be released in comparison to
liquid fuels unless special additional remedial measures are taken to compensate for
this reduction. In any case, the conversion of engines to operate on alternative fuels
often tended to lack the degree of refinement and optimization of conventional diesel
engines, which have benefited greatly from the continued support of much research
and development over the years. Additionally, government policies of support and
taxation of the use of the different fuels, together with some remaining technical
challenges, have controlled and greatly distorted on occasion the merits of a wider
employment of an alternative fuel. On this basis, the evaluation of the relative ben-
efits of the conversion of a diesel engine to operate on an alternative fuel can be made
largely on a tentative basis. The benefits and associated costs will vary widely with
the types of fuel and engine, field of application, fuel availability, and infrastructure
required, and whether significant design changes to the engine are needed or not.
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7.2  LIQUEFIED PETROLEUM GAS (LPG)

Liquefied petroleum gas (LPG) is often identified loosely as simply propane. The gas
is primarily made up of propane, with some butane and small concentrations of other
constituent combustible vapors. Propane and butane are usually present in small
concentrations in natural gases, and they are mostly removed from the gas before its
high-pressure transmission through pipelines. Hence, the production of natural gas
gives rise to the availability of relatively significant amounts of LPG.

Propane and butane are also produced from the refining processes of crude petro-
leum and will have with them varying quantities of other related fuel components,
such as propylene, butylene, and isomers of the fuels. The presence of these compo-
nents and fluctuations in their concentrations can give rise to potential complications
as far as the utilization of the fuel in internal combustion engines by increasing the
tendency to knock, and can change adversely the nature of exhaust emissions. On
this basis, there can be a significant difference between the effective octane numbers
of pure propane and commercial propane, which has a higher tendency to knock and
produce smoke than pure propane. LPGs have been used as vehicular fuel for quite
some time, with many of the applications related to the commercial and public sec-
tors, such as taxis, trucks, and vans. Some of these are of the dual-fuel type.

Liquefied petroleum gas can exist in the liquid state at ambient temperatures
when it is under moderate pressure. This makes it more easily portable for a variety
of applications and on board vehicles than CNG. The constituents of LPG tend to
be more complex than those of CNG, and tend to produce, on their presence in the
atmosphere, more reactive and objectionable compounds.

LPGs are heavier than air, and the vapor can constitute a greater fire hazard than
methane. The leakage of the fuel, for example, tends to concentrate the fuel vapor
in the vicinity of the accident site, while following a leak of methane or hydrogen,
the gas will disperse very rapidly and mainly vertically due to its highly buoyant
nature. However, in this respect, a gasoline spill tends to represent a perhaps greater
fire and explosion hazard than either methane or propane since the heavier than air
flammable vapors, when released, can linger on for quite some time.

Figure 7.1 shows a schematic diagram of a typical LPG fuel container. Propane
cylinders are required to be equipped with pressure relief valves to release any exces-
sive pressure buildup, such as when cylinders are subjected to excessive heating. The
cylinders need to be maintained in an upright position so that only gas is vented.
When a cylinder is inverted or placed on its side so that the liquid fuel covers the out-
let opening, then liquid propane can be discharged and will flash evaporate exceed-
ingly quickly on its discharge while the pressure drops. In some limited conditions,
the liquid fuel could pool or reach the point of use to create a serious fire and explo-
sion hazards. Since LPG products are essentially odorless, an odorant, usually a mer-
captan, is added in very small concentrations as a standard practice so that leakages
can be detected readily. Propane is essentially nontoxic, although butane and higher
hydrocarbons have a tendency to act as an anesthetic when vapors are breathed over
a protracted time period. Figure 7.2 shows the valving and control arrangements for
an LPG fuel tank.



Liquefied Petroleum Gases, Hydrogen, and Other Alternative Fuels 81

Fuel Vapor Liquid
Withdrawal Withdrawal
Valve Valve

Fuel
Vapor

Liquid
Fuel

N

FIGURE 7.1 Typical container of LPG fuel. (From Matheson, Guide to Safe Handling of
Compressed Gases, 2nd ed., Matheson Gas Products, New York, 1983.)
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FIGURE 7.2 Typical representation of the valving and controls of an LPG fuel tank. (From
Bergman, H., and Busenthur, B., Facts Concerning the Utilization of Gaseous Fuels in Heavy
Duty Vehicles, in Proceedings of the Conference on Gaseous Fuels for Transportation,
August 1986, pp. 813—-849.)

Propane and its higher hydrocarbon content need to be limited to ensure no more
than 1% condensation of the fuel at the lowest expected operational temperature.
Also, odorization must ensure that gas leaks are clearly detectable at concentrations
not over 1/5 of the normal flammability limit in air, i.e., for natural gas, <1%, and for
propane, 0.4% by volume in air. Propane tanks must not be filled to more than 80%
of volume capacity to allow the gas room for expansion as temperature changes. The
pressure in propane tanks normally ranges from 0.6 to 1.4 MPa at 32°C, and 1 L of
propane produces almost 40% less thermal energy than 1 L of diesel fuel.
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7.3

The term alternative fuels usually indicates fuels that may be used in engine appli-
cations for transportation and power generation other than those conventional lig-
uid fuels, such as gasoline and diesel fuels. Often, the term includes the following

Dual-Fuel Diesel Engines

OTHER ALTERNATIVE FUELS

groups of fuels:

Some of the main advantages associated with the use of such alternative fuels

Natural wellhead and pipeline gases, methane, LNG, CNG, biogas, landfill
gas, coal bed methane gas, shale gas, LPG, propane, and butane
Industrially processed fuel-gas mixtures such as coal gas, coke oven gas,
blast furnace gas, and synthesis gas

Hydrogen, both liquid and gas

A range of liquid fuels that include alcohols and bio-derived fuels

follow:

Of course, there may also be some potential drawbacks associated with the opera-

There are potential environmental benefits in comparison to conventional
liquid fuels, supplemented by some operational and performance benefits.
Often, there may be cost advantages in relation to applications using
cheaper and locally available fuels with lower associated operational and
maintenance costs.

There is diversification of the types of fuels and resources available, with
increased relative independence of the national fuel supply and resources.
They can be integrated with other fuel and energy requirements, such as
with cogeneration applications and supplementing conventional fuels.
They are efficient for power and heat generation in a wide range of power
devices, including dual-fuel type engines. With some fuels it may enhance
starting and cold-weather operation.

Alternative fuels, especially those that are gases, may be available as waste
products, are often virtually free of charge, and are suitable for substitution
of conventional fuels with high greenhouse reduction potential, and include
the disposal of “problem” gases.

tion of compression ignition engines on such fuels. Examples of these include:

L]

In transport applications, the fuels often have potentially inferior character-
istics to those of conventional liquid fuels, bringing about increased costs,
limitations in operational range, and increases in vehicular weight and bulk.
The modifications needed in equipment and infrastructure result in
increased costs. There may be a need to have available two fuels or more
systems on board, which add to both cost and complexity of control.

Performance of combustion engines may be adversely affected, depend-
ing on how well the conversion to alternative fuel operation has been
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implemented. It may also bring about some deterioration in performance
and the safety of operation.

* Alternative fuels invariably are mixtures of fuels where their composition
may vary sufficiently with source and time to affect performance adversely
when not suitably controlled and optimized.

* There are special problems with some fuels, such as those involving alcohols
where there are some toxic, environmental, cold starting, safety, and materi-
als compatibility problems. Also, alcohols suffer from the disadvantage of
separating from a blend with diesel fuel in the presence of some water.

There are numerous points in favor as well as against the employment of alco-
hols as engine fuels, or even as supplementary additives to conventional fuels. For
example, the production of ethanol from plant sources requires huge areas of farm-
land, which places the fuel in direct competition with food supplies. These cast doubt
about ethanol as a long-term substantial fuel source globally, especially with the
rapid increase in the world’s population and the need to feed them.

7.4 HYDROGEN AS AN ENGINE FUEL

Hydrogen can be viewed as merely an energy carrier. It is not available naturally
in its free state and requires energy to be produced from common sources such as
water, but with much of the energy recovered on combustion. It is widely used by
the petrochemical industry, for example, to manufacture a wide range of chemicals
and for upgrading the quality of gasolines and other fossil fuels. The viability of
hydrogen as a fuel, of course, is critically dependent on the effective and economic
solution of a number of problems associated with its manufacture since it requires
much energy and capital expenditure.

Hydrogen continues to have very limited use as an engine fuel at present. Much of
it is manufactured from fossil fuels—natural gas, oil, and coal via their steam reform-
ing or partial oxidation processes. Both catalytic and noncatalytic approaches are
employed. Much of the bulk of hydrogen needed at present is produced in large-capac-
ity units employing mainly natural gas as the fuel. The electrolysis of water, which in
comparison is less widely employed, produces conveniently hydrogen in high purity
while consuming a considerable amount of electrical energy. Much of this energy is
generated mainly via the combustion of fossil fuels or hydroelectric and nuclear power.
There is little prospect at present for the wide use of electrical energy from renew-
able sources for the production of hydrogen using wind, solar, or tidal energy. There
are also very limited long-term prospects for hydrogen manufacture through bacterial
action with solar energy and water, oxidation of metals, or special chemical cycles.

Hydrogen gas is commonly stored and transported as compressed gas, liquefied,
in metal hydride form, or occasionally adsorbed in special but expensive alloys. The
fuel gas has many attractive features as an energy resource carrier. For example, as a
fuel, the following favorable characteristics can be assigned to hydrogen:

e It is a renewable fuel that can be manufactured from widely available
sources, such as water, through the expenditure of energy.
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e It is a clean fuel that produces much less exhaust emissions on combus-
tion than other fuels. Its exhaust gas produces water and, on condensation,
energy through cogeneration. However, its combustion in air produces
oxides of nitrogen.

» Hydrogen is catalytically sensitive and has some very attractive combustion
characteristics, such as clean combustion, fast burning rates, and a wide
flammable mixture range. It requires low ignition energy, but with rela-
tively high autoignition temperatures. It has a very high heating value on
mass bases with high flame temperatures. It is highly buoyant, diffusive,
and remains a gas down to extremely low cryogenic temperatures.

However, at present there are some limitations to its wide application as a fuel,
especially in engines:

e It requires much useful energy for its manufacture and lacks at present
the infrastructure for its wide distribution, resulting in its high cost on an
energy basis in comparison to other fuel resources.

» It has potential problems relating to safety, material compatibility, portabil-
ity, storage, handling, and transport. It is extremely difficult to liquefy and
keep as a liquid, requiring much useful work.

e It has a very low heating value on volume and liquid bases, with its flames
having very low luminosity.

The burning of the hydrogen-filled Graf Zeppelin in 1937 (Figure 7.3) remains a
notable reminder of the hazards associated with the employment of hydrogen.

The vision of the “hydrogen economy” is for a future where most of the energy
required can be made available cleanly and safely through hydrogen combustion,
which is assumed to be produced from entirely renewable green energy sources.
Electrical and transportation needs are then satisfied through reliance on hydrogen
fuel cells. Such a vision of the future remains largely a concept. It is difficult to pre-
dict when and if it can be implemented.

FIGURE 7.3 The burning of the hydrogen-filled Graf Zeppelin in 1937. (From Lyons, P.R.,
Fire in America, National Fire Protection Association, Boston, MA, 1976.)
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Current hydrogen pipelines are of relatively small diameter and of shorter length
than those transporting natural gas. They do not operate at the very high pressures
employed in natural gas pipelines. This is mainly due to the tendency of common
steels to hydrogen embrittlement and low strengths.

What about liquid hydrogen (LH,)? Where does it fit in the utilization of hydrogen
as an engine fuel? Examination of the very limited experience in this respect leads to
the conclusion that there is very little prospect for its wide application in this form in
the near future. It is a cryogenic fluid with extremely low boiling temperature, which
is only 20 K at atmospheric pressure. It has a very low liquid density (~70 g/L), which
is around only 10% of that of gasoline, and for the same energy, it needs to have a few
times the volume of liquid gasoline.

Also, the associated cold of liquid hydrogen is often wasted since it is often con-
sidered a nuisance and a hazard. The cryogenic nature of the fuel would require
expensive and relatively bulky and heavy fuel tanks for its storage and transport.
Moreover, there are numerous serious safety and dispensing problems associated
with all aspects of the employment of hydrogen. There are some additional prob-
lems, such as increased ice formation, corrosion, materials compatibility, and stor-
age time limitations. When liquid hydrogen, LH,, is injected directly, heat pickup
by the fuel is needed and a very cold gas is produced with a substantial increase in
volume. The fuel has to be injected fast enough into the high-pressure combustion
space and distributed effectively in a relatively short time. The big difference in
density between the fuel and air, the considerably high flame speed, and the dif-
ferent turbulence characteristics would greatly influence the mixing and combus-
tion processes in engine applications. Table 7.1 lists some comparative properties of
hydrogen, methane, and iso-octane.

TABLE 7.1
Some Comparative Properties of Hydrogen, Methane, and Iso-Octane
Property Hydrogen Methane Propane
Density at 1 atm and 300 K (kg/m?) 0.082 0.717 1.79
Stoichiometric composition in air (% by volume) 29.53 9.48 4.02
Stoichiometric fuel/air mass ratio 0.029 0.058 0.064
No. of moles of products to reactants 0.85 1.00 1.05
Heating values:
HHV (MJ/kg) 141.7 52.68 50.40
LHV (MJ/kg) 119.7 46.72 46.37
HHV (MJ/m?3) 12.10 37.71 94.01
LHV (MJ/m?) 10.22 33.95 86.49
Combustion energy per kg of stoichiometric mixture (MJ) 3.37 2.56 2.78
Diffusion coefficient into air at NTP (cm?/s) 0.61 0.189 0.160

Source: Adapted from Zabetakis, M., Flammability Characteristics of Combustible Gases and Vapors,
Bureau of Mines Bulletin 627, U.S. Department of the Interior, Washington, DC, 1965; Rose,
J.W., and Cooper, J.R., eds., Technical Data on Fuels, Tth ed., British National Committee of
World Energy Conference, London, UK, 1977.
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With suitably designed high-compression ratio engines using hydrogen as a fuel,
its combustion characteristics, such as its very high flame propagation rates and
extended lean mixture operational limits, permit somewhat better reduction of NOx
emissions than other conventional hydrocarbon fuels. However, the main impedi-
ments for using hydrogen as an engine fuel, especially in transport applications,
remain the size, weight, complexity, and cost of hydrogen storage on board. It is
also noted that the molar concentration of hydrogen in the intake charge of a fir-
ing engine is much higher than for other gaseous fuels, which leads to a substantial
displacement of some of the intake air, lowering the corresponding overall oxygen
concentration. This will have a significant influence on the corresponding combus-
tion processes and power output in hydrogen-fueled dual-fuel engines.
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8 Safety Considerations

8.1 FUEL SAFETY REQUIREMENTS

One of the most important concerns associated with the production, transport, stor-
age, or utilization of any fuel is how to guard against the potential toxic and envi-
ronmental negative effects as well as the associated risks of fire and explosion. An
enormous amount of information exists in the public domain that includes guidelines
and directives for ensuring safe operation and handling of fuels of all types at all lev-
els and applications. These include numerous rules, regulations, codes, good practice
statements, instructions, etc., originating from all levels of government, industry, and
professional, international, and trade associations. There are detailed reports in the
open literature of case studies that may have involved life and property losses with
important lessons to learn highlighted. These need to be studied, familiarized with,
and followed by all those who work in the energy, engine, and fuel fields. Moreover,
there is a need for a thorough knowledge of the potential fire and explosion hazards
associated with the operation of engines on gaseous fuels in general, and for the plan-
ning to guard against the possibility of any damage that may arise from a hazardous
situation. This is especially needed when research type testing and investigations are
considered, such as those within a university laboratory setting, where inexperienced
students may be present or are involved and where novel, unconventional, or untried
procedures may be attempted. Efforts should always be first directed at eliminating
the generation of any potentially combustible mixture rather than the mere elimina-
tion of potential ignition sources.

Some of the main hazards associated with gaseous fuel application, in addition
to the health and environmental hazards, are fuel leakages, the dissipation of the
fuel and its mixing with the surrounding air, the ease of its ignitability and associ-
ated flammability limits, deflagration speed, thermal radiation, and health hazards.
These are mainly functions of the fuel properties, such as viscosity, density, volatil-
ity, flash point, flammability limits, ignition energy, flame speed, flame emissivity,
heat release rate, autoignition temperature, and toxicity. Some overall related char-
acteristics that need to be considered when evaluating the safety aspects of the usage
of various fuels in engine applications are the following:

» Storage and portability characteristics of the fuel and other related poten-
tially hazardous material that may be used, such as oxygen and catalysts

* The tendency to form combustible mixtures following accidental discharge,
such as gas leakages

» Ignition, explosion, flame spread, and detonation characteristics
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o Effective and prompt control measures provided for the fuel spread and its
combustion
* Environmental and toxic consequences of fuel employment and discharges

Relative to conventional liquid fuels such as gasoline and diesel fuels, gaseous fuels
usually require only small amounts of energy for ignition, especially in the case of
hydrogen. Many relatively low ignition energy sources can ignite such a fuel. These can
include sources such as sparks, sufficiently hot surfaces, open flames, and static electric-
ity discharges, including those generated by the human body and its apparel. Therefore,
the value of the autoignition temperature of a fuel, its heating value or flammability
limit, does not alone sufficiently indicate the relative explosion hazards of a fuel.

The detonation characteristics of any fuel in air are of far-reaching importance
as safety is concerned. The detonatable mixture range of a fuel in air is narrower
than the corresponding flammability mixture limits under the same conditions. The
maxim burning and detonation velocities are different, and sometimes by orders of
magnitude. It is very difficult for methane to undergo detonation, while hydrogen-air
mixtures are much easier to detonate.

Sufficient care must be taken to ensure that the fuel gas is of an acceptable purity
and does not contain significant amounts of material, such as sulfur compounds, or is
excessively wet, to avoid corrosion problems within the fuel container interior, which
may undermine the strength of the container and transfer fine debris to the engine
and its working and control parts.

Fuel storage containers must meet all the appropriate safety regulations and must
be tested at regular intervals. All fuel tubing and fittings, pressure switches, indica-
tors, regulators, and valves must also be of appropriate design and comply with the
required regulations. A typical gaseous fuel, when leaking from a container into the
surrounding environment, can only form a certain maximum volume of combustible
mixture. Methane, by virtue of its relatively narrow range of flammability limits,
can generate a maximum combustible mixture that is small relative to other common
fuels. For example, the discharge of one unit volume of methane would generate a
maximum volume of combustible mixture that is around 40% of that following the
release of an equivalent volume of propane, and 20% the volume of the mixture
formed following the release of a similar amount of gasoline vapor.

The rate of discharge of a gaseous fuel following an accident will depend on the
nature of the leak and the associated area of discharge. The discharge from a high-
pressure cylinder or a line into the atmosphere will be proportional to the size of the
discharge area and inversely proportional to the gas density. Accordingly, hydrogen
will leak much faster than methane or propane. However, the extent of hazard will
depend largely on the tendency to form a combustible mixture, its resulting volume,
and the length of time for it to linger in the vicinity of the discharge location. The
mixture may get ignited either from a potential source or by feeding a fire that is
already engulfing the fuel source.

The tendency for a compressed fuel gas at high pressure to disperse into the sur-
roundings out of a leak is governed by the resulting gaseous turbulent jet mixing in
the surrounding air. Buoyancy and diffusional effects are dominant in the dispersion
of fuels such as methane and hydrogen, unlike the much heavier than air vapors of
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gasoline or propane. These heavy vapors tend to linger on following their discharge
and disperse slowly. Thus, they retain the hazard for a longer time and spread the
potential for fire and explosion away from the region of the leak.

8.2 METHANE AND COMPRESSED NATURAL
GAS (CNG) OPERATIONAL SAFETY

Methane remains a flammable gas down to low temperatures. It is colorless and
can act as a simple asphyxiant when it displaces the air needed for breathing. All
handling and transfer operations of methane are to be conducted in well-ventilated
areas, and all the equipment and accessories are to be grounded in case there may be
an escaping gas that can form flammable mixtures with air. Methane has a relatively
high value of the lean flammability limit, high buoyancy, and high diffusional prop-
erties, which make it somewhat less likely to form readily explosive fuel-air mix-
tures under ambient conditions in open air than other common pure gaseous fuels.

The most common gaseous fuel used in engine applications is processed natural
gas made up mainly of methane. An odorant such as a mercaptan is commonly added
for ease of detection in very low concentrations in case of a leakage. It is, of course,
well recognized that there are potential safety issues arising from the fact that fuels
such as compressed natural gas are usually fed from very high-pressure containers.
However, these are cylinders of exceptional strength with safety fittings. The conduc-
tive nature of the metallic tanks, for example, tends to quickly even out the effects of
external heating, such as due to a fire nearby. This is in contrast to the conventional
tanks of liquid fuels that are relatively fragile, often poorly conductive, with a ten-
dency to develop hot spots when externally exposed to overheating. This would lead
to serious safety problems and eventual rupture, spilling the contents, which tend to
stay in pools nearby rather than vaporize and disperse rapidly, as the case with gas-
eous fuels, especially those of the lighter than air methane and hydrogen.

In the case of a high-pressure leak, the gas will get discharged as a very high
velocity jet. The minimum amount of energy needed to effect ignition of the result-
ing fuel-air mixtures within the flammable range is rather large in comparison to
that of hydrogen or propane. Moreover, the quenching of methane flames by cold
surfaces, such as in flame traps, tends to be more successful than in the case of fires
of propane or gasoline.

Figure 6.1 shows a typical CNG cylindrical container as fitted to supply fuel to
an engine showing two stages of regulation and valving for reducing the high supply
pressure to the much lower pressure for mixing with the intake engine air.

8.3 LNG OPERATIONAL SAFETY

The transportation, fueling, and storage of LNG represent a potentially serious
safety hazard due to the cryogenic liquid nature of the fuel retained at extremely low
temperature (111K at atmospheric pressure), with the potential for fire and explosion
following a spillage in accidents. The hazards associated with an LNG tank rupture
and fuel spillage in principle far exceed those associated with CNG or other liquid
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FIGURE 8.1 A representation of a typical small-capacity LNG fuel tank. (From Bergman,
H., and Busenthur, B., Facts Concerning the Utilization of Gaseous Fuels in Heavy Duty
Vehicles, in Proceedings of the Conference on Gaseous Fuels for Transportation, August
1986, pp. 813—849.)

fuels, such as gasoline. Tanks storing LNG, which are very well insulated, as sche-
matically shown in Figure 8.1, are normally double-walled. The LNG is usually kept
at pressures not much higher than atmospheric. Heat transfer from the environment
into the well-insulated LNG tank will boil off increasingly more fuel, raising the
pressure within the tank. Modern tank designs will not release the gas through insu-
lated relief valves until a significant buildup of pressure to a prescribed value over a
protracted period of time, typically such as 2 weeks elapsing. On arrival in marine
terminals, LNG is stored in specialized tanks and in underground caverns. It is then
vaporized when needed and usually transported by pipelines as a gas to augment
conventional natural gas supplies.

The exploitation of natural gas sources and the reduction of its flaring and con-
sequent emissions have been made possible by advances in the technology of the
liquefaction and transportation of the gas. Nevertheless, ensuring safe operation with
LNG remains a paramount concern to the industry and public.

The conversion of natural gas to the liquid state somewhat changes its composi-
tion and properties, including its heating value. All the sour component gases and
vapors, such as H,S and CO,, and any water vapor are removed. Some of the larger
molecular hydrocarbons may remain, but in very small concentrations. The LNG is
gasified shortly after arrival by marine tankers using typically seawater as the heat-
ing medium for transport as pipeline gas.

The LNG tank wall is normally constructed of aluminum alloy, with heat leak-
age into the tank minimized by having vacuum sidewall insulation. On land, a dike
is constructed around the tank to protect the surroundings in case of a spillage,
such as following an accident. Reliquefication equipment is usually installed on large
units to reliquefy the boil-off gas and avoid releasing it into the open atmosphere.
Figure 8.2 shows a typical arrangement for vaporizing the low-temperature LNG to a
gas state, as fed to an engine while using the hot water jacket, rather than the exhaust
gases. A similar procedure may be needed for LPG applications.

LNG has a limited shelf life. If an engine is left idle for several days, then the pres-
sure within the tank starts to increase and the LNG begins to boil. The tank begins
to vent once a prescribed maximum pressure is reached. Much energy is required for
an empty tank that was kept idle for some time to be cooled down to the cryogenic
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FIGURE 8.2 An arrangement of an LNG feed to an engine.

temperature of LNG. When supplies of LNG are readily available, the time needed
for the safe filling of fuel tanks becomes important. A fast-fill LNG supply station is
usually much less expensive than comparable CNG stations. The LNG filling speed
may even be comparable to that of diesel fuel. However, because of the cryogenic
nature of LNG, anyone fueling a vehicle must take special safety measures, such as
the wearing of safety goggles and protective gloves. Some of the procedures to deal
with LNG-associated hazards follow:

* Provision of fire protection and foam-producing equipment in tanks and
other firefighting facilities, including the provision of explosion-proof
equipment such as pumps, electrical equipment, and fittings.

* Provision of gas detectors and alarm systems at strategic locations to ensure
adequate protection against low-temperature embrittlement of steels that
may be in contact with the cryogenic liquid or its cold vapor.

* Provision in large LNG marine engines of detection of gas leakage into the
crankcase, with an inert gas flushing of the crankcase to avoid the onset of
crankcase explosion.

* Protection against the accidental rupture of tanks and avoiding resonance in
LNG tanks through sloshing of the liquid, especially during its transporta-
tion in tankers.

* Preventing hydrates and ice formation that may plug lines by ensuring the
gas is dehydrated with only a minimum practical amount of water.

» Protection provided against accidental interruption of the working of the
various associated components, such as due to a vapor-lock forming in a line.

8.4 OPERATIONAL SAFETY OF LPG GASES

Any accidental releases of the heavier than air LPG gases will tend to flow to low
levels and will persist undispersed much longer than with similar releases of the
buoyant natural gas. Propane cylinders, shown schematically in Figures 7.1 and 7.2,
are equipped with pressure relief valves to release any excessive pressure buildup,
such as when cylinders and contents are subjected to excessive heating. The cylin-
ders need to be kept in an upright position so that only gas fuel is discharged. When
a cylinder is inverted or placed on its side so that the liquid fuel covers the outlet
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opening, then liquid propane could be discharged. This liquid will flash evaporate
exceedingly quickly into gas on its discharge while the pressure drops through the
control equipment. In extreme conditions, the liquid fuel could pool or reach the
point of use to create a very serious fire and explosion hazard.

Propane cylinders should not be transported without proper caps covering the valve
assembly to protect against breakage in case of an accident. Since LPG products are
essentially odorless, an odorant, usually a mercaptan, is added in very small concentra-
tions as a standard practice so that even small leakages can be detected readily.

8.5 SOME ENGINE SAFETY MEASURES

The conventional diesel engine and all aspects of its operation are usually considered
to be relatively safe in comparison to the spark ignition gas or gasoline engines. The
conversion of diesel engines to gas fuel operation is usually made without major
changes in the design and operational features of the engine, including its safety
guards. Many of such engine conversions tend to be associated, especially in recent
years, with engines where both the engine and operating conditions are strictly con-
trolled and usually monitored very closely by extensive rapid response sensors and
control equipment. Accordingly, it is not to be assumed that because an engine is
operating on a gaseous fuel, its probability to be involved in an incident is neces-
sarily much higher than that of engines that operate on conventional liquid fuels.
Statistics of gas-fueled engine incidents so far tend to confirm this.

In applications where the high-pressure supply of the fuel gas has to expand down to
the low intake pressure conditions, significant cooling of the fuel would result, which
may require warming through the supply of some external heating. The heating needed
by the fuel may become excessive and needs to be avoided. Alternatively, in such cases,
it may become advisable to provide some heating to the air and then introduce to it the
cool fuel stream to obtain the desired mixture temperature at engine intake.

The occurrence of backfiring into the intake manifold of engines needs to be avoided
through measures that reduce to a minimum the volume of the air that can become
mixed with the fuel gas in any proportions outside the engine cylinder and within the
intake manifold. Also, some of the gas injected during the engine valve overlap period
may pass through the cylinder and onto the exhaust manifold to contribute to not only
fuel wastages and increased unburned gas emissions, but also the potential for encoun-
tering uncontrolled explosions. It is also strongly advisable to remove surge tanks that
are usually fitted on the intake side for metering the air consumption or damping some
of the intensity of intake pressure pulsations. This is since, in the likelihood of any
backflow of some of the inducted fuel gas, an explosive mixture may be formed, which
in the event of a backfire can get ignited and develop into an explosion.

In some engine applications, especially those of very large size, it may be neces-
sary to guard against the possibility of an explosion in the engine sump involving
lubricating oil and fuel vapors. An inert atmosphere, such as of carbon dioxide or
nitrogen, may need to be retained in the oil sump. In sufficiently large size engines,
measures are taken for the relief of any potential buildup of pressure following igni-
tion within the crankcase, combined with the fitting of suitable flame traps to quench
any burning gases discharging into the engine room and surroundings.
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Typically, for most large stationary dual-fuel engines, and especially for large
applications before the engine is shut down, it is first changed over to diesel opera-
tion so that the stopping procedure commences. Such an approach for safety and
emissions reasons ensures there will be no gas remaining in either the engine or the
exhaust system following shutdown. In some engine applications, in case of an emer-
gency, the unmetered discharge of a diluent gas such as nitrogen or carbon dioxide is
made into the intake system and cylinder, together with cutting off the supply of the
gaseous fuel. It then renders harmless any gaseous fuel that could have been admit-
ted or still remains in the system.

In most recent engine applications where very high fuel gas supply pressures are
involved, the gas pipes are double-walled for added protection. The space between
the supply pipe walls is continuously vented, and fitted gas sensors promptly detect
any gas leakage.
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9 Combustion
of Fuel Gases

9.1 SOME COMBUSTION FUNDAMENTALS

Combustion is an increasingly important topic of much economic and social impor-
tance. It addresses key issues such as the diversification and efficient utilization of
fuel resources, while curbing environmental pollution and enhancing safety. By its
nature, it requires sufficient knowledge of a range of fields within science and engi-
neering. The recent advances in combustion diagnostics and measurement have made
experimentally based combustion research, though very effective, increasingly more
demanding, with often very expensive and specialized methods and expertise needed.

To bring about substantial improvements to the performance of internal combus-
tion engines, there is a need to understand the nature of the combustion processes.
These, by definition, involve chemical reactions that are exothermic and relatively
fast and are influenced by physical processes relating to turbulent flow mixing and
heat transfer. The proper understanding or accounting of such processes needs to
specify what type and sequence of changes take place and consider their consequent
temporal changes in composition and associated properties of the reactive system.
Often, this is no simple task. Figure 9.1 shows a typical schematic representation
of the temperature rise with time during the course of a combustion reaction of an
adiabatic process. Initially, due to the low temperature at the commencement of the
reaction, there is only a little temperature rise for quite some time, which represents
a delay period. Often for convenience, this time is assumed to be represented arbi-
trarily by that taken to produce 5-10% of the total temperature rise or of the energy
released. Following this delay period, the temperature begins to increase more rap-
idly as a result of the exponential dependence of the reaction rate, and hence the
energy release rate on temperature. This initial rapid acceleration of the combustion
reaction rate is associated with the onset of ignition. Toward the end of the combus-
tion process the rise in the rate begins to slow down despite the prevailing high
temperature levels due to the depletion of the reactants and the buildup of prod-
ucts. Under ideal and adiabatic conditions, the temperature will gradually converge
toward a value approaching the ideal calculated value of the adiabatic flame tem-
perature. In practice, due to a variety of factors, such as the inevitable heat loss to
the surroundings from the high-temperature reaction zone, the possible lack of suf-
ficient time, and possible incompleteness in the combustion reactions, the associated
temperature rise can be significantly lower than that for the ideal adiabatic case. For
the same reacting fuel-air mixture, the temperature rise-time development is accel-
erated considerably as higher initial temperatures are employed. The exponential
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FIGURE 9.1 Typical temperature changes of a reacting mixture with time for both adiabatic
and nonadiabatic combustion. The ignition temperature is shown. (From Karim, G.A., Fuels,
Energy, and the Environment, CRC Press, Boca Raton, FL, 2012.)

nature of the dependence on absolute temperature of the reaction rate, and hence
the associated energy release rate, for sufficiently low initial temperature values can
slow down the temperature rise, and may even bring it to a virtual halt, thus quench-
ing the combustion process altogether.

A variety of forms of representations may be employed to describe the rate of
combustion of fuels. These may include the temporal rate of change of the consump-
tion of the fuel, oxidant, or the appearance of the products. It can also be represented
by the rates of change in temperature, the associated energy release, or the pressure
rise. These forms of parametric variables are readily interrelated. Figure 9.2 shows a
schematic representation of the course of the combustion process of a homogeneous
fuel—air mixture displaying the variation of the reaction rate, and hence the energy
release rate, with the extent of completion of the reaction.

This extent can be represented in terms of the fractional temperature rise,
(e.g., ~[T-T,/T,—T,)]) or relative mass of fuel consumed or combustion products

Reaction Rate

0 1.0
Extent of Reaction

FIGURE 9.2 Schematic representation of the variation of reaction rate, and hence the
energy release rate, with the extent of reaction in terms of fractional fuel mass burned.
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formed. It is evident that the maximum rate of energy release or reaction rate is
encountered well below the peak temperature reached in combustion. The property
that has the most influence on the overall performance of a combustion system and
acceptance of a fuel is the associated combustion reaction rate. It controls key per-
formance parameters, such as the flame propagation rate, energy release rate, and
nature of the exhaust products. These in turn influence notable performance charac-
teristics, such as the mixture combustion limits, autoignition, and combustion effi-
ciency, among others.

The combustion of fuel-air mixtures does not proceed via a single-step reac-
tion where the reactants are converted directly to products. Instead, fuel combustion
involves many simultaneous reaction steps where numerous transient species are
generated and consumed in the course of the oxidation reaction. Of these elementary
reaction steps, each has different reacting species and reaction rates. The net effect
of these reactions while converting the reactants to products is to establish the key
parameters of the combustion process, such as the rates of fuel and oxygen consump-
tion, the energy release rate, and the production rates of the different reacting spe-
cies, both transient and stable, that eventually appear in the exhaust gas.

Historically, a simplifying and approximate approach was to consider the reaction
rate on an overall global basis to involve only the fuel and oxygen, while ignoring all
details of the changing reaction activity of the mixture and the numerous transient
and eventual product species. The results of corresponding experimental observa-
tions were then employed to produce an optimized fitted relationship for an apparent
assumed single-step overall reaction for the observed conversion rate of the fuel and
air to products by combustion. The relevant fitted key kinetic data in this simplistic
approach are obtained through a best fit of the observed experimental data available.
An example of a formulation for the oxidation of common fuels such as methane in
air described as global combustion reaction rate is represented as

d[ncpgl/dt = k[nep,® (n0,]° Mpigend® €8T

where [n] is the molar concentrations, often for simplicity referred to, somewhat
erroneously, as those of the initial mixture rather than the transient values, and %, a,
b, c, and E are constants for the specific reaction. However, the actual combustion
reaction activity cannot strictly be represented universally sufficiently reliably by
such a relatively simple formulation, and these constants can vary widely depending
on the conditions under which the experimental data were obtained. For the pres-
ence of some common diluents with methane, such as carbon dioxide in biogases,
the index c of the above equation tends to be generally much smaller than unity.
Thus, the reaction rate under isothermal conditions will be affected relatively little
by the diluent addition. It is the energy released by the reaction and the consequent
temperature rise with time that will be significantly affected by the increased pres-
ence of the diluents in the mixture. These factors are mainly responsible for bringing
about the substantial reduction normally observed in the oxidation rates in combus-
tion processes of fuels containing diluents. Similarly, this is also reflected in the
slow reaction rate activity of lean fuel—air mixtures where the excess air lowers the
resulting temperature and reduces the reactivity of such mixtures.
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The temporal progress of the reaction and the associated kinetic ignition delay
time are primarily dictated by the time required to build a sufficient pool of the
highly reactive transient unstable species known as radicals, e.g., OH, H, O, and
HO,. The carbon in the fuel initially gets oxidized through a number of steps to
carbon monoxide, which does not react significantly with the available oxygen to
produce carbon dioxide, until much of the hydrocarbon molecules are sufficiently
depleted. Accordingly, the typical chain reaction of the oxidation of methane in air
is where the carbon in the fuel, for example, goes sequentially to the ultimate final
product of carbon dioxide via formaldehyde and carbon monoxide. By employing
a fairly comprehensive detailed representative scheme for the possible important
elementary reaction steps in the path of the oxidation of fuels, the course of the
oxidation reactions can be followed computationally right to the ultimate end prod-
uct. The exponential dependence of the reaction rates on absolute temperature rap-
idly accelerates them as the temperature increases. The time needed to complete
the combustion process will be appreciably reduced, and almost exponentially with
high temperatures. The concentrations of the products eventually, when sufficient
time is provided, will be essentially those expected in equilibrium at the high final
temperatures reached.

Extensively detailed and comprehensive information can be obtained about the
chemical processes in the combustion of more common complex fuels than meth-
ane, such as, for example, n-heptane. During the course of the reaction, the concen-
trations of various species change significantly before approaching their expected
eventual values of concentration. The dominant role played by the changing mixture
temperature is evident throughout. It is also evident that by interrupting the full
course of the sequence of combustion reactions suddenly, such as through quench-
ing, some intermediate products may survive to the exhaust stage. This is of much
importance in relation to the reduction of exhaust emission components in inter-
nal combustion engines and securing high combustion efficiency. It reflects on the
important roles played of the resulting temperature, time, and initial composition of
the reactive mixture.

The time needed for self-ignition of a homogeneous fuel-air mixture is usu-
ally logarithmically dependent on temperature. Accordingly, high temperatures are
needed to effect rapid reaction to ignition and completion of fuel conversion within
the available residence time in an engine, which is approximately inversely propor-
tional to engine speed. Moreover, the time needed for ignition under isothermal con-
ditions, when they can be ensured, is essentially linearly related to the equivalence
ratio, as shown in Figure 9.3 for lean methane—air mixtures. This time increases
rapidly as leaner mixtures or increased diluents are involved.

A stoichiometric mixture contains the theoretical amount of air that will permit
combustion of the fuel. However, in practice there is no assurance that simply by pro-
viding the correct fuel-to-air ratio, combustion will be completed or even initiated.
There are many possible contributory factors. These include having too low tem-
perature and pressure, excessive heat loss, insufficient time given for completing the
reaction, insufficient ignition energy provided, presence of diluents, too excessive
turbulence, and the fuel and air not being thoroughly mixed. Remedial action can
address such influences and may contribute toward correcting them accordingly.
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FIGURE 9.3 Calculated variations in the average reaction rate and the corresponding igni-
tion delay with changes in equivalence ratio for lean mixtures of methane air under assumed
isothermal conditions of 2000 K temperature. (From Karim, G.A., International Journal of
Green Energy, 8, 1-10, 2011.)

9.2 COMBUSTION, FLAMES, AND IGNITION PROCESSES

The propagation of the flame within the fuel-air mixture is produced through the
energy and active species released by the chemical reaction transported via heat and
mass transfer to the adjoining fresh mixture yet to burn. Thereby in turn, its tempera-
ture is raised and its reaction activity enhanced to begin releasing its own energy.
This way, the flame propagation characteristics depend on the chemical nature of the
mixture as well as the nature and rate of transport processes of heat and mass from
the reaction zone. Because of the associated vigorous transport processes associated
with turbulence, turbulent flames are much faster and can release a much greater
amount of energy per unit volume and time than its laminar counterpart. Flames
within engines are highly turbulent so as to produce a rapid energy release in a
relatively limited compact space and short time. An important parameter in fuel
combustion is the maximum amount of energy that can be released by the chemi-
cal reaction per unit volume and time. This maximum is normally associated with
stoichiometric mixtures.

Ignition may be defined as the initiation of combustion through accelerating the
exothermic reactive processes beyond the prevailing rate of dissipation of energy
out of the reaction zone to the surroundings. The initiation of ignition requires a
minimum amount of energy that depends on the fuel used and other operating con-
ditions. This energy is supplied from an external source such as a spark or through
mixing with sufficiently hot gases, such as the hot products from a pilot flame.
Stoichiometric mixtures normally require the least minimum amount of energy for
ignition. In practical combustion systems, much higher ignition energies and tem-
peratures than the minimum are supplied to ensure prompt ignition and continued
combustion under sometimes adverse local conditions, such as an engine starting
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under cold temperature. Autoignition or self-ignition takes place as a result of self-
heating from the acceleration of the exothermic chemical reactive processes without
the need for an external energy source of ignition. The autoignition characteristics
of fuel-air mixtures are of paramount importance from the point of performance,
safety, and suitability of a fuel for spark ignition or compression ignition engine
applications. Fuels for spark ignition automobile engines require a high resistance
to autoignition so as to resist the tendency for the undesirable uncontrolled autoigni-
tion of part of the cylinder mixture, described as knock. However, for diesel engine
operation, the fuel requires only low ignition temperatures since combustion needs
to proceed compression ignition. Higher molecular weight hydrocarbons in general
autoignite in engines more readily and earlier than lighter fuels. Increasing the ini-
tial mixture temperature or pressure lowers the autoignition temperature. Fuels in
atmospheres containing higher concentrations of oxygen than in air autoignite more
readily. For hydrocarbon fuels, the larger the number of carbon atoms, the lower the
autoignition temperature. Also, fuels of the isomer variety have higher ignition tem-
peratures than their corresponding straight-chain compounds.

9.3 DIFFUSION VS. PREMIXED COMBUSTION

There are basically two major types of combustion and flames. These are of the
unpremixed fuel and air diffusion type and those of the premixed type. In diffusion
combustion, the fuel and oxidants are initially either separate or not thoroughly pre-
mixed. The oxidation reactions and consequent flame propagation are then governed
largely by the processes of interdiffusion and the resulting extent of mixing between
the fuel and air. Commonly, the relative slowness of these mixing processes controls
the rate of fuel burning and associated energy releases. This is because the physi-
cally controlled processes are approximately related linearly to local temperature,
and they are much slower than those of the chemical reaction processes, which are
essentially logarithmically dependent on temperature. In practice, diffusion flames,
in comparison to the premixed type, have a relatively wide region over which the
local composition changes significantly. Thus, they are more adaptable and toler-
ant of changes in the quality and type of fuel than the premixed type. Examples
of diffusion type combustion can be seen in the combustion of fuel jets and drop-
lets. Figure 9.4 schematically shows a jet of fuel entraining air and burning after
discharging from the orifice of a burner. The concentration of the fuel as it travels
to regions away from the orifice gradually decreases and becomes diluted through
mixing with air entrained from the surroundings. After a certain distance from the
point of discharge, a stoichiometric mixture envelope becomes located. Before this
location, fuel-rich mixtures are located, while beyond it, increasingly lean mixture
envelopes are developed. Hence, when the fuel jet is ignited, a diffusion flame will
be formed and gets anchored while burning more readily around the most reactive
fuel—air mixture region, which is available around the stoichiometric mixture enve-
lope. The resulting local temperature varies both radially and axially with its peak
values located around the stoichiometric mixture envelope. Also, at any horizontal
plane of the jet there are corresponding radial variations in the concentrations of the
fuel, oxygen, and products of combustion. Basically, a similar set of processes takes
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FIGURE 9.4 Fuel jet diffusion flame. (From Karim, G.A., Fuels, Energy, and the
Environment, CRC Press, Boca Raton, FL, 2012.)
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FIGURE 9.5 Schematic of diffusion combustion around a burning liquid fuel droplet show-
ing the typical variations in temperature and the concentrations of fuel vapor and oxygen
under quiescent flow conditions. (From Karim, G.A., Fuels, Energy, and the Environment,

CRC Press, Boca Raton, FL, 2012.)

place around the burning of an evaporating liquid fuel droplet, as shown schemati-
cally in Figure 9.5. The liquid fuel, as it evaporates, diffuses outwardly to meet the
surrounding air, forming a wide range of fuel vapor—air mixtures. On ignition, the
resulting flame will be located around the stoichiometric mixture shell, with the fuel

vapor on the inside and the air and combustion products outside.
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FIGURE 9.6 Representation of the main stages in the combustion of fuel gas in air.

In premixed combustion, where the fuel and oxidant have been mixed together
before combustion, such as in the case of the common spark ignition gas engine, the
associated chemical reaction rates are quite significant and controlling since the fuel
and air are already mixed. Hence, the type of fuel and its relative concentrations in the
air are exceedingly important, although the local flame speed is still strongly influ-
enced by the local heat and mass transfer from the flame front region to the adjoining
fresh reactant mixtures. For regions that are only partially premixed, additional fuel or
oxidant may be required to initiate and undergo combustion. These examples demon-
strate the complex interplay between the multitude of physical and chemical processes
that bring about the combustion of the fuel, and reflect on the complexity of the com-
bustion process in engines in general and the dual-fuel engine in particular.

In general, the chemical processes are significantly controlling in situations where
they are comparatively slow compared to the physical mixing processes, such as at
low temperatures. At sufficiently high temperatures, the oxidation reactions that are
exponentially dependent on temperature tend to proceed quickly in comparison to
the other physical processes. Occasionally, for the sake of simplicity, its influence on
the rate of combustion may then be deemphasized or even ignored.

The length of a diffusion flame needs to be controlled to ensure that no excessive
surface impingement and heat transfer will result in the buildup of unacceptably
high temperature surfaces. Figure 9.6 shows a schematic representation of the typi-
cal stages in the combustion of fuel and air, showing their initial mixing followed by
preignition reactions, which lead to ignition and flame propagation. Some post-flame
reactions may continue while the products of combustion are of sufficiently high
temperature.

9.4 DIESEL ENGINE COMBUSTION

The pilot jet flame of burning diesel fuel supplies energy and active oxidation prod-
ucts to the flowing mixtures of the fuel-air mixtures. The spread of the flame into
adjoining mixtures produces sufficient thickening of the local jet flame to allow a
flame to propagate, setting the whole flowing surroundings alight. When pilot flames
are used, though they may be small in size, they are sufficient to provide the energy
needed for combusting the surroundings. In dual-fuel engines, the contribution of
the pilot to the combustion processes of the gaseous fuel will depend on many fac-
tors, which include its size, type, and quality of its fuel, such as in terms of its cetane
number, injection timing, and spray characteristics.

The early stages of combustion process in the dual-fuel engine proceed in a hetero-
geneous manner despite the premixed nature of the bulk of the charge. Initially, much
of the combustion takes place preferentially within the central regions of the cylinder,
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away from the walls. In the vicinity of the fuel jet boundaries, suitable conditions
prevail in terms of the local fuel-to-air ratio and temperature combustion proceeds to
completion usually in a relatively short time, aided by the turbulent movement of the
premixed fuel and air. In regions of locally rich fuel-air mixtures, the oxygen gets
rapidly consumed initially. It can then be followed by high-temperature endothermic
reforming reactions that would produce a lowering of temperature while consuming
the unconverted fuel and producing partial oxidation products. The heterogeneous
nature of the mixture region in the neighborhood of the pilot flame is reminiscent
of the stratified rich-lean mixture combustion approach that has been employed in
some combustion devices to reduce the localized production of oxides of nitrogen.
This effect contributes to the lowering of the overall production of oxides of nitrogen
in comparison to straight diesel engine combustion. In general, since stoichiometric
combustion is present in extended regions of the pilot with the premixed charge, there
is a need to optimize the mixing and combustion processes so as to achieve superior
performance and a lowering in NOx and particulate emissions levels.

To help in producing the right conditions for mixing and propagating the combus-
tion process, entry conditions into the cylinder are made to produce an induction
swirl, especially in the open chamber type diesel engines. This is accomplished, for
example, through proper design of the air intake passages or occasionally by shroud-
ing the intake valve. The extent of such measures is limited by reducing the amount
of restriction suffered by the airflow and the resulting intake pressure drop. There
is also a secondary contribution to the mixture motion within the cylinder due to
squish-radial airflow toward the end of compression, especially aided by the proper
shaping of the piston bowl.

The development of fuel spray following commencement of injection would be
controlled primarily by physical factors, such as the breakup of the liquid fuel jet
into small fragments and droplets with parcels of vapor, which is usually described
as atomization, followed by its penetration, air entrainment, and vaporization. The
growth of the spray is dependent on the fuel-air interaction through momentum
exchange, with the mixing processes enhanced by the high-pressure fuel injection
and increased turbulence of the swirling flow through the proper design of the geom-
etry of the intake port and combustion chamber. The overall magnitude of the swirl
velocities is some 10—15 times the engine speed.

The combustion process in engines of the regular diesel type may be viewed as
proceeding regionally through the following main stages: ignition delay, followed by
rapid combustion arising mainly from regions where there has been some mixing of
the fuel vapor and air, often described as premixed type combustion. This is then
followed by a more gradual combustion of the diffusion type and followed later by
after-burning. Soot formation during the early part of the combustion process in die-
sel engines is a common occurrence, resulting from the heterogeneous nature of the
high hydrocarbon fuel and the high localized combustion temperatures. However,
most of the carbon produced is consumed during the later stages of combustion.
Only when relatively large amounts of liquid fuel are injected, such as near full load,
may some of this carbon survive in significant proportion to the exhaust stage.
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The performance of diesel engines of recent design is closely controlled by numer-
ous key design and operational variables. Some of these are as follows:

» Fuel type and its physical and chemical properties, fuel injection character-
istics, and timing

* Various features of engine design, such as the compression ratio, turbo-
charging, exhaust gas recirculation (EGR), cogeneration, any throttling
employed, valve timings, engine size, number of cylinders, speed, load
ranges, and combustion chamber fluid flow and turbulence characteristics

* Specific operating conditions, such as overall equivalence ratio, percentage
of total load, speed, and water jacket temperature

Much research and development have been successfully directed at reducing die-
sel engine emissions. These measures include improvements to combustion, the qual-
ity of the fuels used, and the injection characteristics. As an example, they include
variable high fuel injection pressure and timing. Measures such as these allowed the
diesel engine to make significant inroads in the relatively light duty and transport
applications, including the automotive field.

In the direct injection diesel engine of the open chamber type, the combus-
tion process involves mostly the interaction of the liquid fuel jet with the bulk air
motion within the cylinder. This motion is normally brought by suitably sited and
shaped inlet ports directing the incoming air in a swirling and circulating motion.
This is subsequently modified through the motion of the piston, changes in the
geometry of the cylinder, and heat transfer effects. Throughout compression and
combustion there are no significant differences in pressure between the different
regions of the chamber.

In the indirect injection or divided chamber engines, the fuel is injected in a sepa-
rate chamber open and attached to the main cylinder. Some of the liquid jet breakup,
atomization, and vaporization take place in the prechamber. A highly heterogeneous
fuel vapor-air jet is then ejected into the main chamber. Air is forced into the con-
stant volume prechamber, while the main chamber is decreasing markedly in volume
during compression. Engine designs aim to have a smooth communicating passage
of the right shape, orientation, and size so as to reduce potential work losses due to
increased frictional and aerodynamic losses. After ignition, the rich mixture, prod-
ucts of combustion, partial oxidation products, and unconverted fuel within the pre-
chamber are forced as a burning jet into the much leaner surroundings and air of
the main chamber, permitting burning to proceed and continue more vigorously.
Since mixing in comparison to the direct injection engines is less dependent on the
momentum of the fuel jet, lower injection pressures may be used. Moreover, lower
maximum pressures, rates of pressure rise, and noise are associated with the indirect
injection engines, but they tend to have slightly lower efficiencies, higher thermal
stresses, later burning, and are harder to start. These are mainly a consequence of the
high heat transfer and work dissipation, with the flow of gases through the restriction
between the prechamber and main chamber. Largely due to the mode of combustion
where essentially rich mixture combustion is followed by lean combustion, emis-
sions may be lower.
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9.5 HEAT RELEASE ANALYSIS

The complex combustion processes of a typical diesel engine have been analyzed
through a variety of approaches that vary widely in their complexity and usefulness.
A widely used approximate approach is obtained from a simplified processing of
the cylinder pressure ~ time record to produce an effective equivalent combustion
energy release variation with time. The analysis infers that a gross characterization
of the thermal consequences of the combustion process is possible by considering
the observed pressure change to have been the outcome of the energy released via
combustion and that of the heat transfer to the surroundings. This approach assumes
that the equivalent combustion energy is released throughout the charge and may be
considered to be akin to an equivalent transient heat supplied to the contents of the
cylinder while accounting for the corresponding changes in their properties. Such
an analysis is clearly simplistic, but represents a useful approach that interprets the
overall features of the combustion process in compression ignition engines. In its
simplest form, the equivalent rate of heat release is given in terms of the observed
change in pressure and volume and the corresponding changes in properties of the
system. However, further improvements to this simple analysis, such as when applied
to consider the combustion process in a dual-fuel engine, may need some of the
assumptions appropriately modified to consider a two-zone system separately rep-
resenting those of the pilot combustion zone and those of the bulk gaseous fuel-air
system, with a consideration of the interaction between them. Figure 9.7 shows an
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FIGURE 9.7 A typical energy release diagram for a propane-fueled engine operating on
a constant value pilot of 20% of the corresponding full-load diesel operation as the total
equivalence ratio increased from 0.307 to 0.436. (From Karim, G.A., and Rogers, A., Journal
of the Institute of Fuel, 40, 513-522, 1967.)



108 Dual-Fuel Diesel Engines

example of the temporal development of the energy release rate for a propane-fueled
dual-fuel engine. A relatively large pilot is employed with two values of the total
equivalence ratio. An increase in the premixed portion of the heat release is evident.

The most significant sources of errors in the calculated rate of heat release in die-
sel engines are due to cylinder pressure measurements and associated errors caused
by factors such as incorrect phasing between the pressure and crank angle signals,
absolute pressure referencing offset, and electronic noise. Additionally, there are the
fundamental errors associated with the heat release model due to deficiencies such
as not accounting for the spatial variations in the gas properties and charge to wall
heat transfer. These are especially important in considering the combustion process
in dual-fuel engines. Nevertheless, some useful insight into the combustion process
can be derived when using such a simplified approach.

A typical temporal variation in the values of the combustion heat release of a
diesel engine is shown in Figure 9.8. It may be considered to be made up of the
rapid energy releases due to ignition of the partially premixed fuel vapor followed by
subsequent incremental diffusional burning, as further fuel segments are injected,
ignited rapidly, and oxidized. But these injected fuel segments take increasingly
longer time to be consumed due to the gradual depletion of oxygen, prevaporized
and mixed fuel portions, and increased combustion products. Accordingly, the rate
of heat release variation in diesel engines has been viewed to be reflecting grossly
two different modes of fuel combustion (Figure 9.9). The first is of a predominantly
autoignition premixed nature, while the second is the cumulative energy release due
to progressive diffusional burning. The so-called premixed energy release part will
vary in intensity and relative size, depending on the injection and length of the delay,
while the diffusional part will be changing with the amount and rate of fuel injection
and the associated mixing and combustion processes.
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FIGURE 9.8 Schematic representation of the components of combustion heat release in a
diesel engine. (From Gee, D., and Karim, G.A., The Engineer, 222, 473-479, 1966.)
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FIGURE 9.9 A representation of the premixed and diffusion type combustion as visualized
through the heat release diagram of a diesel engine.

9.6 FLAMMABILITY AND COMBUSTION LIMITS
OF GAS FUEL-AIR MIXTURES

The terms lean, weak, or lower flammapbility limit indicates the minimum concentra-
tion, usually by volume, of the fuel vapor needed in air that will support continued
flame propagation from an adequate ignition source. This flame propagation is not
considered to be within quiescent homogeneous fuel-air mixtures under a speci-
fied set of operating conditions. The corresponding maximum fuel concentration is
referred to as the rich, upper, or higher flammability limit. Accordingly, the value of
the flammability limit of a fuel is strictly restricted to apply only to a specific set of
operating conditions that are far removed from what is available in engines during
ignition. Similarly, the term flame spread limit relates to limit mixture condition for
a flame to begin spreading under different prevailing conditions from an ignition
source through the mixture. An increase in temperature widens the limits almost
linearly, permitting leaner and richer mixtures to support flame propagation. Also,
an increase in pressure widens the limits, while the presence of diluents with a fuel
narrows the limits. Figure 9.10 shows a schematic representation of the typical lean
and rich limits of flame propagation within a homogeneous mixture of fuel and air.
The narrower mixture zone associated with autoignition is also shown.

Mixtures of fuel gases and air at the corresponding composition of the lean flam-
mability limits and various initial mixture temperatures tend to be associated with
an approximately constant value of flame temperature. The presence of a diluent
with the fuel in lean limit mixtures can be viewed as a replacement of some of
the excess air to bring the resulting mixture closer to the stoichiometric value. The
maximum amount of diluent that can be tolerated and support flame propagation
will be approximately that which will be at a stoichiometric fuel-air ratio within
the total mixture. Accordingly, the flammable mixture region will narrow gradually
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FIGURE 9.10 A representation of the range of flammable regions in a fuel-air mixture.
(From Karim, G.A., Fuels, Energy, and the Environment, CRC Press, Boca Raton, FL,, 2012.)

with the addition of increasing amounts of the diluent to the fuel. Preheating of mix-
tures would permit combustion with higher concentrations of diluents in the fuel.
Moreover, sufficiently less lean mixtures may fail to propagate a flame when exces-
sive heat loss is present as takes place in flame quenching.

The laminar burning velocity of a fuel in air is lowered as the concentration of a
diluent added to the fuel is increased. This is mainly a consequence of the combined
effects of the reduction in flame temperature, reaction rates, diffusivity, and trans-
port properties of the mixture. For sufficiently fast turbulent combustible streams,
flame propagation rates can be reduced since the rate of dissipation of the energy
release by the flame can be much too fast to permit adequate time for the release of
sufficient chemical energy so as to propagate the reaction further. Throughout, the
stoichiometric mixture remains the most capable of supporting flame propagation.
Moreover, the extent of random variation in the length of the flame initiation phase,
as well as the subsequent flame propagation within the combustible flowing streams,
increases in intensity with leaner mixture.

The employment of catalysts is a major common approach to enhancing the reac-
tion rates in combustion processes. However, their use with methane as the fuel, in
comparison to other common fuels, tends to be relatively limited. The combustion
period, which is the time taken to complete the combustion process in an engine
and can be considered a function of the inverse of the mean flame speed, increases
as the concentration of the fuel is reduced or that of the diluent is increased. This
is also reflected by a continued increase in exhaust temperature. Carbon dioxide
would bring an earlier flame propagation failure than similar concentrations of
nitrogen under the same operating conditions. There is some limited information
about the effective lower operational mixture limits in engines, particularly for fuel-
gas mixtures under various operating conditions. However, there are approximate
approaches that can offer some guidance to these limits as a function of a number of
key operational variables.
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9.7 METHANE OXIDATION WITHIN FUEL MIXTURES

The course of the combustion of fuel-air mixtures such as those of methane—air
involves the production and consumption of numerous transient species generated
during the oxidization reaction, together with the interaction of numerous reaction
steps, each with its own rate and reactive species. The net effect is to establish fea-
tures of the combustion process, including the production and consumption rates of
the different reacting species, both stable and unstable.

The time needed to autoignition of fuel—air mixtures is reduced logarithmically
with mixture temperature. High temperatures are needed to effect rapid reactions
to ignition and subsequent completion of the fuel conversion to products. This is
particularly needed when substantial concentrations of diluents or combustion prod-
ucts are present. Examination of details of the set of reactions that go on during the
oxidization of methane indicates that the presence of diluents with methane does not
markedly affect the initiation reactions of its oxidation. Their presence will lead to a
slowing down of the overall conversion of the fuel and the associated energy release
rates to an extent that will depend on variables, such as the diluent involved, its con-
centrations, the temperature, and to a lesser extent, pressure. The interrupting of the
full course of the combustion reactions can produce higher concentrations of carbon
monoxide and lower concentrations of carbon dioxide, where the peak concentra-
tions of carbon monoxide are not necessarily associated with fuel mixtures that con-
tain very high concentrations of carbon dioxide with the methane. This reflects the
important role of the resulting temperature level of the reactive mixture.

The rates of oxidation reactions of methane, as well as the control of eventual
combustion products, may be enhanced through the homogeneous mixing with the
reactants’ small proportions of combustion products. Such mixing not only leads to a
slight preheating of the reactive mixture, hence somewhat speeding up the reactions,
but also provides small amounts of active species and radicals, leading to enhance-
ment of the rates of the early stages of the reactions.

The presence of a small amount of higher hydrocarbon vapor, such as those
vapors produced from the diesel fuel pilot with methane, reduces the ignition delay
significantly, even without necessarily making a substantial change in temperature,
the energy released, or the composition of the products. As shown, for example, in
Figure 9.11, the presence with methane of small concentrations of n-heptane vapor,
e.g., to an extent of a fraction of 1%, can bring about a substantial acceleration of the
oxidation reaction of methane in air. Moreover, as shown, for example, in Figure 9.12,
the nonmethane higher hydrocarbon fuel components in a typical natural gas react
with the air far more rapidly and well ahead of the methane to release energy and
radicals earlier in the course of the reaction. These lead to speeding up the overall
reaction and reducing the ignition delay. These trends indicate a potential approach
for improving the reactivity of fuel mixtures of methane even in the presence of
diluents. It can be noted that the reaction initiation time represents the bulk of the
whole reaction time since much of the early part of the ignition delay time is associ-
ated with relatively low temperature levels. The dominant role played by a change in
mixture temperature is evident throughout.
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FIGURE 9.11
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ture of 760 K, at a constant pressure of 62.6 bar. (From Khalil, E., Modeling the Chemical
Kinetics of Combustion of Higher Hydrocarbon Fuels in Air, PhD dissertation, University of

Calgary, Canada, 1998.)
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In general, the presence of some hydrogen or higher hydrocarbons with meth-
ane can increase the reaction rate and tolerance to the presence of diluents in the
fuel. Moreover, with the presence of relatively small concentrations of diluents with
the methane, little or sometimes even no changes are usually needed to equipment
design and operation. However, with high concentrations, various changes to the
engine and associated equipment may become necessary. These can include a need
for dedicated injectors and the provision of an auxiliary supply of good quality fuel,
either for starting and low-load applications or for supplementing the fuel mixture
through direct mixing. Larger pilots for ignition will be also needed. On this basis,
it is a common practice to have operation on the low heating value fuel-gas mix-
tures reserved primarily for relatively high and steady load operation. Additional
measures may, when proven economical, include preheating the intake gas charge
through mainly heat circulation from the exhaust gases.
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O The Conversion
of Diesel Engines
to Dual-Fuel Operation

10.1 ECONOMICS OF CONVERSION

An estimate of the costs of converting a diesel engine to dual-fuel operation can only
be made on a somewhat tentative basis. There are a wide variety of diesel engines of
different makes, sizes, and ages on the market and in operation. These have numer-
ous design and operational features that make universal generic retrofit equipment
hard to devise when premium performance with cost savings is targeted. The costs
are also a function of the number of engines to be converted and the type, availability,
and cost of the fuels that are to be used with them. The potential benefits that arise
from the employment of gaseous fuels that can permit, in principle, some design
change reductions in the specific energy consumption can help to contribute toward
a reduction in overall costs. For example, the liquid fuel tank and other support
equipment and facilities may be reduced significantly from those of regular engines,
which operate exclusively on liquid fuels. However, for example, the variable cost
differential between the two types of engines in transport applications would have
to include the costs of additional items, such as those of the fuel containers, mainte-
nance, and insurance, and the associated cost of fuel gas compression. Against these
costs is the value of the benefits of having positive features that are associated with
the operation of properly converted engines, such as those of the invariably cheaper
gaseous fuel and the improved environmental features. The economy of operating
engines, whether on natural gas or other gaseous fuels, is greatly influenced by other
factors that may include unit load and plant load, hours operated per year, fuel cost
and its variations, capital and operational costs, and the prevailing and future prices
of liquid fuels and electric power.

Reported experience with a converted diesel engine to dual-fuel operation
engines may not necessarily be representative of the potential performance that can
be obtained with other types. Until relatively recently, modifications to engine design
and operational features, when made so as to use cheaper alternative fuels, were not
optimized commonly or sufficiently. Consequently, the merits of dual-fuel engine
operation could not be demonstrated or assessed properly. This contrasts with the
commonly employed liquid-fired diesel engines that have benefited immensely from
the research and development efforts and the long operational experience accumu-
lated over the years.
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In gaseous fuel engine applications, the use of all forms of energy available needs
to be maximized. This is whether it is in the form of the direct chemical energy of
the fuel or the indirect energy arising from the state of the fuel, such as the compres-
sion work inherent in CNG applications or the low temperatures of LNG or LH,.
Also, in any evaluation of engine applications, the total energy consumption for pro-
ducing the alternative fuel, such as that needed to compress the fuel gas or liquefy
it, needs to be taken into account. Moreover, an important consideration in dual-fuel
engine design and expectations of performance is the type of gaseous fuel used and
the potential variations in its quality. Substantial differences may exist between the
possible gaseous fuels and their mixtures that may become available.

The volumetric efficiency of the engine at wide-open throttle tends to deter-
mine the maximum power that can be developed at any set of operating conditions.
Gaseous fuels such as methane or hydrogen, when introduced by fumigation into the
engine intake manifold, displace some of the air that otherwise would be inducted by
the engine. Also, the enhancement of the volumetric efficiency due to the vaporiza-
tion cooling of the intake charge in liquid fuel applications is missing when gaseous
fuels are employed, requiring remedial measures. Similarly, in the case of the con-
version of two-stroke engines to dual-fuel operation, timed injection of the gas into
the intake manifold or its injection directly into the cylinder needs to be made, rather
than fumigating the fuel gas into the intake air system. Also, with turbocharged
engines, an effective after-cooler may need to be used, with the compression ratio
having to be reduced a little also.

10.2 THE REQUIREMENTS FOR CONVERSION
TO DUAL-FUEL OPERATION

In most dual-fuel engine applications, proper diesel engine performance needs to
remain available so that the engine can be switched from dual-fuel operation back to
diesel promptly and smoothly when required. Of paramount importance throughout
is to keep the cost of conversion down, such as by avoiding as much as possible the
making of relatively major modifications to the engine or its instillation, while maxi-
mizing the benefits arising from operating in the dual-fuel engine mode. This often
represents a challenge, especially in transport applications, where there is a need to
achieve superior economics combined with improved performance and lower emis-
sions. The levels of durability and reliability of the converted engines need to be at
least comparable to and may be superior to those of the corresponding diesel type.
The diesel engine idle and overspeed governing equipment are normally maintained
to ensure engine safe operation throughout in either mode. Many influencing factors
need to be addressed effectively for the conversion of any diesel engine to dual-fuel
operation, such as the following:

e The driving characteristics required, such as those of torque ~ speed, accel-
eration, frequent stopping and starting, and smooth operation with accept-
able levels of the exhaust gas temperatures
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» The quality and storage capacity of fuels required, the number and weight of
containers, fuel and capital equipment costs, and fuel supply outlet availability

* Requirements for the associated controls of exhaust gas emissions, enhanced
safety, reductions in noise, vibration, and wear with water requirements,
consumption, and capacity

* Availability and costs of a suitable engine, the extent of its usage and avail-
ability of service and fueling centers, and lubrication requirements

Sufficiently wide availability of the fuel gas supplies is an important consideration.
In countries where the natural gas supply infrastructure is well established, the fuel gas
is delivered via the pipe supply system to the point of consumption, and with the fuel
quality controlled and consistent. However, for standby power generation applications,
the liquid fuel needs to be supplied and stored in sufficiently large tanks, which may
be inconvenient and contributes to increased costs. Also, the liquid fuel supply may
not get used for long periods of time, which can lead to fuel quality degradation. Other
deteriorating effects may develop, such as valve seat recession requiring remedial mea-
sures to be taken, such as providing seat inserts and hardened cast iron cylinder heads.
Also, the use of appropriate lubricating oils of high pH value may be needed.

The rate of pressure rise in the engine cylinder is a function of numerous factors.
These include the type of gas used, equivalence ratio, size of pilot, injection timing,
and turbulent state of the charge. Since most converted engines are required to con-
tinue to satisfy all the requirements as a diesel, these factors may not get optimized
sufficiently for dual-fuel operation. For example, in transport applications it would be
expected that the injection characteristics of the pilot needed when operating as a dual
fuel may not necessarily be the same as those optimized for operation as a diesel. This
would also be dependent on the nature and intensity of the turbulent flow of the charge
for the two types of operation. The engine controls need to be capable of operating sat-
isfactorily on a wide range of pilot-to-gas ratios. These are increasingly being achieved
through computer controls to increasingly ensure satisfactory operation throughout.

Modern conversion kits are increasingly using electronic processors to sense and
regulate the gas and diesel fuel flows. They can be programmed to promptly vary the
ratio of the gaseous to liquid fuel flows, depending on operating conditions and fuel
requirements. A typical example of a conversion kit may include an electronic pro-
grammable processor that continuously computes the rate of diesel fuel the engine
would have used if it had been running on diesel only. The processor may then divert
a certain portion of the liquid fuel and replace it with an equivalent amount of the
gaseous fuel. Accordingly, to convert diesel engines to dual-fuel operation requires
very careful consideration of numerous economic, technical, environmental, social,
and operational key influencing factors. Some of these considerations, which may
include the following, can be sufficiently overriding that the lowest cost solution
occasionally may not be chosen.

» Total costs of equipment and associated installation, their expected dura-
bility and working life, maintenance frequency and its costs, fuel costs,
availability, quality required and its potential flexibility current supply
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prices and future trends, recycling and secondhand value of kit equipment,
desirable uniformity with other installations, and availability and relative
cost of alternative competing sources

» Retrofitting possibilities and costs, associated design costs, ease of replace-
ment of parts and equipment, avoiding increased complexity while main-
taining the flexibility of equipment and operation, whether there is a need
and the cost of special materials and lubricants, ensuring ease of control,
and whether remote control of installations is feasible

» Standby, startability, and ease of shutdown, safety of operation, insurance
costs, taxes, subsidies and incentives, manpower requirements and their
quality, possibility of the sale of by-product heat and exhaust gas

* Environmental impact, current legislation nationally and internationally
and possible future changes in regulations, noise and vibrations, corrosion
and wear problems, choice of innovative vs. well-tried design and social
acceptance

* The need and type of auxiliary power generation or supply, availability of
water of the right quality and quantity

Some of the retrofit approaches offered in the past did not necessarily take full
advantage of the potential benefits of dual-fuel operation in relation to normal diesel
or sometimes even comparable spark ignition operation. The convenience, cost reduc-
tions, and other benefits offered, such as those of the significant reductions in NOx
and particulate emissions, while using plentiful and cheaper fuel gas resources, were
considered to be sufficiently worthwhile to forgo proper optimization of the converted
engine. In general, the conversion to dual-fuel operation may often be viewed to be
sufficiently attractive beyond merely the potential savings and economy in fuel costs.

There is a continuing need for advances in developing dual-fuel engine applications,
such as in relation to fuel metering and injection systems, engine controls and exhaust
gas reductions and after-treatment, on-board fueling systems, fuel storage vessels and
delivery technologies, and other fuel gas compression and refueling systems.

10.3 SOME FEATURES OF CONVERSION
TO DUAL-FUEL OPERATION

Because of the wide diversity of common diesel engine types and sizes, and to cut
development times and costs, it has been desirable that the engine type chosen to be
converted is representative of engines most commonly found in the transportation
and power sectors. The cost of conversion needs to be kept low, and it is necessary to
cut operational costs throughout. The conversion should avoid requiring significant
modifications to the engine, and its operational life should not be undermined, and
whenever possible, it should be extended beyond that associated with the conven-
tional diesel engine. Any modifications to the engine need to be as simple and as few
as possible since often there is insufficient space for installing voluminous devices.
Efforts should also be made to have the overall specific energy/fuel consumption
kept lower, and at least not in excess of that associated with normal diesel operation.
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Also, the extent and mode of exhaust gas emissions should not be inferior and kept
even somewhat superior to those encountered with normal diesel operation.

The gaseous fuel intake delivery system in the premixed dual-fuel engine type
should not produce unacceptably high pressure drop or excessive cooling in the
intake manifold. The volumetric efficiency of the engine should not be undermined
by the conversion of the engine to gaseous fuel operation. Turbocharged operation
retained with dual-fuel engine operation is to provide adequate and effective power
supplement over the whole operational range while ensuring effective safety controls.
Throughout, it is desirable to have the conversion capable of controlled variations in
the relative size of the pilot, its injection timing, and its injection characteristics to
ensure optimum performance, while tolerating some variation in the composition of
the gaseous fuel supplied.

It was often expedient to have much of the conversions of diesel engines undertaken
using multipoint natural gas injection at each intake port, while using the existing
diesel engine system to inject a small quantity of diesel fuel to function as the ignition
source. At idling and low loads, the engine runs on diesel fuel only. At high loads, the
quantity of diesel fuel injected is increasingly reduced and replaced by natural gas
under control of the engine computer. The natural gas injection system was installed in
the intake manifold, and the electronic controls added to the fuel pump. Usually a min-
imum modification to the original form of the diesel engine was aimed at. This way it
was possible that simultaneous improvements to both power and emissions could be
attained. There is a continuing need for a more effective, less costly, and trouble-free
conversion of the recently much improved diesel engines. It pays to remember that the
conventional internal combustion engine in general and diesel engines in particular
have taken many decades of research, development, and experience to reach the pres-
ent state of reliability and superior quality of performance.

10.4 ENGINES DEDICATED WHOLLY TO DUAL-FUEL OPERATION

In dual-fuel engine applications, it is generally assumed that the capacity of the
engine to operate in its diesel mode must not only be retained but also must not be
undermined in any way by conversion. This would include its prompt availability
as a diesel power plant whenever needed during dual-fuel applications. It is also
desirable to ensure optimum dual-fuel engine performance, which would include the
capacity to operate on gaseous fuels at as large a percentage of the fueling as pos-
sible, and use as little pilot diesel fuel as possible. The engine also needs to retain the
ability to switch between dual-fuel and diesel operations freely without interruption
to either the output or its quality. The requirement to maintain the capacity to per-
form as a diesel engine that abides by the numerous accepted limiting requirements
can represent a serious barrier to achieving the full potential of dual-fuel operation.
Should an engine be suitably designed and operated optimally as a dual-fuel engine
right from the start, then the requirement of its capacity to change to diesel operation
may need to be relaxed and confined to only very short durations or merely as an
emergency measure. On this basis, a properly optimized engine for dual-fuel opera-
tion can yield superior performance characteristics in many respects compared to
its diesel version. Of course, all aspects of dual-fuel operation must be rendered
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absolutely safe throughout and retain the capacity for effective and prompt engine
control in an emergency.

It is becoming increasingly evident that in order to make best use of the gaseous
fuel resource, engines that are fully dedicated to gas operation need to be devel-
oped and optimized in design and operation primarily for dual-fuel application. This
needs to be made even if the facility to convert engine operation promptly to diesel
operation is sacrificed or its corresponding diesel engine performance not ensured
fully under all operating conditions. To achieve this would require further improve-
ments in the understanding and management of the combustion processes under
dual-fuel operation by engine designers, manufacturers, and operators. An engine
suitably designed and exclusively operated as a dual fuel should be associated with
the following positive features:

¢ A freedom from the constraints associated with diesel operation would per-
mit various degrees of effective optimization. As an example, if a vehicle
is dedicated to methane operation, then there will be some cost cutting and
savings arising from the simpler controls and the removal of a large liquid
fuel tank, simplifying the fuel injection system and part of the emission
control facilities. The performance may be especially suitably dedicated to
limited operating conditions, such as those in electric power generation or
hybrid operation.

* Once the dual-fuel engine is free from having to retain the capacity to oper-
ate satisfactorily as a diesel, then the full potential advantage of the high
resistance to knock of methane can be exploited. In any case, it should be
possible to have with the dedicated engine to dual-fuel operation a much sim-
pler engine design and controls leading to lower capital and operational costs.

Itis suggested that with the high-compression ratio reciprocating internal combus-
tion engines of current design, when fueled with natural gas and properly operated
as a dedicated dual-fuel engine, few if any contemporary power sources, including
those of the diesel engine type, can successfully compete with them on the basis of
economic returns per capital invested. The economics of the combination of a cheap
fuel gas and an efficient diesel engine should often prove to be a very attractive
investment opportunity while offering environmental and resource clear advantages.
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’I'I The Diesel Fuel Pilot

11.1  THE FUNCTION OF THE PILOT

Mainly for economic and environmental reasons, the size of the diesel fuel pilot
needs to be minimized relative to that of the cheaper fuel gas. This is to be done
while maintaining optimum combustion and engine performance characteristics.
When the regular diesel engine injection system is retained and employed for pilot
delivery in dual-fuel operation, the desirable size of the pilot may be too small and
outside the normal operating ranges of the injector and fuel pump systems. The pilot
quantity often may be much below the amount of fuel needed to keep the diesel
engine idling at the same speed, which leads to off-design operation and poor injec-
tion system performance. The employment of such small quantities can contribute
to increased cyclic variations accentuated by variations in the mass of fuel injected
per cycle, with the need to improve heat transfer, avoid overheating of the injector
tip, and guard against occasional backfire. Reducing the relative size of the pilot will
also be associated with conditions where the injection of the fuel may be completed
well within the ignition delay period. With further increases in the pilot fuel size,
longer injection times will be involved, which then tend to produce only secondary
performance effects. With the employment of relatively large pilots (e.g., greater
than 30% of normal diesel operation), as shown, for example, in Figure 11.1 for a
dual-fueled engine operating on propane, engine performance with respect to power
and specific energy consumption can become superior even to those corresponding
values of normal high load diesel performance.

Figure 11.2 also shows a dual-fuel engine operating on a gaseous fuel mixture of
methane and nitrogen. Increasing the size of the pilot reduces the length of the delay
period over the fuel mixture range. Improvements in the fuel ignition characteristics,
such as through employing a higher-cetane-number liquid fuel, can permit economy
in the size of the pilot employed for the same engine performance. For dedicated
dual-fuel engine applications, in order to obtain the desired performance, a special
pilot fuel injection system needs to be specially developed and installed, in addition
to the injection system of the engine for conventional diesel operation. This would
ensure proper fuel injection characteristics while minimizing the amount of pilot
fuel relative to the fuel gas component. The capacity to operate as a diesel engine
is retained with adequate cooling of injectors and reductions in exhaust emissions.
Figure 11.3 shows a dual-fuel application with the main fuel nozzle of engine as a
diesel is retained, while a second injector exclusively provides the pilot. Two suitably
independent fuel pumps are provided.

The proper functioning of the pilot is a key requirement for achieving the potential
attractive characteristics of the dual-fuel engine. The effects of changes in a number
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FIGURE 11.1 An example of the variation with pilot size in the brake specific fuel con-
sumption (BSFC) with brake mean effective pressure (BMEP) of a dual-fuel engine operating
at constant speed on propane at atmospheric conditions. (From Karim, G.A., and Rogers, A.,
Journal of the Institute of Fuel, 40, 513-522, 1967.)
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FIGURE 11.3 An example of a dual-fuel engine having a dedicated pilot fuel injector in
addition to the central main regular diesel injector, with two separate fuel pumps. (From
Schiffgens, H.J., Brandt, D., Rieck, K., and Heider, G., Low-NOx Gas Engines from MAN
B&W, in CIMAC Congress, Copenhagen, Denmark, 1998, pp. 1399-1414.)

of influencing factors must be considered and attended to effectively. These will
include the pilot injection characteristics and the liquid fuel physical and chemical
properties, including its cetane number. The design configurations of the pilot injec-
tor are also important, such as the location of the injector into the cylinder head,
number of jets and their orientation angles, orifice size employed, fixed or variable
injection timing, length of injection period, single or multiple injections within the
cycle, cooling and overheating characteristics of the injector, and whether in line,
jerk pump, or common rail injection systems are employed. Of course, these major
variables of the fuel injection process control the mixing processes prior to and sub-
sequent to ignition, the length of the ignition delay, inflammation, energy release
rates, and exhaust emissions. Over the range of pilot quantities that may be used in
diesel engine conversion to dual-fuel engine applications, the rates of preignition
processes appear to increase almost proportionally with the size of the pilot. This is
brought about by the increase in the number of potential ignition centers produced
and the associated improvement in the injection characteristics, such as fuel jet pen-
etration and its atomization and distribution. These lead to improvements in the mix-
ing of the pilot fuel vapor and the cylinder mixture, producing higher pressures and
temperatures. There is also proportionally less pilot fuel vapor dissipation, down
to concentrations much too low for ignition and flame propagation. The associated
bigger energy also releases lead to hotter surfaces that are increasingly produced
through higher charge temperatures and the possibility of some fuel burning off sur-
faces. Hotter residuals are also produced, with a greater production of active species
that are also to be found within the residual gas.

Large pilots will be associated with longer injection periods that would provide
more time for ignition to take place. A slightly earlier pilot injection advance may be
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employed in dual-fuel engines operating on methane, in comparison to those operat-
ing on other gaseous fuels, such as propane and hydrogen. Methane reactions tend to
be somewhat slower and require more time to ignition, while being more resistant to
autoignition and knock. Usually, the size of the pilot that can be effectively employed
at high loads tends to be reduced to avoid the incidence of knock within the high-
compression-ratio cylinder charge. Also, it serves to prevent excessive emissions,
especially those relating to oxides of nitrogen, unburned hydrocarbons, particulates,
and carbon monoxide.

11.2  PILOT SIZE CONSIDERATIONS

Some of the main motivating factors for reducing the size of the pilot relative to that
of the fuel gas in dual-fuel engines applications are

e The reason is almost always primarily economical. The price of the liquid
fuel tends to be greater than that of the fuel gas component, making opera-
tion as a dual fuel more economically attractive than when operating exclu-
sively as a diesel engine with liquid fuels.

* Environmental factors are becoming increasingly important since lower
undesirable exhaust emissions can be obtained with dual-fuel operation, com-
pared to diesel or even operation with a large pilot. There is a very substan-
tial reduction in the emissions of carbon and particulates, with a significant
reduction in the production of oxides of nitrogen. This is mainly since the
bulk of the energy release is produced by the combustion of very lean gaseous
fuel—air mixtures and the associated reduction in the size of the very hot com-
bustion zone, which mainly involves the liquid diesel pilot fuel.

e With most common fuel gases there will be a reduction in the overall car-
bon-to-hydrogen ratio of the fuel system in comparison to diesel operation,
together with a potential for lower specific fuel consumption. These will
lead to relatively less emissions of carbon dioxide, a greenhouse gas. There
is additionally the potential for improved energy efficiency through the
employment of cogeneration, aided by the exhaust gas of dual-fuel engines
tending to be cleaner yet relatively a little hotter.

* Reducing the pilot size can lead to improvements in engine durability,
reduced maintenance costs, and quieter running. There will also be less
heat transfer, lubricant degradation, and surface deposition of the liquid
fuel, leading to its surface ignition and combustion.

At the same time, there are a number of potentially limiting features associated
with the employment of very small pilots in premixed gas-fueled dual-fuel engines
that need remedial action:

* There is the potential for increased concentrations of the unburned fuel gas
methane and carbon monoxide at light load as a result of operation on very
lean gas fuel—air mixtures. However, although methane as a pollutant is less
reactive and does not contribute actively to the production of photochemical
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smog, which is a desirable feature, it is a potent greenhouse gas. Its release
into the atmosphere without sufficient control will be increasingly objec-
tionable as a potential contributor to global warming.

* The low reactivity of the unconverted methane present in the exhaust gas
emissions makes it less amenable to catalytic oxidation than higher hydro-
carbons by conventional catalytic converters. However, its low flame propa-
gation rates, especially with lean mixtures, produce longer combustion
periods, which tend to lead to relatively hotter exhaust gas, which can assist
in speeding up catalytic oxidation reactions in general.

 Itis difficult to maintain good performance at very light load, as it will result
in gas-fumigated or port-injected engines having to operate on very lean mix-
tures. This will lead to lower effective energy efficiencies and power outputs.
The control of the fuel injection and combustion processes becomes more
demanding, and engine performance in the diesel mode may suffer.

e The use of a sufficiently small amount of liquid fuel pilot injection may
require a redesign of the combustion chamber with added costs and
increased complexity of control. Hence, very small pilots tend to be more
manageable in large-bore stationary engines with long periods of steady
running at high loads, which can produce substantial savings in fuel costs.

11.3 REDUCTION OF THE RELATIVE SIZE OF THE PILOT

An important question that needs to be answered is: What is the minimum size of
the pilot needed for the ignition of a lean fuel—air mixture in dual-fuel engines? Also,
why does the energy of the pilot often appear to be orders of magnitude larger than
that needed in the electric spark commonly employed in gas engines? Most probably,
it is due to the ultra-high temperature produced within the spark region, coupled
with the plasma-like electrically generated radical composition, localized quiescent
heat release, and ultra-fast localized energy releases. These are to be compared to
the ignition process in diesel and dual-fuel engines of much slower but quite large
energy releases that take place over a much bigger mass of the mixture. The penetra-
tion of the injected liquid fuel jet helps to promote good fuel-air mixing, while its
overpenetration can lead to surface impingement with adverse engine performance
and increased exhaust emissions. The development of the fuel spray and its breakup
into small fragments following the commencement of injection penetration, entrain-
ments, and vaporization can be controlled through appropriate changes mainly to
physical factors, such as through the fuel-air momentum exchange.

The simplest approach to achieve the desired reduction in the relative size of the
pilot is through using the diesel engine injector and fuel pump assembly, except this
will restrict the reduction of the size of the pilot. Such an approach will likely lead,
especially at light load, to increased cyclic variations, long ignition delays, increased
emissions of methane and carbon monoxide, and a drop in power, adversely affect-
ing the performance of the engine as a diesel. However, remedial measures may be
considered, which would include some changes in the design and geometry of the
fuel injector. Examples of these can include changes in the injection pressure and tim-
ing, the number of holes of the injector and its orientation, and ensuring adequate
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cooling and injector cleanliness without wall deposition of the fuel. Some other mea-
sures can include paying greater attention to the cleanliness and quality of the liquid
fuel employed, including the use of a higher-cetane-number fuel or suitable additives.
It is necessary to ensure that the fuel injection takes place into the hottest region of
the cylinder, and to consider a form of skip firing by varying the size of the pilot
between cylinders and periodically over a number of cycles. A major approach is to
use a specially designed smaller injector located either separately, in the same body as
the regular injector, or in a specially manufactured sleeve body with the same dimen-
sion to facilitate its housing in the original space within the engine cylinder head. Yet
another approach is to install a small prechamber that can accommodate a small injec-
tor such that the injection of the small pilot will lead to ignition within this chamber.
The products of its combustion can then exit rapidly into the main chamber to ignite
the premixed lean gas—air mixture. Figure 11.4 shows a typical prechamber diesel
engine converted to dual-fuel operation with pilot injection, while Figure 11.5 shows
an example of a combined fuel injector body for both the pilot and main liquid fuel
injection for diesel operation.

Special attention needs to be given to ensure that there is adequate penetration
of the liquid fuel jet while preserving its integrity, without premature overdispersion
down to concentration levels where the resulting mixtures become too lean to ignite
regularly or satisfactorily.

The recent development and widespread availability of common rail liquid fuel
systems in modern diesel engines of various types and sizes has helped to improve

FIGURE 11.4 An example of a prechamber diesel engine converted to dual-fuel opera-
tion with pilot injection. (From Schiffgens, H.J., Brandt, D., Rieck, K., and Heider, G., Low-
NOx Gas Engines from MAN B&W, in CIMAC Congress, Copenhagen, Denmark, 1998, pp.
1399-1414.)
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FIGURE 11.5 A combined fuel injector for both the dual-fuel engine pilot and the liquid
fuel for diesel operation. (From Challen, B., and Barnescu, R., Diesel Engine Handbook, 2nd
ed., SAE, Warrendale, PA, 1999.)

the functioning of dual-fuel engines. For example, these injection systems permit
much wider variations in the fuel quantity injected, as well as the start and rate of
its injection. Very high injection pressures (e.g., 150-1400 bar) with multiple injec-
tions can be employed. Such flexibility and quality in liquid fuel injection makes it
possible to achieve significant improvements to the corresponding duel-fuel opera-
tion, especially for transport engine applications, compared to that with conventional
liquid fuel jerk pump injection.

With the application of common rail liquid fuel injection, it is becoming increas-
ingly possible to inject very small fuel quantities in the range of 1-5% of the diesel
engine full-load quantity, in most engine sizes and designs.

11.4 PILOT FUEL DELIVERY SYSTEMS

The injection pressure of cam-driven liquid fuel systems for in-line pumps, elec-
tronically controlled unit pumps, or unit injectors is a function of engine speed and
not an independent variable. Common rail systems of recent design, which consist
of a low-pressure fuel supply pump, high-pressure pipes connected to the injectors
in each engine cylinder, and an electronic control unit system, are capable of higher
injection pressures and producing suitably shaped injection rates combined with the
facility of variable injection timing. These measures have helped to reduce the extent
of the emissions of NOx and particulates. In approaches where the whole system is
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managed by an electronic control unit, the rail functions as a pressure accumulator
as well as a damping volume for pressure oscillations within the system. In engines
that are wholly dedicated to dual-fuel operation, it is expected that the injector and
its system will be optimized for such operation, which can lead to the development
of injectors that display notable differences from those developed for conventional
diesel operation.

The prime function of the pilot liquid fuel spray in dual-fuel engines is the reli-
able and deliberate control of the ignition of the gaseous fuel-air mixture. It is not
as employed in regular diesel engine operation where the continued injection of the
liquid fuel merely supplies it for continued combustion and providing the remain-
ing part of the energy release. Accordingly, the optimum control of the key param-
eters of liquid fuel pilot injection often may not necessarily be the same as those for
conventional diesel engine operation. This is often overlooked in practice since the
engine is normally required to remain available to operate wholly in the diesel mode
whenever required. For example, unlike most conventional diesel engine operations,
where relatively fixed injection timing is usually employed, changes in the injection
timing of the pilot in dual-fuel operation can be made beneficial and have the poten-
tial for bringing about further improvements in engine performance. This is becom-
ing increasingly possible, especially with the latest development in diesel injection
systems employing the common rail system, albeit adding further complexity and
cost to proper engine control and associated hardware.

Since most dual-fuel engines have been developed on the basis that they need to
have the capacity to revert promptly, whenever required, to the regular diesel engine
mode of operation, then from a practical point, conventional diesel fuel injection
systems are usually employed. This tends to impose a limit to how small a pilot
needs to be for satisfactory engine performance. On this basis, the minimum pilot
fuel quantities have been largely limited to well over 5% of the corresponding full-
load liquid fuel quantity when operating on diesel alone. However, often, in many
dual-fuel engine applications, especially where frequent variations in operating con-
ditions are involved, such as in transport applications, the diesel pilot quantity tends
not to be reduced below 10 or 15% of the total fuel energy input. The employment of
such relatively large pilots can have some merits, such as lowering unburned hydro-
carbon emissions and avoiding excessive nozzle injector overheating. But, it is also
associated with limitations, such as leading to early onset of knock, overheating, and
increased NOx emissions.

The using of two independent injectors produces the most favorable performance
as a dual-fuel engine with very high diesel fuel replacement. It also ensures ade-
quate cooling of the injector and contributes to the reduction of exhaust emissions.
However, this approach tends to add to capital and operational costs and would
require suitable modifications to engine controls and the combustion chamber to
accommodate the second injector and the addition of a suitable fuel pump. When a
different type of liquid fuel may be used as the pilot, then further complexities are
introduced that make such a practice relatively less common. Accordingly, this mode
of conversion of a typical diesel engine can be tedious and add to costs.
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11.5 MICRO-PILOT APPLICATIONS

In order to substantially reduce the relative size of the pilot and implement addi-
tional improvements to dual-fuel combustion, the so-called micro-pilot injection is
employed. This is associated with the injection of the pilot made directly into a small
prechamber attached to the cylinder head, as shown in Figure 11.4. The use of such a
system greatly maximizes the use of the gaseous fuel relative to the liquid fuel, while
maintaining engine speed and load ranges similar to those of conventional diesel
engines. Such arrangements can also lead to higher efficiency and lower pollutant
values relative to those of the corresponding diesel engine operation.

In comparison, the employment of a relatively large liquid fuel injection with a
much smaller proportion of gaseous fuels is less widespread. This is mainly a reflec-
tion of the common desire for fuel cost reduction reasons to maximize the exploita-
tion of the gaseous fuel resource while economizing liquid fuel usage. However,
there are occasions when dual-fuel engines may operate in this mode, such as under
transient operating conditions or when operating on very lean gaseous fuel—air mix-
tures, leading to a reduction in the concentrations of unconverted fuel and particu-
lates into the exhaust gas while maintaining high energy efficiency.

Specially developed micro-pilot injectors can have the pilot quantity reduced
down to around 1% of the energy supplied at full load. Usually, the reduction in the
size of the pilot that can be safely employed may become limited so as to avoid the
incidence of knock within the cylinder charge when operating with some gaseous
fuels and highly turbocharged engines, or at light load produce excessive emissions,
especially those relating to unburned hydrocarbons and carbon monoxide.

There are more recent injection systems that employ a combined injector body
for the injection of the pilot diesel, soon followed by the injection of high-pressure
gaseous fuel. Hydraulically actuated electronically controlled unit injection (HEUT)
systems have also been developed and applied for dual-fuel applications. There are
obvious advantages to having two fuel injection systems integrated in one injector
body of the same size and shape as the original diesel injector. Figure 11.6 shows
an example of a combined injector body for the separate injection of liquid and gas-
eous fuels in dual-fuel applications. With the injection of small liquid fuel pilot, the
mixing rate tends to be of a lower level, produced partly by the effect of the small
amount of liquid fuel jet injected, but enhanced through the high-pressure fuel injec-
tion. Increased turbulence and swirling flows within the combustion chamber are
produced mainly through intake port and combustion chamber geometry. Recent
development with proper programming showed these systems can follow complex
changes in fuel injection timing and pilot quantity.
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FIGURE 11.6 A combined injector body for the separate injection of liquid and gaseous
fuels in dual-fuel engine applications. (From Nylund, 1., Gas Engine Development at Wartsila
NSD, paper no. 2000-ICE-330ICE, vol. 35-2, 2000, pp. 131-137.)
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12 Gaseous Fuel Admission

12.1 MODES OF FUEL GAS ADMISSION

The modes of gaseous fuel introduction into dual-fuel engines vary widely in com-
plexity of design and operation. These modes are of much importance and can con-
trol the progress of the combustion process and associated engine performance. In
general, it is required that the admission of the gaseous fuel into the engine cylinder
and its mixing with the required air should produce a homogeneous mixture with
uniform properties at the time of pilot injection. This may not be an easy task to
accomplish fully, especially when relatively simple approaches are adopted, while
the alternative option for resorting to diesel engine operation is retained.

It has been the practice for some time to opt for simple and cheap conversion of
high-compression-ratio diesel engines to dual-fuel operation, relying heavily on the
established practice of carbureting, as implemented in spark ignition engines with
gasoline as the fuel. Such relatively simple approaches were invariably associated with
serious limitations to dual-fuel engine performance. The controlled admission of the
gas directly into individual cylinders through independently controlled valving offers
improvements in engine performance, albeit with increased complexity and cost. This
has increasingly become the practice in a variety of forms in recent years.

The main methods that have been employed for gas introduction into gas-fueled
diesel engines in the order of their increased complexity and cost are as follows:

1. The simple introduction of the gaseous fuel with a relatively low supply pres-
sure into the engine intake manifold so as to mix with the incoming air. This
simple approach is often described as fumigation. The carburetors and mix-
ers employed tend to be similar to the variety of devices used in gasoline
engine applications. They attempt to provide homogeneously mixed fuel and
air at a constant overall fuel/air ratio for any engine load while producing
very low pressure drop within the intake system. Figure 12.1 typically shows
a simple nozzle arrangement used for admission of a fuel gas into the intake
airstream of an engine. However, invariably with many gaseous fuels, there
is a need for processing and filtering of the fuel gas before its introduction
into the engine at around atmospheric pressure. Figure 12.2 shows a typical
arrangement of an engine plant combined with a biomass processing system
to produce biogas that is fed directly to the engine and consumed by it. Such
arrangements are especially suited to stationary field applications.

2. Continuous steady-flow fuel gas injection at low pressures into the intake
manifold independently from the valve action of the different cylinders.
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FIGURE 12.1 A simple nozzle arrangement for admission of fuel gases into the intake
airstream of an engine.

3. Controlled timed intermittent fuel gas injection either into the intake mani-
fold of a multicylinder engine or individually at the inlet of each cylin-
der synchronized with the opening and closing of the respective valves.
Figure 12.3 shows an example of an engine design that introduces the fuel
gas independently controlled into the incoming air just outside the cylinder,
while Figure 12.4 shows an arrangement for gas fuel introduction indepen-
dently to each cylinder in a multicylinder engine.

4. Timed high-pressure fuel gas injection into the individual cylinders either
during the intake stroke after exhaust valve closure or at different times
within the relatively early stages of the compression process.

5. Timed sufficiently high-pressure gas fuel injection into the cylinder. This
may be performed either later in the compression stroke or after the com-
mencement of pilot liquid fuel injection or its ignition.

The timed injection of the fuel gas, rather than its fumigation, is an effective
method for a better controlled fuel introduction reducing the escape of any uncon-
sumed fuel gas into the exhaust. The overall efficiency and emissions of the engine
are expected to be improved, especially at light loads. When the fuel gas is injected
into the engine intake manifold, it is usually timed individually for each cylinder
immediately ahead of the intake valve and well before its closure timing, when this
is performed properly; then it can aid in bringing about regular and early ignition.
It may also help in producing proper mixture stratification that may be employed
to improve combustion and reduce emissions. Figure 12.5 shows an example of the
details of a high-pressure gas injector employed in dual-fuel engine operation.

In turbocharged engine applications, often the fuel gas, especially when available
in sufficiently elevated supply pressure, is injected beyond the compressor outlet into
the cylinder and not at entry into the intake manifold. The scavenging of common
two-stroke engines and highly turbocharged four-stroke engines can represent an
obstacle to the fumigation of gaseous fuels when employing relatively simple fuel
introduction methods. However, direct injection of the fuel gas into the cylinder,
when controlled properly, can produce low fuel gas loss to the exhaust manifold,
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FIGURE 12.3 An example of an engine design that introduces the fuel gas independently
into the incoming air just outside the cylinder. (From Schiffgens, H.J., Brandt, D., Dier, L.,
and Glauber, R., Development of the New Man B&W 32/40 Dual Fuel Engine, in ASME-ICE

Division Technical Conference, 1996, vol. 27-3, pp. 33-45.)
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FIGURE 12.4 A typical arrangement of fuel introduction independently to each cylinder in
a multicylinder engine. (From Stumpp, G., and Ricco, M., Common Rail—An Attractive Fuel
Injection System for Passenger Car DI Diesel Engines, SAE Paper 960870, 1996.)
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FIGURE 12.5 An example of a dual-fuel engine where the fuel gas is injected separately
during the compression and before pilot injection. (From Challen, B., and Barnescu, R.,
Diesel Engine Handbook, 2nd ed., SAE, Warrendale, PA, 1999.)

particularly in two-stroke engines. Figure 12.5 shows an example of a dual-fuel
engine where the fuel gas is injected during the compression and well before pilot
injection. Figure 12.6 also shows a two-stroke dual-fuel engine where the fuel gas
is injected independently directly into the cylinder, avoiding the fuel passing uncon-
verted into the exhaust gas with the scavenging air.

The gas injection into the individual cylinders of engines well after intake and
exhaust valve closure requires a sufficiently high gas supply pressure and a suitable
gas injection valve (see Figure 12.7). This approach offers the possibility of increas-
ing the load and reducing emissions while curtailing the tendency of the engine to
backfire or knock for a range of gaseous fuels. However, there is a need for more
advanced control methods, leading to increased initial capital and running costs,
such as having a specially designed fuel gas injector, and often with modifications
made to the cylinder head with a compressor to provide the required supply of high-
pressure gas. More elaborate safety devices and adequate systems for reducing NOx
and particulate emissions will be also required. Generally, changes in the gas injec-
tion timing can have a significant effect on the mixing processes of the fuel gas and
air, affecting the values of the ignition delay, peak pressure, emissions, and other
engine performance parameters. In comparison, relatively small changes in pilot
injection timing tend to produce only minor effects. The injection of a sufficiently
high pressure gas just before, during, or after the pilot fuel injection period requires
very careful synchronization. It can produce sufficient complications that would
lead to deterioration in the control of the combustion process altogether, and hence
adversely affect engine performance and emissions.
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FIGURE 12.6 A two-stroke dual-fuel engine where the fuel gas is independently injected
into the cylinder. (From Steiger, A., Sulzer Technical Review, 3, 1-8, 1970.)

FIGURE 12.7 An example of the details of a high-pressure gas injector employed in dual-
fuel engine operation. (From Beppu, O., Fukuda, T., Komoda, T., Miyake, S., and Tanaka,
T., Service Experience of Mitsui Gas Injection Diesel Engines, in Proceedings of CIMAC
Congress, Copenhagen, Denmark, 1998, pp. 187-202.)
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The direct fumigation of some diesel fuel into the inlet air, which is not easy to
accomplish properly, mainly due to the low volatility of the diesel fuel, may pro-
duce reductions in the ignition that are capable of achieving reductions in the igni-
tion delay, rates of pressure rise, and particulate emissions. However, some low heat
releases can take place during the course of the compression stroke, which may
affect the overall specific fuel consumption and heat transfer processes. To apply
some of the injected fuel directly to an externally heated glow plug, or partially
reacting the fuel, such as through its passing before introduction into the cylinder in a
suitably externally heated reactor controlled electrically, can produce improvements
in performance over a limited range of engine operation.

Some of the improvements in engine performance produced by the proper syn-
chronization of gas injection with the opening and closing of the intake valves may
include the prevention of some fuel escaping directly into the exhaust duct, reduction
of cyclic variation, and the incidence of backfiring, which results mainly from valve
overlap. In the naturally aspirated large-bore engines of relatively low speeds, the
gas is admitted more easily directly into the individual cylinder airstream. Other
approaches may allow the gas to go into the airstream only when the inlet valve is
open. However, this procedure may adversely affect safety, emissions, mixing, and
the intake pressure characteristics.

12.2 SOME OF THE LIMITATIONS OF FUEL GAS FUMIGATION

In a typical diesel engine the amount of air available is governed mainly by the
size of the cylinder, intake mixture density, and engine speed. The composition of
the cylinder charge during compression is simply that of air with the small amount
of residual gas that becomes mixed with it. Accordingly, the average value of the
prevailing temperature at the time of liquid fuel injection can be established while
accounting for the relatively small effects of heat transfer. However, a closer exam-
ination of details of the events taking place within the cylinder during compres-
sion would show a gradual buildup in stratification of the properties of the cylinder
contents to produce some nonuniformities in temperature distribution, with higher
temperatures appearing within the central regions of the cylinder. This can be quite
significant, especially in high compression ratios with low swirl engines, which can
affect the injection, preignition, and subsequent combustion processes of the liquid
fuel jet, favoring the central regions of the cylinder.

In the homogeneous premixed gas-fueled dual-fuel engine the introduction of the
fuel gas with the intake air produces changes in the physical and transport properties
of the mixture, such as those in the specific heat ratio and, to a lesser extent, in heat
transfer parameters. For example, these would markedly affect the peak tempera-
ture at TDC with the type of gaseous fuel used and its concentration in the cylinder
charge. As shown in Figure 12.8, for a constant-compression-ratio, unthrottled, gas-
fueled fumigated engine operating at a fixed intake temperature and in the absence
of pilot fuel injection, the addition of hydrogen to the engine intake affects the
maximum cylinder charge temperature at the end of compression only a little with
the increase of equivalence ratio. This is because the thermodynamic properties of
hydrogen are close to those of air. However, the corresponding values of temperature
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FIGURE 12.8 Calculated changes in the maximum temperature at the end of compression
with equivalence ratios for hydrogen, methane, and propane in air. (Adapted from Liu, Z., An
Examination of the Combustion Characteristics in Compression Ignition Engines Fueled with
Gaseous Fuels, PhD thesis, University of Calgary, Canada, 1995.)

with the addition of methane or propane decrease more markedly since the proper-
ties of these gases are much different from those of air. With the addition of propane
for the case shown, a drop in temperature of around 100 K can be observed for the
stoichiometric mixture. This would show that the effective compression ratio of the
engine would be lowered substantially by the fumigation of the fuel gas in compari-
son to the geometric compression ratio. Diesel engine compression with air will not
suffer from such an important reduction that undermines the combustion processes
of the dual-fuel engine and its performance.

The temperature at the end of compression is also markedly affected by the extent
of heat transfer during the compression stroke, which also depends on the type of
fuel fumigated and its concentration. For example, as shown in Figure 12.9 for a typi-
cal set of operating conditions, the corresponding calculated maximum heat transfer
rates decreased only a little with the increased admission of propane or methane, but
the rates increased significantly with the increased admission of hydrogen.

During compression the exposure of a premixed charge of a fuel and air to a
rapidly increasing temperature, but over a relatively extended time, will result in
some reaction activity that influences the rate of temperature change and the extent
of any stratification in the properties of the mixture. The contributions of the pre-
ignition reaction activity and the associated energy release to the development of
temperature are also strongly dependent on the gaseous fuel used and the presence
of residuals. An example of the extent of enhancing the calculated values of the pre-
ignition energy release rates of the charge using detailed kinetics with the increased
admission of hydrogen is shown in Figure 12.10. However, with the corresponding
admission of methane or propane, the peak values of the energy release rates display
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FIGURE 12.9 Variation of the calculated maximum heat transfer rate with equivalence
ratios during compression of mixtures of hydrogen, methane, and propane in air. (Adapted
from Liu, Z., An Examination of the Combustion Characteristics in Compression Ignition
Engines Fueled with Gaseous Fuels, PhD thesis, University of Calgary, Canada, 1995.)
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FIGURE 12.10 Variations in the calculated values of the maximum preignition energy
release rates with equivalence ratios during compression for mixtures of hydrogen, methane,
and propane in air at ambient intake pressure. (Adapted from Liu, Z., An Examination of the
Combustion Characteristics in Compression Ignition Engines Fueled with Gaseous Fuels,
PhD thesis, University of Calgary, Canada, 1995.)

maximum values that are significantly on the lean side of the stoichiometric. For any
equivalence ratio, the rates associated with methane admission are higher than those
with propane or hydrogen. This is somewhat unexpected in view of the relatively
slower reaction rates of methane. However, it is more a reflection of the changes
increasingly brought about to the mean charge temperature with fuel gas admission.
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The peak value of the release rate for propane operation is obtained with a leaner
mixture than that with methane, since the temperature with propane is lowered
more greatly than with methane. For the typical case shown, the two correspond-
ing equivalence ratios are around 0.30 and 0.60 for propane and methane opera-
tions, respectively. The changes with hydrogen admission mainly reflect the effect of
increasing the equivalence ratio. Hence, the increased admission of either methane
or propane to an engine may not necessarily enhance the preignition reactivity of the
gaseous fuel—air mixture under constant compression ratio engine conditions. This
is an important consideration in dual-fuel performance and its differences from that
of diesel operation.

There are changes in the intake partial pressure of oxygen due to the displace-
ment of some of the air by the fuel gas introduced. These changes, which depend on
the gas equivalence ratio, can be very substantial with some of the common gaseous
fuel. For example, in the case of a homogeneous stoichiometric mixture of hydrogen
and air, the volumetric displacement can be around 30%, and for methane—air, it can
be around 10%. Of course, in the case of operation on gasoline vapor, it is negligibly
small and is below 1%. This reduction in the available amount of oxygen represents a
serious burden on the capacity of the engine to produce sufficient power unless reme-
dial action is taken, such as employing a slightly larger engine, higher compression
ratios, or increased turbocharging. In dual-fuel operation that retains the capacity to
revert promptly to diesel operation, this would be difficult to implement.

There are other important considerations arising from the employment of fumi-
gation that have a significant bearing on the behavior of dual-fuel engines and their
widespread acceptability as a means for producing power while using gaseous fuels.
For example, the fact that partial load control is done via changes in the equivalence
ratio of the admitted gas, while often keeping the pilot quantity constant, will result
in idling or light load in very lean fuel gas—air mixtures employed. This would result
in the flame propagation within the charge not being fully completed within the
time available, which results in incomplete combustion of the fuel with poor output
efficiency unless sufficiently large pilots are employed that can help improve the con-
sumption of the gaseous fuel. Similarly, at very high loads and especially with some
fuel mixtures, the operation on homogeneous gas fuel mixtures will be conducive to
uncontrolled autoignition reactions, leading to the onset of knock.

The introduction of fuel gas into the airstream of the engine can bring about
changes to the intake mixture temperature. It can improve the volumetric efficiency
and power output, but may contribute to the excessive lowering of the mixture tem-
perature, which can contribute negatively to increased ignition delay as well as
increased undesirable emissions. For example, in the case of operation on liquid
LPG or LNG, the rapid vaporization of the liquid fuel will be at the expense of heat
removal out of the intake manifold and the air charge. Furthermore, in the case of
operation on CNG, the cooling following the expansion of the fuel gas to the intake
pressure will also result in cooling of the intake charge. Of course, following fuel
fumigation into the incoming air, the presence of some of the premixed fuel-air
charge outside the cylinder represents a potential for much increased safety haz-
ards in case of a backfire, as well as increased exhaust emissions. Furthermore, the
fumigation of a fuel gas in turbocharged engines has additional potential problems,
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arising from issues of poor vaporization and maldistribution of mixtures that can
lead to charger malfunction. In the case of the fumigation of some liquid fuels such
as alcohols, it must be reduced at low loads to prevent flame quenching, misfire, and
increased emissions, while at high loads to prevent preignition and knock.

In spite of these limitations associated with resorting to fuel gas fumigation in
dual-fuel engines, it remains widely used. This is mainly due to its simplicity and
cheapness of conversion of engines to dual-fuel engines. Moreover, it is both very
convenient and economical to exploit fuel gas resources that have low thermal value
per volume admitted, as well as fuel gas supplies that become available at relatively
low supply pressures.

To reduce or eliminate the shortcomings of fumigated systems, measures such as
accurate time duration pulse injection of fuel gas at each intake port, combined with
appropriate algorithms in the fuel management microprocessor, need to be used.

12.3 IN-CYLINDER DIRECT INJECTION
OF ULTRA-HIGH-PRESSURE FUEL GAS

There are systems developed where the fuel gas is injected at very high pressure
directly into the engine cylinder. This is, for example, done at the end of the compres-
sion stroke and after the start of ignition of pilot fuel injection. Such applications vary
widely in their design and operational arrangements, depending on factors such as
those of the field of application, size of engine, relative fraction of the pilot used, and
whether the engine remains capable of operation as a diesel to deliver its full power or
not. There are also a number of approaches that employ designs with combined injec-
tor body for independently injecting the pilot diesel from that of the fuel gas. Some
arrangements that mainly target the road transport sector have the injected liquid fuel
proceeds first, followed soon after by the injection of the gaseous fuel under very high
pressure, with hydraulically actuated and electronically controlled unit injection sys-
tems. Such approaches require complex controls and an effective understanding of the
complex physical and chemical processes that take place in the combustion and phas-
ing of the consecutive high-pressure gas injections, and that of the pilot, under different
loads and speed. An important consideration is the reduction of capital and operational
costs while rendering the system more flexible.

Sufficiently high pressure gas supply (e.g., 350 bar) needs to be of a value very
much in excess of that of the high-cylinder pressure prevailing at around TDC of the
high-compression-ratio engine injected just after pilot ignition. Such very high fuel gas
supply pressures, which are usually produced by a multistage compressor driven by the
engine, are required so that the fuel gas can be injected fast enough into the cylinder
where very high pressures and temperatures already exist. The associated mixing pro-
cesses of the burning liquid fuel with the injected fuel gas are sufficiently complex and
require careful control, staging, and understanding. The high-pressure injection of the
fuel gas needs to be completed fast enough to allow for its ignition, combustion, and
contribution to the combustion energy release that takes place mostly just after TDC,
so as to produce the rated power output at high efficiencies. Figure 12.11 shows a sche-
matic presentation of a combined injector of liquid pilot and fuel gas at high pressure



146 Dual-Fuel Diesel Engines

Diesel
Supply/

Pilot Plunger —

\\\\\\\‘ -

TN

RO

Pilot Needle

Gas Needle —\ &

v,
.

Diesel Pilot

FIGURE 12.11 Arrangements for a combined injector of pilot liquid and gas fuels at high
pressure employing a combined injector body. (From Dumitrescu, S., Hill, P.G., Li, G.G., and
Ouellette, P., Effects of Injection Changes on Efficiency and Emissions of a Diesel Engine
Fuelled by Direct Injection of Natural Gas, SAE Paper 2000-01-1805.36, 2000; Douville, B.,
Ouellette, P., Touchette, A., and Ursu, B., Performance and Emissions of a Two-Stroke Engine
Fueled Using High Pressure Direct Injection of Natural Gas, SAE Paper 981160, 1998.)

directly into the cylinder toward the end of compression, while Figure 12.12 shows
such an injector as developed by Westport Innovations.

Such approaches represent added complexity and costs to the already complex
and limited operational flexibility of the control systems of the dual fueling of mod-
ern diesel engines. They also tend to be more restrictive in their capacity to vary the
key controlling operational variables. In recent engine applications, the fuel supply
systems are increasingly of the common rail variety, with the gas injection valve
controlled by another system. This can be a standard liquid fuel injection pump that
supplies controllably high pressure liquid fuel to the gas valve and keeps it open
while injecting the required amount of gas. For transport applications, the needed
fuel gas compressor would represent added complexity and cost, requiring the fuel to
be supplied and carried as CNG, which has been compressed initially partly toward
the required injection pressure value. This would be associated with the burden of
extra weight and the consumption of a sizable amount of energy taken out of the use-
ful engine output. Moreover, in some of these applications, to reduce the complexity
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FIGURE 12.12 Westport high-pressure direct injection injector.

of operation, they opt to dispense with the capacity of producing the full-rated output
of the engine as a diesel in the absence of fuel gas injection.

In the operation of dual-fuel engines employing high-pressure gas injection, the
full safety of all aspects of the operation is of paramount importance and needs to
be fully assured. For example, the gas pipes must be capable of withstanding the
very high internal gas pressure and any of its fluctuations. It is made of double-
walled high-strength alloyed steel tubing, often with a provision of connection to a
nitrogen gas purging system. Very small leakages of gaseous fuel, should they occur,
are detected, such as through special gas detectors or through the increases in the
exhaust gas temperature and in the levels of unburned hydrocarbon emissions. In the
case of engines for transport applications, the associated garages and maintenance
shops would require additional venting, ample methane detectors, and alarms, with
the electrical system meeting the necessary safety codes. Moreover, a gaseous fueled
vehicle engine would normally not be parked inside a closed facility overnight unless
attended with the heating system for the shop also suitably upgraded for safety.

There are other different arrangements for providing pilot fuel injection, as well
as the fuel gas. For example, the gas may be introduced via a special injector into
the cylinder sometime during the compression stroke, and then followed by the
injection of the pilot either from a special injector or from the main diesel injector.
Alternatively, the two fuels are introduced from a centrally located injection valve
with separate double circles of injection holes. One set is for the pilot, and the other
for the fuel gas. Both have their own separate actuators and controls. The controls
would ensure that the gas is injected promptly through the choked orifices in accor-
dance with the load requirements. In these applications, the engine is usually started
on liquid fuel and switched over later to dual-fuel operation. The liquid fuel is then
reduced to the appropriate pilot quantity rate as the gas supply rate increases pro-
portionally. A similar procedure is normally followed in reverse during shutdown,
to be ended sometimes with nitrogen purging of the gas fuel system. In the case of
an emergency, the fuel supply is cut off promptly, followed by nitrogen gas purging.

With the injected liquid fuel, after a short ignition delay, burning commences
virtually simultaneously at a number of points. Flames then begin to spread from
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these ignition points to the local adjacent regions of fuel vapor—gaseous fuel-air
mixtures. A flame starting from such points would not have to travel far before it
meets flames from similar neighboring areas. Accordingly, there is less likelihood
for knock despite the high compression ratios employed. In a way, this would be akin
to having an ignition system of too many multiple sparks. However, under certain
operating conditions, such as with large pilots or less lean gaseous fuel-air mixtures,
very fast rates of pressure rise could be encountered due to the rapid energy release
rates arising from diesel fuel autoignition, as well as the multiple fast flame propaga-
tion fronts formed.

When the liquid fuel is injected first, it is allowed to ignite in the mode of a conven-
tional diesel engine when the gaseous fuel is injected suitably into the burning liquid
fuel. It is evident that these arrangements require great care in controlling the timing of
the injection of the two fuels, choice of their respective sizes, and the associated mix-
ing processes. These will be influenced by many key controlling variables, including
the specific aspects of the design of the engine installation, operating conditions of the
engine, such as speed, load, and turbocharging, and the composition of the gaseous fuel.

In the case of the high-pressure gas injection, the temperature, composition, and
velocity distribution will be markedly different from those in the case of the diesel
engine or the premixed version of the dual-fuel engine. The introduction of a high-
velocity and very cold gas jet into the high-temperature environment can markedly dis-
tort the temperature distribution, and thus heat transfer, often in an uncertain manner.

12.4 LNG, LPG, AND HYDROGEN ADMISSIONS

Most engine applications of LNG supply the fuel in suitable cryogenic tanks as lig-
uid, but it is vaporized as it is introduced into the engine as a very cold gas to mix
with the relatively warm air. The vaporization set up employed may be as shown in
Figure 12.13.

The engine coolant is usually used to supply the heat needed to vaporize and
warm the fuel sufficiently for application into the engine. The pressure is further
regulated before feeding the gas to the engine, where it is metered and mixed with
the air. The use of LNG, which requires strict protective safety measures, is rather
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FIGURE 12.13 A schematic of a typical installation for vaporizing the stored LNG before
being fed as a high-pressure gas to the engine.
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attractive because much more energy is stored per unit volume container than CNG.
In transport engine applications, LNG compares favorably to the use of CNG. It rep-
resents a lower fuel system weight, shorter refueling times, and a more uniform and
a higher quality fuel. Moreover, the liquid nature of LNG permits its pressurization
to high levels with relatively simple cryogenic pumps.

There are some major potential challenges associated with the use of hydrogen as
an engine fuel in general and dual-fuel applications in particular, especially in trans-
port applications. The introduction of hydrogen into engines is usually controlled on
a volume basis. Hydrogen as a fuel suffers from the fact that it has an extremely low
heating value on a volume basis. Moreover, per volume of fuel, it requires a very high
amount of air for combustion. For example, its stoichiometric mixture in air represents
nearly 30% of the mixture. This would lead to very significant derating to the engine.
Other features relate to the increased fire and explosion hazards associated with its
operation, handling, and storage. The very large difference in the heating value of
hydrogen needs careful treatment and control. For example, the gas supply should be
fitted with a suitable automatic cutoff device. It is also desirable to admit the gas into
the air during the induction stroke only and to avoid backfire into the intake manifold.
It is preferable to delay the mixing of the gas with the air until inside the cylinder with
the gas admission period timed carefully to suit. The velocity of the gas on its admis-
sion is usually quite high, which helps in the mixing process during compression.

The admission of hydrogen to engines via fumigation has been frequently tried
using procedures essentially similar to those for CNG. However, much care is needed
to guard against the risk of backfire and knock. Also, the injection of hydrogen at suf-
ficiently high pressure directly into the engine with pilot ignition represents an equally
complex system, especially in the need to compress the hydrogen to sufficiently high
pressures and the large volumes of gas that need to be introduced sufficiently fast.

In the limited experience with employing LH, as a fuel in engines, a very cold gas
is quickly formed, representing a substantial volume of gas that has to be injected
into the high-pressure combustion space and effectively distributed in the short time
available. The very high difference in the density between the fuel gas and air, the
resulting high flame speed, and the different turbulence characteristics all influence
the mixing and combustion processes.

Since LPG can be maintained in the liquid state quite easily at ambient tempera-
tures through the application of moderate pressures, it has been favored as a fuel
for engines of the dual-fuel type, especially for transport applications. Its mode of
introduction into the engine cylinder has followed largely conventional liquid fuels
in spark ignition applications, while using suitable carburetion methods or injection
into the cylinder without the need for additional compression. However, if it were to
be injected directly into the later stages of compression, then the fact that it is liquid
requires little effort, but there is a need to ensure its full vaporization and proper
mixing with air before ignition. This often requires the liquid fuel to be warmed
and fully vaporized before inlet valve closure. The liquid fuel, as with the case of
LNG, is warmed up and vaporized using the engine coolant as the source for heating.
Pressure regulators are installed while reducing the fuel vapor produced to moder-
ately low pressures before being fed to the carburetor.
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13 Dual-Fuel Engine
Combustion

13.1 COMBUSTION PROCESSES

The combustion processes in dual-fuel engines tend to be more complex than those
of the common gas-fueled spark ignition or diesel engines. Some of the combustion
features that can represent design and operational challenges are the following:

* The fuel gas tends to be less completely oxidized at light load, which tends
to increase the specific energy consumption and exhaust emissions of those
unburned hydrocarbons and carbon monoxide.

* Occasional combustion roughness is associated with a too rapid energy
release, leading to an excessively rapid rate of pressure rise. Occasionally,
significant preignition reactions take place within the gaseous fuel-air mix-
ture ahead of the ignition of the pilot.

* There is an onset of knocking at high loads with certain fuels and operating
conditions, attributed to a form of uncontrolled autoignition and subsequent
very rapid combustion of part of the charge.

Generally, the in-cylinder mixing processes in the compression ignition engine
are critical for the proper conduct of the combustion process. With the small-quan-
tity pilot, ignition often starts after the end of injection. This would represent a sig-
nificant opportunity for mixing much of the pilot fuel vapor with the premixed gas
fuel and air. A somewhat earlier pilot fuel injection may help in initiating combustion
of the lean mixtures since a longer time becomes available for mixing the pilot fuel
vapor with the gaseous fuel and subsequent ignition. This is provided that the injec-
tion is not too early to adversely affect the preignition processes due to the lower
prevailing temperatures and pressures and the greater opportunity for heat losses
and dispersion of the pilot fuel vapor down to extremely low concentrations. Usually,
for optimal combustion and engine performance, ignition should be such that the
resulting peak pressure location needs to be around 10—15°C after the TDC position.

The combustion process in a typical engine during premixed dual-fuel opera-
tion depends on both the spray and ignition characteristics of the diesel pilot and on
the type of gaseous fuel used and its overall concentration in the cylinder charge.
The combustion energy release characteristics in a typical dual-fuel engine reflect
throughout the relatively complex nature of the physical and chemical interactions
that take place between the combustion processes of the two fuel systems. During
the compression stroke, the premixed gaseous fuel-air charge becomes increasingly
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subjected with time to higher temperatures and pressures as the top dead center posi-
tion is approached. Some preignition reaction activity may progress within the cyl-
inder charge during compression, especially with certain reactive fuels and some
exhaust gas recirculation (EGR) application. With operation on higher hydrocarbon
fuels, some natural gases containing higher hydrocarbon components, liquefied petro-
leum gas (LPG), or even sometimes methane, partial oxidation reactions can proceed
during the compression process, even in the absence of pilot injection, particularly
in regions where high mixture and surface temperatures may be present. As can be
demonstrated through computational modeling, while employing sufficiently detailed
chemical kinetics for the oxidization reactions of the fuel vapor and air, the mean
temperature of the mixture charge can increase perceptibly as the top dead center
position is approached due to increasing chemical activity and the associated exo-
thermic energy releases. This is especially prominent with mixtures that are not very
lean. This increase in temperature may compensate to an extent sometimes greater
than the lowering of the charge temperature due to changes in the thermodynamic
properties of the cylinder content, as well as heat transfer effects. Such a reaction
activity is made to proceed prominently and intensely in the absence of the pilot under
homogeneous charge compression ignition (HCCI) operation.

The preignition reactions produce radicals and some partial oxidation products,
such as those of aldehydes and carbon monoxide. The concentrations of these prod-
ucts can build up significantly during the latter stages of the compression stroke to
influence the subsequent ignition and combustion processes of the high hydrocarbon
diesel fuel pilot. They will also contribute directly to the combustion of some of the
gaseous charge entrained into the pilot jet and in its immediate vicinity, and indi-
rectly to that in the rest of the charge. After ignition of the liquid fuel pilot, the subse-
quent energy release would reflect that. However, turbulent flame propagation from
the pilot ignition regions will not necessarily proceed throughout the charge within
the short time available until the concentration of the gaseous fuel is beyond a limit-
ing concentration that would vary with the fuel employed and operating conditions,
notably those of temperature. The value of the limiting lean mixture concentration
in the engine for flame propagation with methane operation appears to be richer than
the corresponding value of the recognized lean flammability limit under the prevail-
ing temperature and pressure conditions. The mixture limits in the engine tend to
improve almost linearly with the increase of the size of the pilot.

An overall examination of the combustion process in a premixed dual-fuel engine
can be made through the apparent heat release variation when derived from the
corresponding cylinder pressure variation with time. For convenience, the energy
release rate may be considered to be made up of essentially three overlapping major
components. The first, as shown in Figure 13.1, may be that contributed by the com-
bustion of the pilot. The second is due to the combustion of the gaseous fuel compo-
nent that is considered to be in the immediate vicinity and influence of the ignition
and combustion centers of the pilot. The third is due to any preignition reaction
activity and subsequent turbulent flame propagation (and sometimes autoignition)
within the overall lean mixture of mainly the gaseous fuel in air. With very lean
gaseous fuel-air mixtures, the bulk of the energy release is expected to come from
the ignition and subsequent rapid combustion of the relatively small pilot zone (the
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FIGURE 13.1  Schematic representation of the components of the heat release development
at (a) light load and (b) heavy load.

first component). It also comes from the combustion of part of the gaseous fuel-air
mixture entrained into the burning pilot jet spray, and from the immediate surround-
ings of such a zone where higher temperatures and relatively richer mixture regions
are present. Under these conditions, only relatively little contribution to the energy
release may come from the bulk of the gaseous fuel-air charge away from the influ-
ence of the pilot zone. Within the very lean mixtures, no consistent flame propaga-
tion may take place from the ignition centers and pilot-influenced burning regions.
An increase in the size of the pilot zone, whether through increasing the mass of fuel
injected or changes in its distribution in very lean gas—air mixtures, will tend to be
more than proportional to the total energy released and its associated rates. Greater
amounts of fuel gas—air mixtures, then, will be oxidized due to the larger amount of
mixtures entrained within the pilot combustion zone, and as a result of the widening
of burning regions in the vicinity. Greater energy releases and rates will also be evi-
dent due to some partial flame propagation and increased preignition reaction activ-
ity of the rest of the charge. Increasing the concentration of the gaseous fuel further
while keeping the size of the injected pilot constant will eventually permit, after pilot
ignition, flame propagation throughout the rest of the charge, resulting in a sudden
increased contribution to the total energy release (Figure 13.2). A continued increase
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FIGURE 13.2 Calculated energy release rates variation for an engine operating on methane
with a constant pilot size showing the typical changes in the release rates when the equiv-
alence ratio is increased through further gas admission. (Adapted from Karim, G.A., and
Khan, M.O., Journal of Mechanical Engineering Science, 10, 13-23, 1968.)

in the concentration of the gaseous fuel in air will result in a greater overlap between
the second and third energy release segments and will lead to their amalgamation,
further increasing much of the energy release immediately following the commence-
ment of the autoignition of the pilot. Such intense rapid energy releases may then be
associated with the onset of knock.

A consequent feature of the combustion process in the premixed dual-fuel engines
operating on lean gaseous fuel—air mixtures is that part of the gaseous fuel and some
of the species produced in the combustion process cannot get fully oxidized in time
and survive to the exhaust stage. These species, through residual and exhaust gas
recirculation, can play important chemical and thermal roles in the ignition and com-
bustion processes of subsequent cycles, and may influence the associated extent of
cyclic variations. The thermal effect of these residual gases is reflected in changing
the mixture composition, its temperature at the commencement of compression, and
influencing the temperature of the cylinder surfaces and associated heat transfer. The
kinetic effect of these residuals may result in increasing the activity of preignition
reactions during the latter stages of compression.

The oxidation reactions of methane, the major component of natural gas, are seri-
ously affected by the presence of higher hydrocarbon vapors. Hence, the combus-
tion of the droplets and associated vapor of the diesel fuel within a homogeneous
mixture of methane in air, as takes place in dual-fuel engine applications, will be
very much influenced by the resulting stratified concentrations of the species sur-
rounding each droplet. Accordingly, the heterogeneous nature of the contents and
combustion processes in a dual-fuel engine is reminiscent of the rich-lean combus-
tion mixture arrangement devised in some combustion devices, mainly to minimize
the production of oxides of nitrogen and particulates. In regions where the pilot
vapor is intermixed with the premixed gaseous fuel-air charge, mainly combustion
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in stoichiometric proportions will take place. This would highlight the need to opti-
mize the processes of pilot injection and of the different regions of the charge to
maintain complete combustion, with the undesirable emissions kept at sufficiently
low levels. A slightly earlier injection advance may be employed with methane in
comparison to operation with propane, since methane is relatively slower burning
while less prone to autoignition and knock.

13.2 THE IGNITION DELAY

In compression ignition engines of the diesel type, the injected liquid fuel cannot
ignite instantaneously, despite the very high temperatures, pressures, and availabil-
ity of excess air. A certain time period needs to elapse from the commencement of
fuel spray injection before ignition can take place. This time lag to ignition, which
is described as the ignition delay period, results from the fact that certain physically
and chemically based requirements need to be satisfied before any autoignition of
any resulting fuel-air mixture would ignite. These requirements are due to the time
needed for injection, atomization, and evaporation of some of the injected liquid
fuel, and for the mixing of any resulting fuel vapor with air before chemical gas
phase reactions can actively begin somewhere within the cylinder. In turn, these take
their own time to reach the ignition stage and begin releasing sufficient energy. It is
well recognized that it is essential to keep the length of this delay period as short
as possible, so as to effectively control the progress of the combustion process and
associated energy release rate through the controlled fuel injection rates. Excessively
delayed ignition will lead to reduced power output, low efficiency, increased emis-
sions, and undesirably high rates of pressure rise, which arise mainly from the sud-
den autoignition of the relatively large amount of fuel that continues to be injected
throughout the delay period.

The instant of ignition in engines can be established via a number of approaches
that vary in complexity. A common approach is via examination of the changes
in the cylinder pressure or its rate of pressure ~ time development records. The
instant at which the pressure development shows a departure from the earlier normal
trend during compression is taken as the beginning of ignition. Another convenient
approach is to derive the effective polytropic index from the pressure ~ time record
and observe the rapid change in its value due to the energy release during ignition.
This approach can offer a more precise indication of the ignition point than reli-
ance on the observed changes in pressure or its time derivatives. An equally effec-
tive approach is to determine the point of ignition from the corresponding rate of
heat release when the onset of ignition is associated with the instant when the rate
becomes positive. There are other approaches that require relatively elaborate proce-
dures not commonly available in engine installations, except under special research
settings. For example, the commencement of ignition may be noted through the asso-
ciated changes in composition of a number of key reacting species. The ignition
point can also be established via the first detectable emission of light within the
cylinder of the firing engine when it is possible to suitably observe it.

The effective mean temperature of the charge during the ignition delay is very
important and influences the processes going on, both physical and chemical. The
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mean value of this temperature is influenced by the intake temperature of the charge,
heat transfer, water jacket temperature, residual gas effects, amount of fuel-injected
preignition processes, and any associated energy releases due to preignition reac-
tions and the extent of penetration by the pilot fuel jet. This is further complicated
by the fact that in the cylinder of the internal combustion engine, some stratification
in the temperature is produced during compression. This nonuniform temperature
distribution would commonly lead to having hotter central regions within the charge
than at the outer mixture regions. This resulting temperature difference would lead
to preferentially faster reactions within the central region of the mixture, which
will influence the overall progress of the ignition delay and subsequent combustion
processes. Moreover, in common liquid fuels, which are usually made up of com-
plex mixtures of different fuel components, it is the lighter fractions that are first to
evaporate, and most likely would lead to the first formation of a fuel-air mixture and
control the overall features of the ignition processes. Hence, this could point to the
need for having fuel components that would ensure their easy volatilization, so as to
lead to early chemical oxidation reactions in a number of centers that lead to early
autoignition. However, a highly volatile fuel for the pilot may lead to its rapid disper-
sion into the surrounding mixture, to result in altogether undermining the processes
leading to ignition.

In the homogeneous premixed gas-fueled dual-fuel engine, the introduction of
the gaseous fuel with the intake air produces variations in the physical and transport
properties of the mixture, such as the specific heat ratio and, to a lesser extent, the
heat transfer parameters. Also, changes in the intake partial pressure of oxygen due
to air displacement by the gaseous fuel, changes in the preignition reaction activity
and its associated energy release, and the effects of residual gas can bring substantial
changes to the preignition processes of the pilot and the gaseous fuel. Accordingly,
in the dual-fuel engine the ignition delay displays trends significantly different from
those observed in the corresponding diesel engine operation. The delay tends to
increase initially with the increased gaseous fuel admission up to a detectable maxi-
mum value, and then drops to a minimum well before reaching the total stoichio-
metric ratio based on the combined gaseous and liquid fuels and the available air.
For example, as seen in Figure 13.3, the admission of propane, which is normally
regarded as a relatively more reactive fuel in air in comparison to methane, in fact
tends to produce delay values greater than those observed with methane.

For any constant-compression-ratio, unthrottled engine operating at a fixed intake
temperature in the absence of pilot injection, the peak temperature at the end of com-
pression varies not only with the type of gaseous fuel, but also with its concentration
in air. For example, with propane fumigation for the case shown in Figure 12.8, a
drop in temperature of around 100 K can be observed with the stoichiometric mix-
ture. The heat loss during compression influences the change in temperature also. On
this basis, the contribution of the energy release of the preignition reaction activity
to the development of the average temperature of the mixture is also strongly depen-
dent on the gaseous fuel used. These reflect the net value of the reaction activity
brought about by the lowering of the mean temperature due to thermodynamic and
heat transfer effects compared to the lesser effects of the changes brought about by
the increased fuel gas admission. Hence, the increased admission of either methane
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FIGURE 13.3 Variations of the point of ignition with total equivalence ratio of a dual-fuel
engine operating on hydrogen, methane, ethylene, and propane using a fixed pilot quantity.
(Adapted from Burn, K.S., The Effect of Cold Intake Temperatures on the Combustion of
Gaseous Fuels in a Dual-Fuel Engine, MSc thesis, University of Calgary, Canada, 1977.)

or propane under some mixture conditions may not necessarily enhance the pre-
ignition reactivity of the gaseous fuel-air mixture in a constant-compression-ratio
engine. Such a trend of behavior shows that even in the absence of considering the
contribution of the pilot injection to the length of the delay, the increased admission
of a relatively reactive fuel such as propane can delay the ignition process, increasing
the associated length of the delay and affecting dual-fuel performance in general,
especially at low intake mixture temperatures.

The employment of exhaust gas recirculation (EGR), or the presence of diluent
gases such as carbon dioxide or nitrogen in the fuel gas or in the air, into an engine
charge can also produce different changes to the state of the mixture during com-
pression. For example, the relative mean value of the mixture temperature during
compression decreases virtually linearly with increasing the admitted concentra-
tions of carbon dioxide, while the admission of nitrogen, in comparison, affects only
a little the temperature development from that with only air. These trends result
primarily from the marked changes in the effective specific heats. Also, it would be
expected that the increase in the length of the delay with the increased admission or
carbon dioxides can be considered to be largely a consequence of this lowering in
charge temperature, as well as the effect of the displacement of some of the available
oxygen by the diluent gas. Consequently, in dual-fuel engines, the small quantity of
the pilot liquid fuel is injected into a mixture of gaseous fuel and air at mean tem-
perature and pressure that may be different from the corresponding values for plain
diesel operation. This is despite having the same compression ratio, engine speed,
and initial temperature and pressure. On this basis, the processes of atomization,
vaporization, and distribution of the small quantity of pilot fuel, as well as the pre-
ignition reaction processes, would be affected by any changes in the flow, thermal,
and transport characteristics of the charge. For optimum engine performance, there
is a need to appropriately optimize the injection characteristics of the pilot for the
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homogeneously mixed gaseous fuel-air dual-fuel operation, instead of maintain-
ing operation in accordance with that for pure diesel operation. This is becoming
increasingly possible through the widespread reliance on in-line fuel common rail
injection in diesel engines converted to dual-fuel operation.

The preignition reaction activity is widely different for the higher hydrocarbon
components of the pilot fuel vapor than that of the premixed air of the gaseous fuel
component, such as methane or hydrogen. For example, n-heptane, a fuel that may
represent approximately the overall behavior of the light fractions of diesel fuel,
begins to undergo complex multistage ignition reactions at much lower temperature
levels than for the gaseous fuel, such as methane. The presence of any liquid pilot
fuel vapor in various regions of the premixed gaseous fuel-air charge in a dual-fuel
engine may bring about significant local changes to the overall rates of preignition
reactions and the associated energy release rates. Figure 13.4 shows an example of
the very rapid reduction in the ignition delay of methane and subsequent combustion
time with increasing the mole fraction of n-heptane, B, in stoichiometric mixtures
in air under constant volume conditions, with initial temperature and pressure simi-
lar to those that exist at the time of pilot fuel injection. Also, the presence of some
relatively minute quantities of heptane vapor with the methane does substantially
speed up the rates of ignition processes from those of methane on its own. The small
concentrations of the heptane vapor begin to react with the oxygen well ahead of the
methane, producing both exothermic energy releases and key transient products that
serve to provide some of the radicals subsequently needed for the methane oxidation.
It can be seen that the length of the ignition delay in the premixed dual-fuel engine is
very much affected by the presence of a gaseous fuel with the air during the ignition
of the pilot liquid fuel. Moreover, a relatively small lowering of the temperature can
increase the delay substantially.

12
10
g ©
o o |2« — © S
& 8r =<l S = 3
= | o I < Ti =
g ol il =N = D
£ = 4=
2 | )
8 S
& 4 It
A =
2_
| T,=800K, P, = 2.8 MPa
0 " 1 " 1 " 1 " 1 " 1 " 1 " ]

-0.5 0.0 0.5 1.0 15 2.0 2.5 3.0
Log Time, ms

FIGURE 13.4 Calculated variation of the pressure development with the log of time due
to autoignition reactions for a stoichiometric of various n-heptane-methane mixtures in air,
under constant volume conditions with initial temperature and pressure of 800 K and 2.8 MPa
respectively, B is the molar fraction of n-heptane in the fuel mixture. (Adapted from Khalil,
E.B., Modeling the Chemical Kinetics of Combustion of Higher Hydrocarbon Fuels in Air,
PhD thesis, University of Calgary, Canada, 1998.)
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Since the extent of increase in the observed length of the ignition delay tends to
be very sensitive to small changes in the effective value of the intake temperature of
the mixture, very low intake temperature mixtures, especially those with small pilot
quantities and at light engine loads, tend to produce increased erratic engine running
that could even lead to ignition failure. This is especially noticeable with liquefied
natural gas (LNG)-fueled engines.

Advancing the injection timing of the pilot can generally lead, up to a point, to
an earlier ignition. However, the improvements brought about by such an advance
of the pilot injection are rather limited and can lead to increased erratic running. In
homogeneously premixed gaseous fuel—air dual-fuel engines, such as those burning
methane, a relatively longer ignition delay does not necessarily produce a harsher
knock or combustion noise in comparison to the corresponding diesel engine opera-
tion. This is because the autoignition energy release of the pilot is relatively small,
and the preignition reactions of the lean gaseous charge are less active than those of
the vapor-air mixtures in the diesel engine.

The energy released by the pilot is supplemented by the energy released from the
local surrounding fuel and air, which would help in increasing the overall tempera-
ture level, as well as the mixing of the partial and complete combustion products of
the usually richer mixture. On this basis, the high rate of pressure rise from pilot fuel
ignition of relatively large size tends to contribute to the promotion of autoignition
processes within some parts of the cylinder charge, which would increase the likeli-
hood of the onset of knock, rather than primarily through turbulent flame propa-
gation. Throughout, the effects of any energy release due to preignition reactions
during compression will contribute to the ignition processes of the pilot, thermal
load, efficiency, power output, and emissions.

For improved dual-fuel engine performance, the size of the pilot and its timing
need to be adjusted optimally, depending on the associated operating condition and
the fuel gas employed.

13.3 FLAME PROPAGATION LIMITS

The performance of a dual-fuel compression ignition engine improves with the
increased admission of the gaseous fuel or the relative pilot size. This improvement
appears to be dependent on the total equivalence ratio, based on both the pilot diesel
and gaseous fuels. It is evident that there is a limiting leanness in the equivalence
ratio, below which the exhaust emissions of mainly carbon monoxide and uncon-
sumed fuel gas become hardly affected by changes in the pilot quantity. This has
been suggested to be consistent with the existence of a limiting equivalence ratio
or an operational mixture limit for successful flame propagation within the limited
time available from the pilot ignition centers into the surrounding fuel gas—air mix-
ture. The continued leaning of mixtures produces lower combustion temperatures,
which leave a substantial amount of the carbon monoxide produced as a precur-
sor for complete fuel oxidation reactions remaining unconverted within the time
available for combustion. For sufficiently lean mixtures, the resulting combustion
temperature may become so low that only little oxidation reactions of the fuel gas
proceed within and very close to the pilot regions. The bulk of the fuel gas is left
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unconverted, while producing only small amounts of carbon monoxide, with much
of the fuel gas remaining unconverted.

The volumetric concentration of the gaseous fuel in the intake air that identifies
a conceived boundary for the commencement of improved engine operation may be
taken to represent the operational limit for a dual-fuel engine under those operating
conditions. This limit would represent the minimum concentration of the gaseous
fuel in air for which the flame propagation appears just to begin to spread virtually
throughout the entire cylinder charge within the time available. Such a limit for a
specific engine can be determined experimentally. The reduction in the value of the
limit with increasing the pilot quantity is due to a number of factors, which include
correspondingly improved pilot injection characteristics, a larger size of pilot mix-
ture envelope with a greater entrainment of the gaseous fuel, a higher number of
ignition centers requiring shorter flame travel distances, a greater energy release on
ignition, with higher rates of heat transfer to the unburned gaseous fuel-air mix-
ture, and an increased positive contribution of the hot residual gases. The value of
the limit is lowered as the intake charge temperature increases, aided mainly by
the corresponding increase in the mean charge temperature during pilot ignition.
Nevertheless, the limits can be viewed to correspond to conditions when the rate
of energy release by combustion cannot keep pace with the demands for transport-
ing sufficient energy to adjoining layers of the mixture and overcoming external
thermal losses to the surrounding cylinder walls. Moreover, the values of the engine
operational limits also depend on the associated mechanical and motoring losses.
Normally, the operational lean mixture limits in the engine correspond to less lean
values than the corresponding recognized flammability limit values of the fuel gas
for the same operating conditions at around TDC position.

It is accepted that values of the lean flammability limits of different common
fuel mixtures in air tend to correspond to mixtures having approximately the same
calculated flame temperature. Of course, the effective flame front temperature in the
engine is a complex function of most engine operating variables, such as those of the
intake temperature and pressure, compression ratio, pilot size and its injection quan-
tity and timing, heat transfer, and the physical properties of the mixture. For sim-
plicity, the effective flame temperature of the cylinder lean limit charge in the case
of dual-fuel compression ignition engines may be considered to be approximately
proportional to the temperature when evaluated in terms of assuming it to be around
the temperature at TDC, increased fractionally due to the combustion of the pilot.
Some of the experimental results with methane operation showed that this fraction
is around 40% of the heat release of the pilot (Figure 13.5). Such a procedure, how-
ever approximate it may be, can be helpful in estimating, for example, for an engine
and operating conditions, how small a pilot can be employed for a lean mixture
operation, or the minimum amount of preheating needed to obtain good combustion
and acceptable levels of emissions.

Figure 13.6 shows that for a relatively small pilot quantity of around 3.5% of
the full-load diesel quantity, while using the injection system of the original diesel
engine, the bulk of methane fumigated into the engine remains unconverted and
appears in the exhaust gas. However, when the concentration of the fumigated fuel
gas in the intake reaches a certain value, the methane appears to get consumed rather
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FIGURE 13.5 Variation of the calculated corresponding flame temperature mixture condi-
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FIGURE 13.6 Variation of the exhaust concentration of methane with changes in gas equiv-
alence ratio for methane operation with a relatively small constant pilot quantity. (Adapted
from Jones, W., and Burn, K.S., The Effect of Cold Intake Temperatures on the Combustion
of Gaseous Fuels in a Dual Fuel Engine, MSc thesis, University of Calgary, Canada, 1977.)

abruptly, indicating that its lean mixture with air has reached a concentration that
supports combustion originating from the pilot ignition region within the time avail-
able. This apparent limiting concentration becomes of lower value as the size of
the pilot is increased or a suitably dedicated pilot fuel injector for dual-fuel engine
operation is employed.

An example of the changes in the specific energy consumption with the total
equivalence ratio for three different pilot sizes when operating on fumigated meth-
ane is shown in Figure 13.7. The very substantial improvement in the fuel gas uti-
lization with increasing the size of the pilot is clearly evident. It is also shown that
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ing on methane for three different values of pilot quantity. (Adapted from Azzouz, D., Some
Studies of the Combustion Processes in Dual Fuel Engines, MSc thesis, London University,
UK, 1965.)

beyond a certain value of equivalence ratio, the increases in the size of the pilot make
only a little improvement to the specific energy consumption, which indicates reduc-
tions in the size of the pilot are then acceptable. Moreover, at sufficiently high load,
the dual-fuel engine energy utilization clearly appears superior to the corresponding
values under diesel operation.

13.4 HOMOGENEOUS CHARGE COMPRESSION
IGNITION (HCCI) ENGINE COMBUSTION

The homogeneous charge compression ignition (HCCI) engine has been suggested
to have a number of key potential positive features that include high work produc-
tion efficiency and low emissions of NOx and particulates. However, these engines
still face a number of challenges, particularly for mobile applications. These
include the need for effective control of the combustion process over a wide range
of operating conditions, improving the operation of mixture limits at very low
loads, developing wider turn-down ratios, and improving the start from cold and
warm-up operation.

It is generally accepted that the combustion process in these engines is domi-
nated by the autoignition processes and controlled mainly by the chemical-kinetic
reaction rates, with a much lesser need to consider flame propagation. With the self-
accelerating nature of autoignition reaction rates, the resulting heat release tends to
become too high for acceptable operational conditions that take place in association
with increased heat loss, noise, and vibrations.
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There has been much attention focused on the problems associated with achiev-
ing effective control of the autoignition process in HCCI engines, and hence their
performance. Some of these measures include controlling the mixture temperature
during intake and compression, which include the employment of internal retention
or external recirculation of the exhaust gas, EGR, some variation in the compression
ratio, control of the development of the reacting species during compression and
combustion, and fuel mixture stratification while using a wide variety of fuels and
additives. It remains difficult to realize optimum control of the combustion process
over wide ranges of engine loads and speeds, especially under transient operating
conditions. Since the duration of combustion in HCCI engines tends to be very short
in comparison to those of the spark ignition or diesel modes, HCCI engines’ per-
formance deteriorates significantly when the combustion process is not adequately
optimized. High NOx emissions with knock, or misfire, with lower thermal effi-
ciency and higher HC and CO emissions could be produced. It is also difficult to
realize optimum combustion control when the engine load or speed is changed rap-
idly. Hence, it remains a challenge to develop a transient optimum control system
and increase the power output of HCCI engines. So far, HCCI engine operation tends
to be confined to part load and idling conditions. Various approaches to increase
HCCI engine power have been reported. However, the improvements they produce
tend to be insufficient to satisfy their practical requirements, including overcoming
the significant limitation imposed by the onset of knock. A possible approach to
improve HCCI engine power production is to change over to diesel operation under
high load conditions. However, dealing satisfactorily with associated excessive par-
ticulates and NOx emissions would represent a challenge, as with traditional diesel
engines. Should the HCCI engine be switched over to operation in the SI mode,
then combustion becomes limited to operating at much lower compression ratios,
bringing with it serious reductions to the thermal efficiency and the avoidance of
knock. However, the changing of HCCI operation to a premixed dual-fuel mode
while retaining the high compression ratios would appear to represent a more favor-
able alternative approach.

The deterioration in HCCI combustion under cold-start conditions is a conse-
quence of the excessively long ignition delays and combustion durations, with high
HC and CO emissions produced due to incomplete combustion. This would indicate
that stable HCCI combustion most likely is only suitable for a very narrow range at
part load, while the extension to the load limit range remains a challenge for a work-
able HCCI engine. On this basis, efforts to successfully develop high-performance
commercial HCCI engines are continuing, with expenditure of time and resources
to develop these engines to the practical mass production stage. It is quite likely that
with the potential limitations facing the HCCI combustion engine, it will not be
able to displace the traditional spark ignition, diesel, or dual-fuel engines. It is also
unlikely that it can replace the dual-fuel engine in its diversity of operation on a wide
range of different fuels.
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13.5 COMBUSTION WITH DIRECT IN-CYLINDER
HIGH-PRESSURE GAS INJECTION

There are engines dedicated to dual-fuel operation that employ high-pressure gas
injection directly into the cylinder just after pilot fuel injection. These engines, which
have been favored for transport applications, can use the same injector body housing
with different passages for the two fuels, which are injected sequentially in multiple
jets of symmetrical patterns. Such an approach has to be able to control many variables
affecting the combustion process, perhaps well beyond those normally required in the
premixed dual-fuel engine type. To keep the number of active control variables down,
some of these may be kept fixed. Such an operational approach tends to reduce the
potential to fully achieve some of the desirable features of dual-fuel operation, while
the full range of performance in the normal diesel mode may not be achievable. For
example, in order to ensure reliable ignition and combustion of the fuel gas over the
whole load and speed ranges of the engine, the diesel pilot quantity injected per stroke
may be kept constant while contributing a sizable fraction of the energy input. The load
is then varied mainly by changing the quantity of the fuel gas injected. The time inter-
val between the injections of the two fuels may be kept fixed, but changed with engine
speed. The injection timing is made variable depending on speed and load.

The very high gas pressure needed relative to the prevailing pressure inside the
cylinder after pilot ignition would have the fuel gas discharged under choked condi-
tions, with the injection rate directly related to the gas injection pressure. A constant
injection pressure is often employed for the fuel gas. Hence, increasing the amount
of gas injected will be associated with a longer injection completion period and a lon-
ger combustion time that may extend at high loads well down the expansion stroke.
Strict controls of the injection processes are also needed since a high injection pres-
sure will produce jets that would overpenetrate the whole chamber and impinge on
the cylinder and piston surfaces, leading to quenching, increased heat transfer, and
lubricant losses. Also, it would result in much of the combustion taking place closer
to the periphery of the cylinder.

It is evident that there is a critical need to properly orient the injection jets of the
two fuels and control their respective times and discharge velocities. This needs to be
carried out while ensuring the proper mixing of the several individual gas jets, with the
burning centers originating from the pilot jets on one hand, and the provision of oxy-
gen and the proper dispersion of the products on the other. This is quite a challenging
task, particularly under transient operating conditions, when capital and operational
costs are to be kept competitive with those of other types of prime movers.
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14 Dual-Fuel Engine
Performance

14.1 PERFORMANCE UNDER LIGHT LOAD CONDITIONS

The concentration of the fuel and air within and around the combustion zone envelop-
ing a jet diffusion flame in a premixed fuel-air surrounding, as shown schematically
in Figure 14.1, extends significantly both radially and axially as the concentration
of the gaseous fuel in the surrounding air is increased. This would go on until a
concentration is reached that would permit the propagating flame to sweep through.

Similarly, the ignition centers formed off the injected pilot liquid fuel will be
affected by the presence of the gaseous fuel and any increase in its concentrations.
Both the reaction rates and the associated energy release rates will be increasingly
modified by the presence and any increase in the concentration of the gaseous fuel
in the liquid fuel surroundings. Figure 14.2 shows the changes in the energy release
rate with increasing the concentration of methane for a dual-fuel engine operating on
methane with a constant pilot quantity. A consequence of this is a feature of dual-fuel
engines where relatively poor performance under light load conditions is displayed
when very lean mixtures of the gaseous fuel in air are employed, especially with a
relatively small pilot. The extent of this relative deterioration in engine performance
depends on numerous affecting factors, but it is largely dependent on the pilot quantity
employed, the gaseous fuel used and its concentration in air, the engine employed, and
the prevailing local operating conditions. Under these circumstances, with the intro-
duction of the gaseous fuel, a significant proportion of the fuel will remain unchanged
to appear in the exhaust gases, which indicates a failure of the propagating flame to

Pilot Fuel

Concentration

Radius

FIGURE 14.1 Schematic representation of the distribution of fuel concentrations radially
along a fuel jet with and without the presence of gaseous fuel in its surroundings.
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FIGURE 14.2 An example showing changes in the gross heat release rate of an engine fueled
with methane as the intake concentration of the gas is increased for constant pilot operation.
(From Karim, G.A., and Khan, M.O., Journal of Mechanical Engineering Science, 10, 13-23,
1968.)

cover the entire charge within the time available. This goes on despite the availability
of much excess air and a significant consistent energy release arising from pilot igni-
tion. Evidently, the flames that could have originated from the pilot ignition regions
cannot propagate fully and far enough into the surrounding lean mixtures, leaving
some of the gaseous fuel unconverted or only partially oxidized.

Normally, associated with these low gaseous fuel oxidation rates within lean pre-
mixed gaseous fuel-air mixtures is a significant increase in partial oxidation prod-
ucts, notably those of carbon monoxide, to an extent well beyond the low values that
are normally observed with the corresponding diesel operation. However, there is
hardly any indication of the production and survival of particulates to the exhaust
stage. Figure 14.3 shows an example of the variation in the concentration of car-
bon monoxide in the exhaust gas of a methane-fueled engine operating on a con-
stant pilot quantity and speed with the increased admission of methane. Figure 14.4
shows an example of the variation in the exhaust concentration of the unconverted
methane with changes in the extent of conversion with three different size constant
pilots. Through a continuing increase in the intake gaseous fuel concentrations, a
value will be reached when the flame manages to spread within the time available
through the whole mixture, which can be then considered to be associated with an
effective operational flame spread limit. Beyond this concentration, the fuel conver-
sion approaches completion with an associated improvement in engine performance.
Thus, as a remedial measure, a common practice when converting diesel engines to
premixed dual-fuel operation has been to retain diesel operation for idling and very
low load operations, or to operate with sufficiently large pilots. Otherwise, the spe-
cific energy consumption, when based on the pilot diesel fuel and the gaseous fuel
supplied, together with the associated power output and emissions, will be markedly
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FIGURE 14.3 An example of the variation of the concentration of carbon monoxide with
total equivalence ratio of a dual-fuel engine operating with constant pilot on fumigated meth-
ane for three different pilot injection timing. (Adapted from Azzouz, D., Some Studies of
the Combustion Processes in Dual Fuel Engines, MSc thesis, London University, UK, 1965.)
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methane equivalence ratio for three different pilot sizes, fumigated methane operation,
and constant speed. (Adapted from Xiao, F., Experimental and Numerical Investigation of
Diesel Combustion Processes in Homogeneously Premixed Lean Methane or Hydrogen—Air
Mixtures, PhD thesis, University of Calgary, Canada, 2011.)

inferior to those values obtained with the corresponding straight diesel operation.
This is particularly evident for the relatively slow burning methane and at low intake
mixture temperature operation.

When very lean mixtures are employed, the associated relatively slow flame
propagation and quenching are the main factors affecting dual-fuel engine perfor-
mance. The mixing of some higher hydrocarbon vapor originating from the pilot



172 Dual-Fuel Diesel Engines

with some of the lean gaseous fuel-air mixture tends to enhance flame propagation
locally due to both local fuel enrichment and the presence of more reactive higher
hydrocarbons. Accordingly, dual-fuel engines, when destined mainly for low load
operation, become associated with high installed and operational costs per unit of
power produced.

14.2 SOME REMEDIAL MEASURES FOR IMPROVING
LIGHT LOAD OPERATION

Light load dual-fuel operation for premixed gaseous fuel-air charges at light load,
when using relatively small pilot quantities, may be improved through the following
possible measures:

* Using relatively large pilot sizes with optimum injection characteristics,
such as by employing low injection nozzle opening pressure and advanc-
ing the injection timing somewhat without undermining the corresponding
diesel operation. Increasing the effective cetane number of the liquid pilot
will also enhance light load operation and permit operation with gaseous
fuel mixtures that may contain high concentrations of the diluents’ nitrogen
or carbon dioxide, such as with biogases.

* Attempts to produce an effectively richer mixture are implemented through
partial restriction of the air component of the charge via throttling for the
same mass of fuel gas. This simple procedure, which requires some modifi-
cations to the diesel engine controls when applied at light load, can improve
the combustion process, reduce the emissions of unburned fuel gas and
carbon monoxide, and improve the effective specific energy consumption.
However, the throttling procedure needs to be implemented with care so
as not to undermine pilot ignition processes and its emissions. Also, the
associated increase in pumping losses with the excessive employment of
throttling can reduce the extent of improvement to engine efficiency. In tur-
bocharged dual-fuel engine applications at light load, the excess air may be
made to controllably bypass the engine altogether or sometimes redirected
to the intake manifold, helping to slightly warm the lean mixture.

* In multicylinder engine applications with fuel gas injection, the procedure
known as skip firing may be applied to provide improved overall perfor-
mance. With this approach, some cylinders may be made to operate contin-
uously or alternately, wholly in the diesel mode. The remaining cylinders,
while operating in the dual-fuel mode, employ less lean gas fuel-air mix-
tures than had the same mass of gas been distributed uniformly to all cyl-
inders. Procedures such as these may not be readily available in all engine
instillations since they require careful control of the operating variables, so
as to achieve the desired improvements to engine performance. With the
recent advances made in the control and injection of liquid and gaseous
fuels, the application of this procedure has been increasingly applied.
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* Slight preheating of the lean intake gas—air mixture may be made, such as
through heat exchange with the exhaust gas or increasing the water jacket
temperature. This can result in a higher mixture temperature at the end of
compression and during the pilot injection period, leading to reductions in
the ignition delay and the fraction of the gaseous fuel surviving the com-
bustion process and the associated emission of carbon monoxide. This pro-
cedure is also consistent with the tendency of the lean flammability limit
values of all common fuels and their mixtures in air to widen approxi-
mately linearly with the average mixture temperature. In turbocharged
engine applications, the feeding back of some of the excess air that has
been warmed through rapid compression into the compressor intake at light
load may also help when executed properly.

* The selective addition at light load of small amounts of a suitable auxiliary
fuel to the main gaseous fuel supply, such as hydrogen, higher hydrocarbons,
or some gasoline vapor, may improve dual-fuel engine operations at light
load. Such an approach should also be carefully executed and may even be
avoided beyond the light load range since apart from adding complexity to
controls, it adversely affects costs and the specific energy consumption. It
can also bring about an earlier onset of knock.

* Some stratification of the gaseous fuel component in relation to the air, if it
can be implemented effectively in practice, such as through proper control
of direct in-cylinder gas injection, may improve light load operation. This is
achieved through arranging for a richer mixture in the vicinity of the pilot
fuel so that following combustion of these richer regions, flames may be
able to propagate through much of the rest of the leaner mixtures. Resorting
to some uncooled exhaust gas recirculation may also help. However, with
lean mixture operation, the exhaust temperature level is still rather low,
limiting the preheating of the mixture that can be achieved.

* An effective method for improved operation on overall very lean mixtures
through stratified charge combustion is through having a prechamber to
the engine cylinder. The prechamber is supplied directly with fuel so as to
produce a richer mixture than that formed in the main combustion cham-
ber. On pilot injection into the richer mixture, the resulting high-velocity
burning jet will emerge into the main chamber to ignite and burn more
completely the leaner mixture.

Resorting to a judicial combination of these measures, bearing in mind the question
of cost and increased complexity, can be effective in improving light load performance
of dual-fuel engines while retaining the capacity to operate effectively as a diesel,
when needed. It is also evident that dual-fuel engine operation is more suited to the
high load range, where less lean mixtures are employed. Otherwise, the engine may
be started in the diesel mode and switched over to dual-fuel operation once the engine
reaches normal operating conditions, such as with respect to temperature and load.

Some other additional potential measures for improving dual-fuel performance
in general and at light load may include the employment of variable valve timing,
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variable geometry turbochargers, turbocharger bypass, and controlled adjustment of
heating some cylinder surfaces.

The conversion of diesel engines to dual-fuel operation results in overall lean
mixture operation. This will be conducive at high loads to achieving high efficiency
with reduced emissions, especially those of the oxides of nitrogen and particulates.
It may even be possible, particularly outside transport applications, to dispense with
some of the exhaust gas treatment measures, such as through the employment of
catalytic converters. The engine will tend to run cooler, with less tendency to knock-
ing, and can contribute to improved durability. However, there are some associated
potential drawbacks with such an operation. These include having the combustion
and flame propagation processes proceeding at relatively slower rates with increased
cyclic variation than a diesel-only operation. A compromise may be to operate on
sufficiently lean mixtures to reduce oxides of nitrogen emission while avoiding oper-
ation on excessively too lean mixtures, so as to reduce the impact of some of these
undesirable operational features.

14.3 THE DISPENSING OF FUGITIVE GAS EMISSIONS
THROUGH THE OPERATION OF DIESEL ENGINES
ON ULTRA-LEAN METHANE-AIR MIXTURES

The fuel injection characteristics in diesel engines that are critically important to
engine performance are controlled by numerous operating and design variables.
These would include the injection pressure, number of orifices employed, spray injec-
tion angles, fuel properties, and fluid dynamics of the mixture within the cylinder.
Much time, effort, and resources go into attempts to diagnose performance shortfalls
and optimize the liquid fuel injection system. It would be highly desirable to develop
a simple and relatively fast approach that can give an indication of whether any
change in the variables of the system would have a beneficial effect on engine com-
bustion or not, so as to lead to improved performance and reduced emissions. Such a
simple approach may exploit the known features of dual-fuel engine behavior under
light load conditions. This may be obtained through operating the engine on ultra-
lean methane—air mixtures at concentrations well below those corresponding to the
effective flame spread limit values under the prevailing combustion chamber condi-
tions. The very slow rates of oxidation reactions of the very lean mixtures of pre-
mixed methane in air are greatly speeded up by mixing with vapors emanating from
the light fractions in diesel fuels, even when present at very low concentrations. The
boundaries of jet diffusion flames, when burning in homogeneously mixed atmo-
spheres of sufficiently lean methane—air, cannot extend beyond those with pure air
until sufficiently high methane concentrations in the surrounding air are employed.
On this basis, it can be suggested that in a firing diesel engine operating on air, very
small amounts of methane are introduced to function as a marker, so as to produce
ultra-lean homogeneous methane—air mixtures. The measured concentrations of the
unconverted methane appearing in the exhaust gases can be considered an indica-
tion of the extent and size of regions where diesel fuel combustion could not extend
to. The small fraction of methane converted may be indicative to have been directly
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present within the combustion regions of the diesel fuel. On this basis, any positive
change in engine design and operating parameters would be reflected in a relatively
higher extent of relative methane conversion.

Experience derived from investigating the ignition of homogeneous mixtures of
methane—air in engines using high-energy sparks or plasma jets indicates that it is
possible to have successful local ignition of a very lean mixture when a sufficiently
high energy ignition and temperature source is employed. However, once the initi-
ated flame departs well away from the ignition source, it becomes increasingly dif-
ficult for the flame to continue propagating independently throughout the rest of the
mixture. However, having a cluster or multiple high ignition sources would result in
successful ignition of ultra-lean mixtures, with the resulting flames initiated from
these centers not needing to propagate far before encountering and being supported
by other flame fronts. This can take place in the case of pilot ignition of very lean
mixtures, in comparison to ignition from a single energy source, such as an electric
spark. Moreover, the energy released at ignition helps increase the overall mixture
temperature and pressure within the closed volume of the charge and produce suf-
ficient high-temperature products from the ignition zones that manage to disperse
into the rest of the mixture, aiding the flame in its propagation. The employment of a
large pilot in a direct injection engine or a smaller pilot injected into the prechamber
of an indirect injection engine, where the energy released by the pilot is supple-
mented by the energy released from the local surrounding fuel and air, would help in
increasing the overall temperature level, as well as in the mixing of the partial and
complete combustion products of the usually richer mixture. Such a mode of com-
bustion can be exploited to oxidize by burning any small and intermittent releases of
methane or other gases from a variety of sources. The gas may be fed into the intake
of a fully operational diesel engine at relatively high load, ensuring that the bulk
of the methane becomes oxidized in a manner similar to that of a dual-fuel engine
operating on an excessively large pilot with ultra-lean fuel gas—air mixtures. Such
an approach becomes an effective method of rendering fugitive gas releases environ-
mentally harmless through converting the methane, a very potent greenhouse gas, to
its products of combustion, which have a much weaker greenhouse gas effect, while
usefully exploiting the heating value of the fugitive gases.

14.4 RICH MIXTURE OPERATION IN DUAL-FUEL ENGINES

The provision of excess air is an essential condition for acceptable operation of any
conventional diesel engine. Moreover, the operation of spark ignition (SI) engines on
rich fuel mixtures, even those of gaseous fuels, is wasteful of fuel and seldom fol-
lowed nowadays. There is always a need to maintain acceptable fuel economy and
reduce the associated undesirable exhaust emissions, which would require the use of
lean or stoichiometrically controlled fuel-air mixtures. Accordingly, there is a rela-
tive lack of information about the performance and operational limits of dual-fuel
engines when operated on rich fuel mixtures or when some oxygen is added to extend
such operations. Such information can help in better understanding the complexities
of the combustion processes. It would also help to provide a basis for contrasting rich
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mixture operation with the operation on low-heating-value fuel mixtures containing
excessive amounts of carbon dioxide and nitrogen.

Unlike conventional diesel engine operation, the gas-fueled dual-fuel engine
tends to have a very extended operational mixture range up to the corresponding
rich mixture limits. In comparison, there is a negligible extent of exhaust smoke and
particulate emissions with gas fuel operation, especially with methane. However,
in fuel-fumigated, high-compression-ratio engines, the excessive presence of fuel
displacing air will bring about very substantial changes in the thermodynamic and
transport properties of the resulting mixture. This would produce in the constant-
compression-ratio engine a marked reduction of the mean temperature at the end
of compression. Such a reduction, unlike in the air-only charged diesel engine, will
produce a marked reduction in the effective compression ratio from the geometrical
value associated with diesel operation. This effect will lower the compression tem-
perature and pressure levels and bring about a marked undermining of the ignition
and flame propagation processes. Figure 14.5 shows an example of the drop in effec-
tive compression ratio of a diesel engine of 14.2:1 when operating on excessively rich
mixtures. In principle, there may be some less common occasions to expose a dual-
fuel engine, albeit for a short time, to operation on fuel-rich mixtures that are well
beyond the normal lean mixture operational range. These may include, for exam-
ple, the need to obtain a greater power output as used to take place in the quality-
controlled spark ignition engine. It may also include situations where uncontrolled
fuel admission arising through the uncontrolled release of some gaseous fuel in the
immediate vicinity of the engine intake leads momentarily to rich mixture induc-
tion. There are also applications of dual-fuel engines where a specific exhaust gas
composition may be needed for industrial type processes, such as to produce highly
reducing atmospheres or for the production of hydrogen/synthesis gas through the
partial oxidation of methane, while operating on sufficiently rich mixtures, including
operation on oxygenated air.
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FIGURE 14.5 A typical example showing the potential reduction in the calculated tempera-
ture at the end of compression with increasing the admission of methane. The corresponding
potential reduction in the resulting effective compression ratio is also shown. (Adapted from
Karim, G.A., British Chemical Engineering, 8, 392-396, 1963.)
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The high-compression-ratio dual-fuel engine, unlike its diesel version, can oper-
ate on rich mixtures in a manner unlike that of a corresponding SI version. A con-
tinued increase in the relative gas admission at constant engine speed may lead to
the onset of knock under some operating conditions. When sufficiently rich mix-
tures are employed, knock-free operation may be restored beyond a rich mixture
knock limit. Excessively rich mixtures can eventually lead to erratic running, and
ultimately ignition failure. This failure appears to arise primarily from a failure of
the pilot to ignite properly, rather than a failure of flame propagation through the
rich mixture (Figure 14.6). An example of the corresponding changes to the ignition
delay with the increased fuel concentrations under conditions outside the knocking
operational range is shown in Figure 14.7. It displays a gradual increase in the delay
to a maximum value, and then drops to a minimum before approaching the stoichio-
metric mixture region. Continuing with the increase in fuel gas admission increases
the length of the delay at an increasing rate until very late, and irregular ignition is
encountered, which would eventually lead to ignition failure.

Variations in the indicated power output over the rich equivalence ratio range
indicate that the maximum power is obtained at equivalence ratios just beyond the
stoichiometric value. As shown in Figure 14.6, the employment of larger pilots pro-
duces slightly higher power output, but with the onset of irregular running, is then
encountered with less rich mixtures. Earlier pilot injection can extend the opera-
tional rich mixture range, while delayed injection, to beyond the TDC position, leads
to ignition failure. Similarly, the rich operational mixture limit becomes reduced
as the engine speed is increased since there is less time to complete the processes
needed for pilot ignition and subsequent flame propagation.
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FIGURE 14.6 Schematic representation of the variation in the indicated power output with
changes in total equivalence ratio of a dual-fuel engine operating on rich gas fuel-air mix-
tures with the increase in pilot size.
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FIGURE 14.7 Schematic of the typical variation in the ignition delay of a dual-fuel engine
fueled with fumigated methane at constant pilot and speed over the whole total equivalence
ratio range.

The rich ignition limit becomes extended into richer mixture regions as the intake
mixture temperature is increased.. The rate of increase is much greater than that
observed for the lean operational mixture limit. This is consistent with the trend
normally observed of the variation in the flammability limits of fuel-air mixtures
with increasing initial mixture temperature.

Moreover, the introduction of some hydrogen, such as through exhaust gas recir-
culation (EGR), or additional oxygen for the rich methane—air mixture can extend
the operational mixture range markedly. On the other hand, the increased presence
of cold diluents in the intake mixture, notably carbon dioxide, as in biogases, mark-
edly reduces the rich operational mixture range of the engine.

14.5 SIMULTANEOUS PRODUCTION OF SYNTHESIS
GAS AND POWER IN A DUAL-FUEL ENGINE

One of the avenues for the production of hydrogen from natural gas, apart from its
reforming with steam, is through its partial oxidation while using oxygen or oxygen-
ated air. There is a good potential to carry out such oxidation processes without the
benefit of catalysts in a suitably converted diesel engine operating in the dual-fuel
mode. Figure 14.8 shows a schematic representation for a possible arrangement of
such an operation, where an air separation unit is driven by the engine to produce
the oxygen additive to methane needed to partially oxidize very rich feed mixtures.
This way, the engine is capable of continuously producing hot exhaust gases made
up of mainly synthesis gas, with the simultaneous production of power, together
with good prospects for active EGR and waste heat recovery. An important practical
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FIGURE 14.8 Possible arrangement for a dual-fuel engine installation for the simultaneous
production of synthesis gas and power.

consideration apart from operational and capital costs is ensuring the safety of the
operation with the employment of oxygen while having the hot exhaust containing
much hydrogen.

The dual-fuel engine, in comparison to the spark ignition engine, may be con-
sidered to be more suited for synthesis gas production since higher reaction tem-
peratures are involved with a much more powerful ignition source in the form of
pilot ignition. The high-compression-ratio engine employed is more rugged and can
better withstand the rapid rates of pressure rise that may be generated by the use of
oxygen, while maintaining high efficiencies for the production of associated power.
The combustion of sufficiently rich mixtures of methane and air in a dual-fuel engine
with pilot ignition produces increasingly with equivalence ratio high concentrations
of hydrogen and carbon monoxide, in addition to the unconverted methane. The con-
centration of the carbon dioxide is less than that of H,O, with the H,/CO volumetric
ratio increasing with the equivalence ratio and temperature. The concentration of the
unconsumed methane appears to be affected little by changes in the pilot size when
employing mixtures producing relatively fast burning rates. It is only when exces-
sively rich mixtures are employed, producing late ignition and combustion, that the
unconverted methane concentration increases. Only with large pilots (e.g., 30% of
full-load diesel) do the exhaust gases show significant concentrations of particulates,
which could have originated mainly from the poor and extended combustion period
of the large diesel pilot in atmospheres increasingly deficient in oxygen.

The production of synthesis gas, as shown in Figure 14.9, while using oxygen-
ated air in a fixed pilot operation at ambient intake conditions, shows a very high
relative yield that approaches 90% of the dry exhaust gas by volume. The associ-
ated power produced displays high net efficiency values when based on the net
energy released.
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FIGURE 14.9 Variation of the relative amount of synthesis gas produced by volume in the
dry exhaust with total equivalence ratio of a dual-fuel engine operating on methane and vari-
able concentration of oxygenated air operating at ambient intake conditions while employ-
ing a constant pilot quantity. (Adapted from Karim, G.A., British Chemical Engineering, 8,
392-396, 1963.)

Such an approach may also point to the possibilities of different novel approaches
that aim at modifying the combustion process through measures such as having ther-
mally and chemically activated EGR or through seeding the cylinder charge with
activated partial oxidation products. These may be produced, for example, from an
independently controlled source, such as a heated reactor that may use the same fuel
or yet another fuel, or from a cylinder or group of cylinders in a multicylinder engine.
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5 Knock in Dual-
Fuel Engines

15.1 KNOCK IN GAS-FUELED SPARK IGNITION ENGINES

The uncontrolled combustion phenomenon commonly encountered in spark ignition
(SI) gas engines, known as knock, is associated with sudden exceedingly high rates
of energy release, excessive heat transfer to the walls, and rapid rates of pressure rise.
These must be avoided to ensure acceptable engine operation. Serious operational
limits are imposed by engine knock to the increase in power output, efficiency, type
of fuel that can be used, and any further reductions in emissions. Much effort is
usually expended in the design, operation, and control of spark ignition engines to
reduce the likelihood of encountering knock.

The phenomenon of knock results from the uncontrolled and rapid combustion
energy release well ahead of the turbulent propagating flame due to autoignition of
some of the unburned fuel—air mixture. This autoignition is the outcome of a com-
plex thermal and chemical interaction that takes place between the turbulent flame
propagation processes and the preignition oxidation reactions of the “end gas” region
of the mixture that is yet to be consumed by the flame. Figure 15.1 shows a schematic
representation of the onset of knock in a typical spark-ignited engine operating on
premixed fuel gas and air.

The onset of knocking severely restricts the type of fuel that can be employed
while undermining engine operation, its useful life, and effective lubrication. Often,
design and operating parameters are selected conservatively to avoid knock even
without achieving optimum performance.

il
Burned —|
Zone 4 A
h | Autoignition
Unburned Zone — | — ’ N Zone
(End Gas) ;

FIGURE 15.1 Schematic representation of the onset of knock in an SI engine. (From Karim,
G.A., Fuels, Energy, and the Environment, CRC Press, Boca Raton, FL, 2012.)
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The onset of knock and its intensity can be detected through measures such as
monitoring the characteristic resulting engine vibrations, the distinctive noise emit-
ted, the rapid change in the rate of cylinder pressure rise displaying the appearance
of high-frequency pressure pulsations, the distinctive noise emitted, a rapid drop in
power output and efficiency, excessive heat loss to the walls, or the changes in the
exhaust temperature and the concentrations of the exhaust gases. The intensity of the
knock is related to the intensity of the resulting rate of pressure rise. This in turn will
be a function of the net energy released by autoignition, which mainly controls the
intensity of the temporal changes in cylinder pressure. These may be through moni-
toring measures such as the output of strain gauges mounted on the engine cylinder
stud. In general, automatic detection and control measures for knock, when fitted,
have been somewhat effective, yet they tend to have their limitations.

Knock may be avoided by measures that include sufficiently reducing the equiva-
lence ratio, ignition timing advance, compression ratio, intake mixture temperature,
and boost pressure in turbocharged engines. Figure 15.2 shows a typical representation
of the knock mixture region relative to the normal operational mixture boundaries
with changes in the compression ratio for a spark-ignited engine operating on meth-
ane at ambient intake temperature and pressure conditions. It is seen that knocking
is encountered with methane only when very high compression ratios are employed.
Figure 15.3 shows the changes with intake mixture temperature in both the lean and
rich mixture knock limits for a spark-ignited engine when operated on fumigated pro-
pane for a range of compression ratios. The knock resistance of propane, compared to
methane operation, is lower. The knock producing mixture region widens significantly
with the increase in compression ratio and intake mixture temperature, which restricts
the knock-free operating range and reduces the knock-free power. When a sufficiently
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FIGURE 15.2 The variation of the ignition failure mixture boundaries and the knocking
mixture region of a spark ignition engine operating on methane—air with changes in compres-
sion ratio for an intake mixture temperature of 311 K. (From Karim, G.A., and Klat, S.R.,
Journal of the Institute of Fuel, 39, 109-119, 1966.)
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FIGURE 15.3 Variation of the lean and rich mixture operational limits of a propane-fueled
spark ignition engine with changes in intake temperature for a range of equivalence ratios.
(From Karim, G.A., and Klat, S.R., Journal of the Institute of Fuel, 39, 109-119, 1966.)

high compression ratio or high intake temperature is employed, homogeneous charge
compression ignition (HCCI), which requires no external ignition source, will be
encountered, as shown schematically in Figure 15.4 for methane operation.

The chemical nature of the fuel used is of paramount importance in avoiding the
onset of knock. The blending of some gaseous fuels may undermine their knock resis-
tance qualities. For example, the presence of small amounts of a higher hydrocar-
bon fuel vapor such as n-butane or n-hexane with methane significantly lowers its
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FIGURE 15.4 The schematic variation of the ignition, knock, and autoignition limits with
compression ratio for methane—air operation in a spark ignition. (Adapted from Karim, G.A.,
and Klat, S.R., Journal of the Institute of Fuel, 39, 109-111, 1966.)
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FIGURE 15.5 Variation of the knock-limited equivalence ratio with compression ratio for
a number of fuels in a variable-compression-ratio test engine at fully open throttle. (From Li,
H., and Karim, G.A., Journal of Energy and Power, 220, 459-473, 2005.)

excellent knock resistance. Figure 15.5 shows, for a range of common gaseous fuels in
a variable-compression-ratio cooperative fuel research (CFR) engine, the reduction in
the knock-free limit mixture equivalence ratio with increasing the compression ratio.
The superior knock resistance of methane and dry carbon monoxide is clearly evident.
However, the blending of methane with carbon monoxide produces knock-resisting
qualities that are lower than those of methane or dry carbon monoxide on their own.

15.2 THE KNOCK RATING OF FUELS

A number of approaches have been available for the rating of gaseous fuels, such as
through the use of the octane number and the methane number. These, especially for
gaseous fuel applications, have their limitations, and there is still room for develop-
ing improved procedures for the knock rating of gaseous fuels and their mixtures,
especially for dual-fuel operation.

The octane number (ON), which uses iso-octane (2,2,4-trimethylpentane) and
n-heptane as the reference fuels, is employed primarily for the knock rating of liquid
fuels. Another method proposed for the rating of gaseous fuels is the methane num-
ber (MN), which is based correspondingly on methane and hydrogen as reference
fuels. A 100 MN is given to pure methane and 0 MN for pure hydrogen. A methane
number is assigned to a gaseous fuel on the basis of the percentage by volume of
methane in a blend of hydrogen and methane that matches the knock intensity char-
acteristics when using the test fuel under a specified set of operating conditions in a
test engine. Similarly, a butane number (BN) has been proposed based on a blend of
methane and n-butane, with pure methane assigned a value of 0, while the easier to
autoignite n-butane is given a value of 100 (Table 15.1).
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TABLE 15.1

Knock Rating of C1 to C4 Normal Paraffins

Gas Motor ON MN BN
CH, 122 100 0.0
CH, 101 44 7.5
C,H, 97 34 10
C.H,, 89 10 100

Source: Ryan, T.W., Callahan, T.J., and King, S.R., ASME Journal of
Engineering for Gas Turbines and Power, 115, 922-930, 1985.

There are some fundamental deficiencies for these empirically devised numbers,
especially when applied to fuel mixtures other than those of natural gas and those
containing diluents.

15.3 DIESEL ENGINE KNOCK

Depending on the intensity of the resulting rates of pressure rise following ignition in die-
sel engines, the characteristic intense knocking sound is sometimes heard. It is described
somewhat loosely as diesel knock. The intensity of the resulting noise and rough run-
ning produces shock loading to working parts and high peak values of maximum cycle
pressure. These are particularly evident following long ignition delays, such as at low
intake temperature conditions or while operating at very high loads (Figure 15.6).

The commonly assigned knock to diesel engines is fundamentally quite differ-
ent from that known for spark ignition engines. Diesel knock is associated with
the beginning phase of combustion, while in spark ignition and often in dual-fuel
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FIGURE 15.6 Schematic representation of the pressure development records for two diesel
fuels with different ignition characteristics and resulting ignition delay. (From Karim, G.A.,
Fuels, Energy, and the Environment, CRC Press, Boca Raton, FL, 2012.)
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engines it is associated with the latter parts of the charge to burn. The intensity of
diesel knock is affected by factors that would include engine design, such as direct
vs. indirect injection, compression ratio, engine size, its speed, wall temperature,
sound insulation provided, and the state and condition of the engine.

Some of the remedial actions to reduce the intensity of diesel knock include
reduction of the ignition delay and the amount of fuel that has accumulated in the
chamber during the delay time at the instant of ignition.

15.4 DUAL-FUEL ENGINE KNOCK

An important limitation associated with the performance of the premixed type of
dual-fuel engines is their tendency to encounter a type of knocking phenomenon
mainly with some gaseous fuels or under highly rated power output conditions. Its
avoidance, while retaining in full many of the positive features of the efficient high
compression ratios of diesel engines, can be a challenge to would-be diesel engine
convertors to dual-fuel operation.

The energy release in dual-fuel engines represents the combined contribution of
the combustion of the pilot fuel regions and the resulting rapid turbulent flame front
propagation within much of the rest of the charge originating from these regions.
Such a mode of combustion is primarily responsible for the ability of dual-fuel
engines to benefit from the employment of pilots of sufficiently large size and burn
fuel-air mixtures that are much leaner than those normally possible in gas-fueled
spark ignition engines. These features help to contribute to the high efficiencies asso-
ciated with dual-fuel operation.

In a typical premixed type of dual-fuel engine, the pilot liquid fuel is injected into
the premixed charge commonly in the form of individual small jets through the mul-
tiple holes of the injector body. After a short delay, ignition takes place and burning
commences very quickly and virtually simultaneously at a number of points within the
charge. Turbulent flames then begin to spread from these ignition centers to the local
adjacent regions of the fuel vapor—gaseous fuel-air mixtures. With relatively small
size pilots, a flame starting from an ignition point would have to propagate through the
adjacent mixture before it meets flames from similar neighboring regions. Accordingly,
despite the high compression ratios employed in dual-fuel engine applications, there is
less likelihood for an autoignition type of knock to take place in the manner of spark
ignition engines. However, at certain operating conditions with some gaseous fuels,
such as when using sufficiently large pilots or less lean gaseous fuel—air mixtures, very
fast rates of pressure rise can be encountered following the commencement of ignition.
This is due to the rapid energy release rates arising mainly from the autoignition of the
diesel fuel augmented by the energy releases associated with the multiple fast flame
propagation fronts formed within the adjacent mixtures. When these rates of pressure
rise are sufficiently high, then this may lead to a knocking behavior that is somewhat
akin to that encountered in diesel engines.

A prime requirement of any alternative gaseous fuel for satisfactory operation in
the premixed dual engines is that its mixture with air should not have sufficient time
to autoignite spontaneously prior to, during, or following the rapid energy releases
of the burning pilot and the mixture in its immediate neighborhood. Failing to do
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this can lead to the onset of intense knocking, which manifests itself with exces-
sively rapid rates of pressure rise. These would induce vibrations in the combustion
chamber components, which then convey the oscillations to the external walls. It
will result in subsequent overheating of the cylinder and piston surfaces, leading
to significant loss in power and efficiency with increased cyclic variations and heat
loss. Persistent knock is highly objectionable and needs to be avoided. As a result of
the effects of cyclic variations, knock may appear in only a few cycles among many,
but soon knocking may increase in frequency and intensify to cover all cycles. The
vibration level changes with changes in the state and intensity of combustion. These
vibrations may be detected via measures that include the appearance of intense and
high-frequency cylinder pressure oscillations following pilot ignition and the distinc-
tive accompanying knocking sound. An effective detection measure may be through
monitoring the output of an acceleration sensor that can be mounted on engine parts,
such as a stud bolt of each cylinder head.

Figure 15.7 shows a typical example of the pressure development record of a
dual-fuel engine operating on methane, together with a corresponding record under
knocking conditions. Figure 15.8 shows a typical example of the rapidly increasing
pressure development leading to the onset of knock with different pilot quantities
when operating a dual-fuel engine on methane.

The type of knocking encountered in gas-fueled dual-fuel engines may be due
to both diesel and end gas type knocks. The presence of much premixed albeit lean
fuel-air mixture that can be considered an end gas in relation to the autoigniting
pilot fuel mixture regions may undergo sufficient autoignition reactions aided by
the rise in temperature following pilot ignition, to lead to an end gas type of knock.

Depending on the size of the pilot and its mode of injection, knock can be per-
ceived to involve autoignition of that portion of the charge in the neighborhood of
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FIGURE 15.7 Pressure time development records for a dual-fuel engine when operating
on methane under knock-free and knocking conditions. (From Karim, G.A., Klat, S.R., and
Moore, N.PW., Knock in Dual Fuel Engines, in Proceedings of the Institute of Mechanical
Engineers, 181, 453-466, 1967.)
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FIGURE 15.8 Variation in the values of maximum pressure with the total equivalence ratio
as it is approaching the knocking condition for three different pilot quantities with methane
as the fuel. (From Karim, G.A., Klat, S.R., and Moore, N.P.W., Knock in Dual-Fuel Engines,
in Proceedings of the Institute of Mechanical Engineers, 181, 453—-466, 1967.)

these ignition centers leading to very high rates of pressure rise and a consequent
very rapid burning of the remaining parts of the charge. With small pilots, the energy
release during the initial stages of ignition and the resulting turbulent flame propaga-
tion can lead, under certain conditions, to an autoignition of the charge well away
from these ignition centers in the end gas regions ahead of these flames, in a manner
resembling the occurrence of knock in spark ignition engines.

As far as knock is concerned, it is mainly the temperature level of the mixture that
is of prime importance. The effects of changes in the values of the fuel-air ratio tend,
in comparison, to be relatively less severe and regulate primarily the resulting com-
bustion temperature. Figure 15.9 shows the changes in the heat release rate diagram
of a dual-fuel engine fueled with propane as the concentration of the fuel gas in the
intake increases to produce knocking while maintaining the size of the pilot fixed.

The knock-limited power output for different fuel and pilot settings appears to
deteriorate logarithmically with the inverse of the intake mixture absolute tem-
perature for fuel-fumigated dual-fuel engines, over a wide range of pilot fuel sizes
(Figure 15.10).

Methane is relatively more tolerant to increases in intake mixture temperature than
other, more reactive gaseous fuels. Operation on propane and butane also shows the
log knock-limited power output to be linearly related to the inverse of the absolute
intake mixture temperature. Increases in the size of the pilot tend to produce an earlier
onset of knock with a corresponding reduction in the knock-free output. The knock-
limited power output in hydrogen-fueled dual-fuel engines is especially more sensitive
to changes in intake mixture temperature. The associated very fast flame propagation
following pilot ignition in hydrogen operation can lead to a knocking behavior.
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15.5 SOME MEASURES TO REDUCE THE INCIDENCE OF KNOCK

With the increased availability of different gaseous fuels and their mixtures with
wide variations in composition, manufacturers of dual-fuel engines, especially those
of the highly turbocharged type, often tend to operate their engines at ratings well
below their potential optimum. This is mainly to avoid the incidence of knock and
overheating of working parts while ensuring acceptable levels of emissions and trou-
ble-free operation.

The incidence of knock may be avoided or its intensity, if it does occur, reduced
through a number of possible design and operational measures. These include the
lowering of the intake mixture and water jacket temperatures and somewhat delaying
the commencement of pilot injection. Some other possible measures, such as lower-
ing the compression ratio, are not commonly resorted to since they could undermine
pilot ignition and the operation of the engine as a diesel. However, a prime means for
avoiding the onset of knock in a natural gas-fueled dual-fuel engine is through care-
ful and proper controls, such as the composition of the gaseous fuel mixtures and
the size and injection characteristics of the pilot. This can be accomplished through
measures such as reducing and avoiding having droplets of fuel condensates, which
are usually mostly the more reactive components of higher hydrocarbons present in
the original gas. The employment of cooled exhaust gas recirculation (EGR) would
also be an effective practical approach. Of course, in principle, an effective pro-
cedure for reducing the incidence of knock, if it can be achieved, is through the
optimum distribution of the gaseous fuel-to-air ratio by a proper stratification of
the gaseous fuel component within the cylinder, where less reactive, leaner gaseous
fuel—air mixtures are within regions of the ignition centers of the pilot where richer
mixtures are located. This would require careful control of the gaseous fuel distribu-
tion such that it will not hinder pilot fuel ignition or encourage the autoignition of
regions adjacent to the pilot, while reducing the tendency of the charge away from
these centers to autoignite despite the high rates of increase in cylinder pressure and
temperature. This may be accomplished via timed gaseous fuel injection during the
latter parts of the compression stroke or, to a lesser degree, of effectiveness via its
timed injection just outside the cylinder.

Normally, the knocking operational regions with methane and some natural gases
are beyond common operational conditions unless highly supercharged large-bore
engines and insufficiently optimized pilot quantity and injection characteristics
are employed. However, for some other gaseous fuel mixtures containing the more
reactive higher hydrocarbons, such as in propane-fueled engines, the occurrence of
knock in an unsuitably modified diesel engine may be commonly encountered.

Enhancing the cetane number of the pilot fuel and resorting to cooled exhaust gas
recirculation, for example, can have a beneficial effect in reducing the incidence of
knock by delaying the onset of knock a little. Turbochargers are normally used in
conjunction with intercoolers to help keep the incoming mixture temperature relatively
low, aiding in improving engine performance and reducing the tendency to knock.

Of course avoiding the fumigation of the fuel gas or its injection in the early part
of the compression stroke would help in delaying the progress of the gaseous fuel—
air mixtures toward early autoignition. Moreover, the high-pressure injection of the
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fuel gas after pilot ignition will drastically reduce the tendency to encounter knock in
unpremixed dual-fuel engines, but adds much complexity to engine design and control.
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’I 6 Exhaust Emissions

16.1 EXHAUST PRODUCTS OF ENGINE COMBUSTION

Ideally, it would be expected that the presence of excess air with a hydrocarbon fuel
at high temperatures and pressures, as in dual-fuel operation, would see, following
combustion, the carbon in the fuel appearing as CO, and the hydrogen appearing
as H,O, together with unutilized oxygen and unchanged nitrogen. However, when
much excess air is supplied, then combustion will take place at correspondingly
lower temperatures and slower rates, which may lead to the incomplete production
of combustion products and even ignition failure. In regions where there is an excess
of fuel, such as those associated with the pilot fuel and its immediate surroundings,
incomplete combustion products will be produced, with some of the fuel remaining
unconverted. Much of the hydrogen in the fuel will be oxidized to H,O, and with
some appearing as molecular H,. The carbon in the converted fuel, because of the
insufficient amount of oxygen locally available, will produce soot, CO, and CO,, with
hardly any unutilized oxygen remaining. In practice, depending on the operational
conditions and the fuels employed, a departure from this idealized composition will
be encountered for a variety of reasons, producing a range of other products, albeit
often in small concentrations. Some of these survive to the final product stage, while
others are transiently unstable and would not last to the exhaust stage. In reality, they
can still play a critical part in the conduct of combustion processes. Some of the main
factors that bring about such a behavior are the following:

* Insufficient mixing of the fuel and air and of the time available to fully com-
plete combustion; some of the flame propagation does not extend through-
out the whole mixture, such as through a rapid drop in temperatures.

* Excessive heat loss quenching combustion reactions, such as by contact
with cold surfaces, mixing with colder air, or rapid expansion.

» Dissociation effects at high temperatures, and with some of the nitrogen
and other elements present in the fuel becoming sufficiently reactive.

Accordingly, the products of combustion contain not only CO,, H,0O, O,, and N,,
but also CO, H,, unburned fuel, oxides of nitrogen and sulfur, and some other partial
oxidation products and particulates. Figure 16.1 shows a schematic representation of
typical variations in the components of the exhaust gas of a dual-fuel engine operat-
ing on methane with a constant pilot size with changes in the total equivalence ratio.

To be able to control the composition of the combustion products and reduce the
undesirable corresponding species present remains a challenge. This is needed to
ensure optimum efficiency and to emit the minimum of undesirable pollutants.
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FIGURE 16.1 Typical variation in the concentrations of the exhaust gas with total equiv-
alence ratio for a dual-fuel engine fumigated with methane using a constant pilot value.
(Adapted from Azzouz, D., Some Studies of the Combustion Processes in Dual Fuel Engines,
MSc thesis, London University, UK, 1965.)

With the continuing emphasis on the reduction of greenhouse gas emissions,
such as those of CO,, even the complete combustion of hydrocarbon fuels will yield
products that are considered to be potentially harmful in the long term to the envi-
ronment, and their releases need curtailing. This remains, of course, a challenge at
present and no doubt will also in the future.

In dual-fuel engines, especially when operating with relatively large pilots, a
varying transient spectrum of mixture ratios normally exists within the combustion
zone due to the heterogeneity of the combustion process. Accordingly, an increasing
variety of measures are incorporated into the design and operation of engines with
the aim of reducing exhaust emissions before they leave the cylinder. These try to
suitably improve the conduct and control of the combustion process by measures
such as attending to the fuel quality with ultra-low sulfur content while optimiz-
ing the processes of fuel delivery, spray systems, and mixing. Also, turbocharging
is employed with appropriate modifications to the combustion chamber and con-
trolled exhaust gas recirculation. Much effort has also been focused on improving
the exhaust gas after-treatment. These include measures such as the provision of an
oxidation catalytic converter, particulate matter traps and oxidizer, selective cata-
lytic reduction of NOx, and employing optimum control of exhaust gas recirculation.
However, controlling the emissions of NOx in diesel engines has been a more chal-
lenging task than in spark ignition (SI) engines. This is because diesel combustion
is of the diffusion type, where localized high temperatures near stoichiometric com-
bustion operations continue to dominate, while there is always much excess supply
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of oxygen. The common SI automotive three-way catalytic converter under these
conditions tends to be relatively less effective.

16.2 DUAL-FUEL ENGINE EMISSIONS

The nature and extent of exhaust gas emissions in dual-fuel engine applications are
controlled by changes in numerous factors that are more varied than for spark igni-
tion or diesel engines. Some of the main factors follow:

e The type and composition of the gaseous fuel employed, its properties,
mode of introduction, temperature and pressure, air temperature, and the
nature of the mixing processes

» Size and properties of the pilot fuel employed, injection timing and pres-
sure, nozzle geometry, and jet velocity

* Engine type and size, cylinder geometry, engine speed and its range, com-
pression ratio, water jacket temperature, turbocharging, exhaust gas recir-
culation (EGR), and any skip firing employed

The main constituents of the exhaust gas of dual-fuel engines are normally made
up of unburned hydrocarbons, mainly in the form of unconverted gaseous fuel, car-
bon monoxide, carbon dioxide, oxides of nitrogen, and particulate emissions. As was
indicated earlier, turbulent flame propagation from the ignition regions of the pilot
may not proceed in time throughout the fuel—air charge until the concentration of the
gaseous fuel in air becomes sufficiently less lean beyond a limiting value that varies
with the type of fuel, engine, and operating conditions.

When operating with a charge of sufficiently lean fuel-air mixture, a significant
amount of the gaseous fuel and the products of any preignition and partial combustion
processes may survive to the exhaust stage. As shown in lean mixture operations, the
concentration of the unconverted fuel gas, methane, appearing in the exhaust gas ini-
tially increases almost proportionally with the extent of the relative gas admission.
This is indicative of a minimal combustion through flame propagation taking place
within the time available beyond the immediate combustion regions dominated by
the constant size pilot fuel. With the continued increase in the concentration of the
gaseous fuel, a limiting value is reached when the exhaust concentration of methane
drops rapidly. This indicates an increased progression of the combustion zone and
some flame propagation into the bulk of the gas fuel-air charge consuming a greater
proportion of the fuel. On continuing with increasing the relative concentration of
the fuel gas in the intake charge, eventually much of the fuel gas admitted gets con-
sumed. The unconverted methane concentration in the exhaust gas then drops, aided
by the burning pilot, to well below the corresponding values usually encountered
in its gas-fueled spark ignition counterpart. Such a limiting methane concentration
is associated with the combustion proceeding through virtually all the lean mix-
ture regions that are well below those corresponding to the stoichiometric value.
However, estimates of this mixture limit on the basis of the flammability limit values
at the corresponding local temperature and pressure conditions will underestimate
the unconverted amount of methane exhaust concentration.
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FIGURE 16.2 An example of the variation of the exhaust concentration of methane with
total equivalence ratio for different intake mixture temperatures and a constant value of pilot
for an engine operating on fumigated methane. (Adapted from Azzouz, D., Some Studies of
the Combustion Processes in Dual Fuel Engines, MSc thesis, London University, UK, 1965.)

The releases of the unconsumed methane tend to be of much less significance
as a contributor to the production of photochemical smog than the releases of other
hydrocarbons. However, methane emissions from gas-fueled engines do not respond
too well to the catalytic oxidation methods normally applied in gasoline spark igni-
tion engines, requiring special measures. Moreover, the presence of methane in the
air is known to have a much more potent influence as a greenhouse gas than the cor-
responding presence of carbon dioxide, and requires increasingly effective control.
Figure 16.2 shows for any operating equivalence ratio the significant drop in the
methane releases with increasing the intake mixture temperature and the associated
bulk temperature at the end of compression.

As part of the sequence of the oxidation reactions of methane in air, carbon mon-
oxide, rather than carbon dioxide, is produced in the early stages of the oxidation
sequence. Much of this carbon monoxide becomes oxidized further on with time to
carbon dioxide.

For very lean mixtures where combustion temperatures are rather low and the
reaction rates are relatively slow, some of this carbon monoxide may not get oxi-
dized sufficiently rapidly in the time available due to the combined effects of the
failure of the combustion process to encompass and oxidize the whole charge, the
relative slowness of the reaction processes, and quenching effects. With the very
lean mixtures employed at very light loads, and especially when using small pilot
quantities, not only does much methane remain unconverted, but also some of the
carbon monoxide produced transiently may remain unoxidized to the final exhaust
phase, as shown in Figure 16.3. The percentage of the total carbon present in both
the pilot fuel and the fuel gas that appears as carbon monoxide in the exhaust gas
remains, as shown in Figure 16.4, relatively small. The extent of carbon monoxide in
the exhaust gases that originates from the gaseous fuel component in regions mainly
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FIGURE 16.4 Variation of the percentage of carbon in the charge appearing as carbon
monoxide with changes in a gas-based equivalence ratio for a methane fumigated engine with
constant pilot quantity, using the data of Figure 18.4.

within and adjoining the burning pilot will depend on the size and concentrations in
these regions. For the same total equivalence ratio, the use of a larger pilot, which is
associated with leaner gas fuel-air mixtures, tends to produce higher carbon mon-
oxide concentrations. An increase in the intake mixture temperature enhances the
oxidation of carbon monoxide for the same pilot mass and overall equivalence ratio.
Changes in the injection characteristics of the pilot can modify the extent of methane
conversion and the exhaust concentrations of carbon monoxide. The contribution of
the preignition reactions of the bulk of the charge to carbon monoxide exhaust emis-
sions tends to be variable, but remains generally small.
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16.3 OXIDES OF NITROGEN EMISSIONS

The production of oxides of nitrogen in engine combustion depends primarily on
the peak value and distribution of the temperature within the combustion zone and
its effective volume, the availability of oxygen, and whether there is sufficient time
for the oxygen-nitrogen reactions to proceed to significant levels of completion. In
dual-fuel engines, much less NOx is produced than in the corresponding diesel or SI
engine operation. Production is associated primarily with the pilot diffusion com-
bustion zone, where very high local temperatures are produced and longer reaction
times are possible (Figure 16.5). Some further NOx production, but to a lesser extent,
will be from heated mixture regions in the vicinity of the pilot combustion zone.
These will tend to involve somewhat leaner mixtures and lower temperatures than
those associated with the high-temperature pilot combustion zones. With the prevail-
ing very lean overall mixture operation, relatively little NOx production is expected
to be produced from regions within the remaining gaseous fuel—air mixture charge.
Increasing the size of the pilot, as shown in Figure 16.5, will have an important
contribution to the increased production of NOX, as the size of the hot combustion
zone will be similarly increased. Also, increasing the effective equivalence ratio of
the premixed fuel gas—air charge will produce higher temperatures with an increase
in NOx production. Thus, the extent of the production of oxides of nitrogen will
be markedly influenced by both the quantity of the pilot employed and the result-
ing overall equivalence ratio (Figure 16.6). Accordingly, premixed dual-fuel engines
may employ relatively large pilots at light load when very lean gaseous fuel-air mix-
tures are employed, but as the engine load is increased, increasingly smaller pilots
may be employed with less lean fuel-air mixtures. This tends to reduce the size of
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FIGURE 16.5 The concentration of oxides of nitrogen of a dual-fuel engine operating
on fumigated methane employing a constant pilot quantity as the concentration of meth-
ane is increased, the corresponding concentrations of NOx emissions when operating as
a diesel is shown. (Adapted from Xiao, F., Experimental and Numerical Investigation of
Diesel Combustion Processes in Homogeneously Premixed Lean Methane or Hydrogen—Air
Mixtures, PhD thesis, University of Calgary, Canada, 2011.)
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FIGURE 16.6 Changes in the concentration of oxides of nitrogen with the total equiva-
lence ratio for a dual-fuel engine operating on fumigated methane for a number of fixed
pilot quantities. (Adapted from Burn, K.S., The Effect of Cold Intake Temperatures on the
Combustion of Gaseous Fuels in a Dual-Fuel Engine, MSc thesis, University of Calgary,
Canada, 1977.)

the high-temperature zones while increasing only by a relatively small amount the
overall combustion temperature of the whole charge and reducing the availability
of free oxygen. The levels of oxides of nitrogen emissions can be maintained well
below those encountered at similar loads for the corresponding diesel operation.
With the use of small pilots and the overall lean mixture operation employed in
dual-fuel engines, the level of oxides of nitrogen produced may also be lower than in
comparable spark ignition engine operation, so long as the onset of knock is avoided.
Slow-speed engines tend to exhibit relatively higher emissions of oxides of nitrogen.
Also, as shown in Figure 16.7, earlier pilot injection also leads to increased NOx
emissions. This is due to the longer combustion time period available for the forma-
tion reactions, combined with having excess air and high temperatures, particularly
at high loads and turbocharged operation.

The emission of NOx is reduced through procedures that would include EGR,
reduced pilot sizes with delayed injection, and employing after-treatment of the
exhaust gas emissions.

16.4 PARTICULATE EMISSIONS

Diesel engine combustion has been noted for its production of a significant amount
of particulates and smoke, especially at high loads and under cold-start conditions,
which require strict control. Various regulatory measures have been enacted, espe-
cially in recent years, to control such emissions. The major source of particulate emis-
sions in diesel engines is the high-temperature pyrolysis of the heavy hydrocarbons
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FIGURE 16.7 Variations in the concentrations of oxides of nitrogen unburned hydrocarbons
and smoke density with total equivalence ratio for a dual-fuel engine operating on natural gas
and constant pilot for different pilot injection timings and speed. (Adapted from Ishyama, T.,
Shioji, M., Mitani, S., Shibata, H., and Ikegami, M., Improvement of Performance and Exhaust
Emissions in a Converted Dual Fuel Natural Gas Engine, SAE paper 2000-01-1866, 2000.)

in the diesel fuel, which is burning primarily in a diffusion combustion mode involv-
ing a very wide localized variation in the fuel-air ratio.

In the dual-fuel engine for the same overall equivalence ratio as that of a corre-
sponding diesel engine at high loads, a major part of the fuel mixture is lean and will
burn in a premixed mode, with primarily light hydrocarbons employed such as meth-
ane. This leads to a very substantial reduction in the amount of particulates emitted
in the dual-fuel engine mode. Even then, the bulk of any smoke that may be detected
will originate mainly from the small amount of pilot liquid fuel employed and some
lubricants burning. A very important feature of dual-fuel operation is that the extent
of smoke and particulate emissions will be much lower than that encountered for the
same load with the corresponding diesel operation. This is obtained over the whole
power output range, even under high levels of turbocharging and when very low
intake mixture temperatures are involved, such as when operating with the boil-off
gas in liquefied natural gas (LNG) operation (Figure 16.8).

This feature obviously contributes to considering the conversion of diesel engines
to dual-fuel engine operation distinctly environmentally attractive over the whole
load range and immensely simplifies the treatment of the exhaust gas. Also, to
reduce particulate emissions, it is necessary to minimize the associated amount of
diesel fuel injected. Particulate emissions need to be considered not only for steady
engine operation, but also, more importantly, for transient operation.

The measurement and determining the nature of the small amount of particulate
matter emissions from dual-fuel engine operation is more challenging than in the
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FIGURE 16.8 Variations of the smoke density of a methane-fueled engine with equivalence
ratio while operating on a constant pilot quantity and different intake mixture temperatures.
The corresponding concentrations with diesel operation are also shown. (Adapted from Burn,
K.S., The Effect of Cold Intake Temperatures on the Combustion of Gaseous Fuels in a Dual-
Fuel Engine, MSc thesis, University of Calgary, Canada, 1977.)

case of diesel engines. Mustafi (2008) evaluated a variety of methods for particu-
late measurement in a methane-fueled dual-fuel engine and showed that about 77%
reduction in particulate mass emissions was achieved with dual fueling, compared to
the corresponding values for diesel-only operation. A chain-like elongated structure
is observed for the dual-fuel engine carbon, while that for diesel engines was more
disordered than that for the dual-fuel engine.

The total aldehyde emissions in dual-fuel engines are very small, with formalde-
hyde being the principal component of the total aldehyde emissions. Their emissions
tend to be higher with the fumigation of the gaseous fuel than its timed injection.
Natural gas, with its high concentration of methane, tends to produce more alde-
hydes than propane.

16.5 OXIDES OF SULFUR EMISSIONS

The concentrations of sulfur oxides together with oxides of nitrogen in the air, apart
from being toxic and greenhouse gases, are a main source of acid rain and produce
a variety of negative effects on health and the environment. They tend to also accel-
erate the corrosion of metals and may damage stone, masonry, paint, some fibers,
leather, and electrical components. Moreover, sulfur compounds react with the cata-
lysts in exhaust gas catalytic converters of current design, greatly reducing their
effectiveness and durability.

Since most living matter contains some sulfur compounds, it is to be expected
that sulfur compounds would be encountered naturally, to varying extents, in most
fossil fuels that have originated from bio-sources. Also, natural gas and biogases
often contain some sulfur compounds, usually in the form of hydrogen sulfide, that
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need removing or are kept below certain very low levels; otherwise, it would appear
in the products of combustion.

It has been somewhat technically challenging and costly to ensure the full removal
of sulfur from fuels. This is complicated by the higher sulfur contents of some crude
oils becoming increasingly available and the prevalence of hydrogen sulfide in
natural gas and biogases. In recent years, the sulfur contents of diesel fuels have
been reduced in most countries to very low concentrations through their removal by
mainly chemical processing. Also, virtually all the hydrogen sulfide is removed out
of gaseous fuels before delivery for their combustion. Accordingly, dual-fuel engine
exhaust gas, when operating on fuels having had their sulfur removed, will display
virtually no emissions of sulfur compounds. An exception is those compounds that
could originate from the very small concentrations of the mercaptans commonly
used as odorants in gaseous fuels, or any sulfur that could have originated from the
small amount of diesel fuel used as a pilot.

16.6 EMISSION CONTROL MEASURES

There are several strategies that can be implemented to reduce all forms of emissions
out of dual-fuel engines besides exhaust gas after-treatment. These include mea-
sures such as further refinement and optimization of the fuel injection system and its
control, better lubricating oil controls, using higher-cetane-number pilot fuels, and
resorting to better quality, well-filtered, and processed fuel gases.

The heavy hydrocarbon pilot fuel produces relatively high production of NOx since
its burning takes place mainly around its stoichiometric mixture envelope. However,
because this envelope in dual-fuel engines is made up of a mixture with fuel gas, it
would involve a bigger mass, but would tend to lower the peak temperature a little,
which contributes toward reduction of NOx emissions. With higher injection pressure,
injection rate shaping, and variable injection timing, NOx emissions and particulates
can be reduced.

A combination of control measures has been implemented with varying degrees
of effectiveness to reduce the undesirable emissions. These measures have included
increasingly complex controls such as including effective particulate traps, appli-
cation of very high pressure liquid fuel injection through common rail systems,
bringing about improved fuel atomization and distribution, optimal variation of the
geometry of turbochargers, variable valve timing, optimized combustion chamber
geometry, electronic unit injection and shaping its rate, occasional water injection,
and exhaust gas recirculation.

Generally, primary controls of operating variables of the engine are adjusted to
bring about reductions in emissions. However, the extent of this reduction is limited
and may lead to some negative effects, such as undermining the power output and
increasing the specific energy consumption. Accordingly, since emission constraints
are becoming increasingly severe and restrictive, secondary treatment methods are
being increasingly applied. These increase the complexity of control and operating,
capital, and maintenance costs. They rely on approaches such as the catalytic treat-
ment of the exhaust gases. This way, the overall performance of the engine would be
penalized less, but at the expense of increased complexity and cost.
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In dual-fuel engines the relative size of the pilot employed, as well as its injec-
tion characteristics, has a controlling influence, particularly on the emission of fuel
gas at any equivalence ratio. Relatively large pilots can be used at very light loads
when very lean mixtures of the fuel gas and air are employed. But the size of the
pilot needs to be reduced substantially in size, with increasingly less lean fuel gas—
air mixtures admitted at high loads. When direct injection of the gaseous fuel is
employed in multicylinder installations or two-stroke engine applications, though
increasing the complexity of control and associated costs, it can lead to a reduction
in the exhaust emissions of the unconverted gaseous fuel and carbon monoxide.

Other sources for HC exhaust emissions in engines include the scavenging phase
and the crevice volumes. Unlike conventional diesel engines, dual-fuel engines have
the fuel gas mixed with the air as it is admitted into the cylinder. A fraction of the
gaseous fuel is forced into crevices during compression and may escape through the
exhaust valve during the valve overlap period. To reduce HC emissions, valve overlap
is reduced through changes to valve timing. However, this adds to increased com-
plexity and contributes to some overheating, while reducing the effective volumetric
efficiency, which affects power output. Of course, timed gas injection, whether into the
manifold or directly into the engine, is an added positive feature for better combustion
control. It would enable taking advantage, by employing skip firing, when less than the
full complement of cylinders are employed for combustion while the remaining cylin-
ders are motored. This way, the firing cylinders will be operating at much richer mix-
tures and smaller pilots than the overall total mixture reckoned on the basis of the fuel
and air introduced. This approach, which requires great care in its proper implementa-
tion in multiple cylinder engines, would increase the motoring and frictional losses due
to the none-firing cylinders. However, such an approach can result in improving the
fuel utilization efficiency and reducing emissions at light loads.

Suitable catalytic converters for engine applications have been developed for
simultaneously removing the three major pollutants of the products of combustion:
unburned hydrocarbons, carbon monoxide, and oxides of nitrogen. These catalytic
devices can then reduce the oxides of nitrogen to harmless molecular nitrogen while
at the same time oxidizing the hydrocarbons and carbon monoxide to carbon dioxide
and water vapor. Commonly, the active catalysts in this arrangement, at least for gas-
oline-fueled spark ignition engines, are those of mixtures of platinum and rhodium,
and sometimes palladium, applied to a largely inert wash coat of aluminum oxide
supported on a ceramic or metallic substrate. Catalyst performance would depend
on many factors beyond the role of exhaust gas composition, such as temperature,
space velocity, equivalence ratio and its modulation, and other factors, such as aging,
poisoning, and thermal.

It is to be noted that if there is too much oxygen in the exhaust gas, then the reduc-
tion of the oxides of nitrogen will be slow and incomplete. When the exhaust gas
does not contain sufficient oxygen, then the carbon monoxide and the hydrocarbons
will not be fully oxidized. On this basis, a compromise has been reached in spark
ignition engines by operating on stoichiometric mixtures. Such an operational proce-
dure is not adopted in dual-fuel engine applications. In such a setup, methane would
tend to react quite slowly and would require higher levels of gas temperature to effect
suitable conversion. Dual-fuel engines, which normally operate on overall lean gas
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fuel-air mixtures and often involve gaseous fuels that contain very high proportions
of methane, produce somewhat lower exhaust gas temperatures than corresponding
gas-fueled spark ignition or diesel engines. The operating and design features of the
dual-fuel engine make it have different emission composition characteristics, which
require different approaches for catalytically controlling its exhaust emissions. The
associated exhaust gas products are significantly less responsive to the conventional
catalytic treatment of SI engine operation. Among the common catalytic materi-
als, palladium (Pd)-based catalysts tend to be somewhat more effective in methane
oxidation applications. However, the effectiveness of the palladium tends to drop
rapidly as leaner and cooler mixtures are used. Dual-bed catalysts tend to show bet-
ter CH,, CO, and NOx conversion and light-off characteristics than single catalysts.

Ammonia gas at sufficiently high temperatures can strip oxygen out of NOx,
in the presence of suitable catalysts. Urea, which can generate ammonia, may be
stored and carried to be applied in transport applications as a fluid. It is controllably
squirted into the exhaust system to carry out the reduction reactions. The fluid needs
to be replenished periodically, and the system needs to be actively maintained with
diesel and dual-fuel engines.

Exhaust gases containing relatively high concentrations of oxygen and oxides of
nitrogen may be removed through the addition of the reducing agent ammonia when
the exhaust gases are sufficiently hot in the presence of a catalyst according to the
following overall reaction equation:

aNO, + b NH; — (a + b)/2.N, + 36/2 H,0 + d O,

At high b/a molar ratios, a high removal of oxides of nitrogen is obtained, but with
the potential of an undesirable increase in the emission of any unconverted ammo-
nia. Obviously, this is adding to the complexity of controls and increases both oper-
ating and capital costs. The exhaust gas reactor needs to be equipped with means for
preheating the control system during start-up. In engines using urea injection in the
exhaust system, the amount of urea employed is usually small and amounts to around
less than a few percent of that of the quantity of the liquid diesel fuel employed.
However, ammonia is itself toxic, corrosive, and adds to operational costs.

The injection of diesel fuel sufficiently early in the compression stroke can lead
to a reduction in NOx emissions, but would lead to substantial increases in the emis-
sions of total hydrocarbons (THC) and CO, and fuel consumption, with the operating
region narrowed to only partial load.

In addition to the catalytic treatment of the exhaust gases, the extent of NOx emis-
sions can be reduced through proper changes in a number of operational controls that
would bring about reductions in the peak level of combustion temperature, the avail-
able time for completing the reactions, and excess oxygen, and the elimination of fuel
nitrogen. An additional control measure is an increase in the exhaust and inert gas
recirculation while reducing its temperature through cooling, or ensuring the filling of
the engine cylinder with cool fresh charge and expelling all combustion products from
previous cycles. This is an important measure in the design and operation of engines
to ensure high power output and efficiency while avoiding the incidence of knock.
However, the role played by the increased retention of hot products of combustion or
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their recirculation tends to be more complex than merely lowering the overall tempera-
ture levels of the charge. Thermal and kinetic contributions are involved.

In general, faster rates of combustion of the cylinder contents are desirable since
the bulk of the mixture is burned and the energy released early in the expansion
stroke, resulting in high efficiencies and power. But this will lead to high gas tem-
peratures and high production of oxides of nitrogen. This indicates that there is a
need for a trade between aiming for very high efficiencies and low oxides of nitrogen
emissions and for a strict control of engine operation.

The amount of particulates in the exhaust gas of a diesel engine is generally deter-
mined using a dilution tunnel, which ensures homogeneous mixing as well as cooling
the diluted exhaust sample below the maximum filtering temperature. Elaborate meth-
ods have been devised recently to deal with diesel engine particulate emissions. These
(particulate matter (PM)) are usually found in the order of less than 1 pm and consist of
mainly unburned carbon particles, soot, which make up the largest portion of the total
PM, and soluble organic fractions (SOFs), which consist of unburned hydrocarbons
that have condensed into liquid droplets or have condensed on the soot particles.

Monolithic particulate filters are being fitted to engine exhaust systems. They are
usually made up of small-diameter parallel channels that are closed at one end or the
other (Figure 16.9). The channel walls are produced from a porous ceramic material,
to which a suitable catalyst is applied at the inlet end. During the flow of the exhaust
gases through the channel walls, the particulates are held back and oxidized by the
catalyst and burned off, leaving the exhaust gas soot-free. In the outlet channels, an
oxidizing catalytic coating is applied, which oxidizes any hydrocarbons and carbon
monoxide to carbon dioxide and water vapor. The filter is loaded again after the soot
has been burned off. However, if the particulates contain no combustible compo-
nents, then these are left behind to contribute to clogging of the filter.

In the quest to reduce the extent of exhaust emissions in dual-fuel engines, some
applications have been investigated where a reversing flow reactor is applied to
methane-fueled dual-fuel engines (Figure 16.10). In such an application the feed of
exhaust gas is switched periodically between the ends of the reactor, thus raising
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FIGURE 16.9 Schematic representation of a catalytic reactor for oxidizing particulates in
the exhaust gas of a diesel engine. (From Karim, G.A., Fuels, Energy, and the Environment,
CRC Press, Boca Raton, FL, 2012.)
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the mean reactor bed temperature and enhancing its overall reactivity and methane
conversion. However, it appears that such applications, due to limiting issues such as
their complexity of operation, durability problems, and increased capital and opera-
tional costs, have not seen wide-scale adoption so far (Figures 16.10 and 16.11).

FIGURE 16.10 Schematic representation of the periodically switching exhaust gas catalytic
reactor. (From Karim, G.A., Fuels, Energy, and the Environment, CRC Press, Boca Raton,
FL, 2012.)
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FIGURE 16.11 The schematic layout of the periodically switching reactor. (From Zheng,
M., Mirosh, E.A., Ulan, D.A., Klopp, W.E., Pardell, M.E., Newman, P.E., and Nishimura,
A., A Novel Reverse Flow Catalytic Converter Operated on an Isuzu-6HH1 Diesel Dual
Fuel Engine, presented at ASME-ICE Division Fall Technical Conference, Ann Arbor, MI,
October 1999.)



Exhaust Emissions 209

16.7 EMISSIONS OF GREENHOUSE GASES

Some of the increases in the concentrations of greenhouse gases in the earth’s atmo-
sphere have been attributed to the combustion of carbon-containing fuels releasing
carbon dioxide, as well as the discharges of fugitive greenhouse gas emissions, such
as those of methane. These additions to the atmosphere may contribute to gradual
warming. There is an urgent need to control the emissions and reduce the intensity
of these effects.

The carbon dioxide produced on combustion of common fuels varies very widely,
depending on the fuel and its mode of processing. Take the combustion of hydrogen
as an example. Although it does not appear to directly produce any carbon diox-
ide, the fact that the fuel was produced most likely through processes involving the
gasification of coal, or the reforming of natural gas, nevertheless will be associated
indirectly with relatively large greenhouse gas emissions at its source of production.
The burning of liquid hydrogen is especially associated indirectly with serious emis-
sions of greenhouse gas emissions at the source and stages of its manufacture since
the liquefaction process is highly energy-intensive. Similarly, electric vehicles, by
virtue of using electric power produced most likely by fossil fuel combustion, are
associated with greenhouse emissions, albeit indirectly. Table 16.1 shows an estimate
of greenhouse emissions of carbon dioxide from the combustion of fuels.

The amount of carbon dioxide produced depends, of course, on the amount of
carbon fuel oxidized. However, methane is a much stronger greenhouse gas than
carbon dioxide. Its releases into the atmosphere can come about from a number of
sources that would include installations such as furnaces and engines that operate
mainly on natural gas with methane its main constituent. However, the continued
reduction in natural gas flaring and diverting much of the gas to the production of
useful power, such as in engines, represents an indirect positive step toward globally
reducing greenhouse emissions.

Some of the main measures that may be employed to reduce greenhouse gas
emissions would include further improving the conduct of the combustion pro-
cesses and the utilization of the energy produced. Also, whenever possible, lower

TABLE 16.1

Estimated Greenhouse Emissions of CO, from Fuel Combustion
Combustion Process Average CO, Emissions (g/kJ)
Burn gasoline 68

Burn natural gas 54

Burn coal 125

Burn hydrogen (from reformed natural gas) 72

Burn hydrogen (from coal gasification) 207

Burn liquid hydrogen (from natural gas) 117

Burn liquid hydrogen (from coal) 316

Source: Adapted from Kukkonen, C.A., and Shelef, M., Hydrogen as an Alternative
Automobile Fuel, SAE Paper 940766, 1994.
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FIGURE 16.12 Variations in the extent of carbon dioxide emissions for a dual-fuel engine
operating on natural gas and fixed pilot with changes in engine speed. The corresponding
values for diesel operation are also shown. (From Checkel, M., Newman, P., van der Lee, B.,
and Pollak, 1., Performance and Emissions of a Converted RABA 2356 Bus Engine in Diesel
and Dual Fuel Diesel/Natural Gas Operation, SAE Paper 931823, 1993.)

carbon-to-hydrogen ratio fuels need to be used with devising effective methods for
the economic disposal of the greenhouse gas methane before being emitted into the
open atmosphere. This, however, continues to be not so easy and adds much to costs.

The continued reduction or elimination of exhaust gas pollutants, especially those
of oxides of nitrogen, which are also strong greenhouse gases, will also be a con-
tributory factor.

The dual-fuel engine scores well in comparison to other prime movers in the
reduction of emissions of greenhouse gases through its high efficiency and the con-
sumption of gaseous fuels that have relatively low carbon-to-hydrogen ratios, and
with some, may have been produced from renewable sources. These fuels, and espe-
cially natural gas, also require a minimum amount of energy for their processing.
Hence, they tend to be responsible overall for relatively lesser amounts of greenhouse
gas releases. This is also aided by the need to use only small quantities of diesel
fuel, which serve merely as the ignition agent. Figure 16.12 shows an example of the
substantial reduction in carbon dioxide emissions with dual-fuel operation relative
to that when the engine is operated in the diesel mode. This superiority in dual-fuel
performance extends over the whole speed range.

An effective approach to reduce the emissions of greenhouse gases in dual-fuel
engine operation is through the oxidation of any unconverted methane, such as
through its catalytic oxidation, and minimizing the absolute amount of fuel con-
sumed per unit of power produced. This would require maximizing the efficiency
without increasing the amount of emissions produced, which requires a compromise
between these two rather conflicting requirements.

Some of the general measures that have been employed to improve engine efficiency
while reducing the associated emissions are the following:
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* Resorting to operation on sufficiently fuel lean mixtures and employing
direct gas injection per cylinder, rather than fumigation, to ensure better
control of the fuel introduction and its distribution among the different cyl-
inders, with less fuel passing unreacted directly to the exhaust stage

» Using optimized exhaust gas recirculation maintained warm at light load
and cooled at high loads, for emissions and knock controls

*  Employment of properly stratified mixture combustion where relatively rich
mixtures are arranged near the ignition source, while the remaining mix-
ture is fuel lean, such that the overall mixture remains fuel lean

* Employment of optimized variable valve timings and controlled exhaust
gas turbocharging, including through variable geometry and exhaust gas
bypass under selective conditions

* Retaining the high compression ratio of the engine subject throughout to
the avoidance of the undesirable onset of knock or excessive NOx emissions

» Using sufficiently high quality processed fuels for both the gas and the liquid
pilot and improving engine controls, especially under transient conditions

* Using cogeneration and hybrid operation with mixed staged sources for
power production and storage and considering the use of homogeneous
charge compression ignition (HCCI) operation, once it has been developed
satisfactorily
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171 DUAL-FUEL ENGINE PERFORMANCE

Results and corresponding conclusions reported in the technical literature relating to
the employment of gaseous fuels in dual-fuel engines often describe tendencies that
are specific to the engine setup and the gaseous fuel employed. Since gaseous fuels,
including natural gases and liquefied petroleum gases (LPGs), can sometimes vary
widely in composition, especially in terms of the concentrations of higher hydrocar-
bons and diluents, it is necessary whenever evaluating results of engine performance
to keep the effects of such possible variations in mind and to account for their pos-
sible contribution. Accordingly, it is preferable when investigating some aspects of
the combustion processes in dual-fuel engines to refer, whenever possible, to fuels of
known composition or, even better, to pure fuels rather than, for example, a generic
natural gas or biogas fuel.

A typical comparison of the values of the specific energy consumption with
changes in the total equivalence ratio of a dual fuel operating on different gaseous
fuels at constant pilot quantity with the corresponding values when operating as a
diesel would show that the performance of the dual-fuel version is much inferior to
that of the diesel at low loads. However, at high loads the performance of the dual-
fuel engine improves and may become superior to that of the diesel. The employment
of reduced pilot sizes increases the consumption differences at light load. However,
at high load the dual-fuel consumption becomes less affected by the relative pilot
size employed compared to the fuel gas. Engine performance can be correlated
adequately in terms of overall equivalence ratio when based on both the pilot and
fuel gas. Figure 17.1 shows schematically the typical variation in dual-fuel engine
performance parameters when operating on fumigated methane with constant pilot
and engine speed over the operational total equivalence ratio. The full load is often
limited by the onset of knock.

The performance of dual-fuel engines in relation to that of typical spark ignition
gas engines may be considered to have the following superior characteristics:

* Itcan accept a wider spectrum of gaseous fuels and has superior control and
safety characteristics.

215
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FIGURE 17.1 Schematic of typical variations in IMEP, maximum pressure, ignition delay,
and indicated specific energy consumption, with changes in total equivalence ratio of a dual-
fuel engine operating at constant speed on methane using a constant pilot. The extent of
operational range is limited by the onset of knock at high load. (Not to scale.)

» Itdisplays less cyclic variation even at light load, aided mainly by the delib-
erate and reliable source of the energetic pilot ignition.

» It requires fewer changes in the pilot fuel injection timing in comparison to
the changes in the timings of electric spark ignition needed with changes in
engine speed and load.

* Quality control is normally obtained by changes in the fuel concentration
rather than throttling, as in common spark ignition engines.

* The engine can operate over a wider overall range of mixture strength and
intensity of turbocharging while displaying superior emissions.

* Higher compression ratios and torque can be obtained, leading to improve-
ments in power output and efficiency, with less tendency to encounter the
incidence of knock. This is because of the overall lean mixtures normally
employed and the multiple ignition centers provided by the injection of the
pilot.

An example that compares the specific energy consumption over the whole load
range of a spark ignition gas-fueled engine when exclusively operating on stoichio-
metric mixtures of natural gas with that when operated on a variable lean mixture
range is shown in Figure 17.2. The superior performance of operation on variable
lean mixtures is evident. Similarly, the corresponding specific energy consumption
when operating as a diesel is compared with the corresponding values when the
engine is operated as a dual-fuel engine. It is shown that the specific consumption
under spark ignition operation is inferior throughout to the corresponding operation
as a diesel or dual fuel. It can also be seen that dual-fuel engine performance may
become even superior to the corresponding values of the diesel mode at high loads. It
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FIGURE 17.2 A comparison of variations of the specific energy consumption with load for
spark ignition, diesel, and dual-fuel engines operating on natural gas. (From Beck, J., Karim,
G.A., Pronin, E., and Mirosh, E., The Diesel Dual-Fuel Engine Practical Experience and
Future Trends Update, Paper no. 96EL070, Proceedings of the International Symposium of
Automotive Technology and Automation, ISATA, Florence, Italy, pp. 1-6, 1996.)

is to be noted that the compression ratio for the spark ignition operational mode had
to be lowered substantially, primarily to avoid the incidence of knock.

An example of the variation of the brake specific energy consumption with load
for a dual-fuel engine fueled with a natural gas is also shown in Figure 17.3. In this
specific example, it can be seen that such performance is superior to diesel operation.
The performance of the dual fuel can be substantially improved even further when
skip firing and turbocharger bypass are implemented.
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FIGURE 17.3 Comparison of the brake specific energy consumption with load for dual-
fuel operation with that of diesel showing the superior performance of the dual-fuel engine,
especially when fitted with skip firing and turbocharger bypass. (From Beck, J., Karim, G.A.,
Mirosh, E., and Pronin, E., Bus Fuel Efficiency Local Emissions and Impact on Global
Emissions, presented at NGV 96 Conference and Exhibition, Kuala Lumpur, Malaysia,
October 1996.)
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17.2 EXHAUST GAS RECIRCULATION (EGR)

Some form of exhaust gas recirculation has been increasingly incorporated in designs
and operation of engines in recent years. It is mainly employed as a form of aiding
in the effective control of the generation of pollutants during combustion, especially
those of NOx. Retention of products of combustion or exhaust gas reintroduction
is normally implemented through measures that include direct controlled recircu-
lating of some of the exhaust gas to the engine intake, either cooled or uncooled.
Alternatively, it can be made through incorporating suitable adjustment to the valves’
timing and their overlap period. The net effect is to increase the dilution of the fresh
charge with combustion products that tend to act effectively as inert diluents. This
will produce some changes in the composition of the cylinder contents and lead to
an overall reduction in the values of the peak combustion temperature. In turn, this
reduction leads to a lowering in the production of oxides of nitrogen, which is heavily
dependent on values of the local temperature and the partial pressure of the available
oxygen. Since the thermodynamic properties of the residual and exhaust gases are
sufficiently different from those of the fresh charge mixture, they can also modify
the temporal variations of the mean temperature and the associated heat transfer
processes during and beyond the end of compression. Additionally, the effects of
EGR can be viewed in terms of its contributions through the increased presence of
diluents, higher initial compression temperatures that may lead to higher overall
combustion temperatures, burning of some of the recirculated unburned fuel in the
exhaust gas, and a reduction in the oxygen concentration of the charge. Depending
on how the EGR is implemented, there will be a slight lag in introducing the exhaust
gas from previous cycles. This is especially important under transient operating con-
ditions, and it is much influenced by the design and mode of EGR application.

There are broadly three types of EGR. First is the hot EGR, where hot exhaust
gases are recycled without external cooling before mixing with the intake charge, to
result in an increase in its overall temperature. This may be achieved by insulating
and shortening the EGR delivery line. The second is a fully cooled EGR, obtained
when the exhaust gas to be recirculated is cooled essentially down toward ambi-
ent conditions. This is implemented, for example, through employing a specially
installed water-cooled heat exchanger and introducing the gases directly into the
intake pipe. In such approaches, much of the water vapor in the exhaust gas is con-
densed and removed so as not to enter the cylinder. The third approach, which may
be described as partially cooled EGR, avoids some of the problems of the cooled or
hot EGRs. The exhaust gas may be partially cooled to such an extent that its tem-
perature remains above the dew point of the exhaust gas. In turbocharged engine
applications, the exhaust gas may be extracted from the outlet of the exhaust turbo-
charger, cooled, and the excess water extracted. The EGR routing in turbocharged
dual-fuel engines can also be made from somewhere before entry into the turbine to
the inlet manifold, where there is a sufficiently positive pressure difference between
the exhaust and inlet manifolds. This is aided by the use of a waste-gate valve and
may permit a small reduction in the size of the turbine. The engine controls need to
be adjusted to account for the intensity and extent of EGR employed. This is usually
established mainly through experimentation.
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The cooling of the recirculated gases before their introduction into the intake charge
is commonly desirable, not only to reduce the production of oxides of nitrogen, but also
to lower the tendency to knock at high loads. However, the increased proportion of
exhaust gas into the engine intake charge, whether carried out through some form of
gas retention or recirculation actions, displaces some of the fresh charge and vitiates
it. Occasionally, the recirculated gases, even when cooled, may raise the temperature
toward the end of compression, such as through the presence of some unconverted fuel
from previous cycles. There can also be some changes to the chemical kinetic activ-
ity since a wide range of quenched and partial oxidation products may become mixed
with the fresh fuel-air mixture. This form of mixing can lead to the production and
survival during compression of a variety of actively reacting species that may influence
the subsequent combustion processes of both the pilot and the main gaseous fuel-air
mixture. Hence, the ignition delay, pressure development, tendency to knock, and level
and nature of exhaust emissions can be affected.

In dual-fuel engines the employment of hot EGR can improve the part load effi-
ciency and power output. It can lead to a reduction in the level of unburned hydro-
carbons in the presence of the excess air charge. However, hot EGR can bring about
an increase in thermal loading and, eventually at high loads, an overall reduction in
the power output and efficiency, with an earlier encounter of the onset of knock. For
practical purposes, in dual-fuel applications it is necessary to maintain a low EGR
ratio at light load since the temperature of the exhaust gases is relatively low due to
the very lean mixtures employed and the incomplete combustion of the gaseous fuel
component. Hence, EGR may be implemented optimally with the different gaseous
fuels mainly at high loads. The use of a high amount of EGR increases the presence
of diluents in the charge, which leads to longer combustion periods and reduction in
the efficiency and power output. Also, a high EGR ratio reduces the average combus-
tion temperature and the heat loss during expansion. A reduction in the exhaust gas
temperature is favored for maintaining the reliability and durability of equipment.

In summary, the effects of EGR on the combustion processes can be considered
to various degrees due to a number of combined effects. These are thermal diluting
the charge, and thereby changing the equivalence ratio and composition. There are
also thermodynamic effects, such as changing the effective polytropic index during
compression and other properties, as well as kinetic influences that may provide
some partial oxidation products and active species while affecting the extent and
mode of heat transfer.

17.3 HEAT TRANSFER IN DUAL-FUEL ENGINES

It is usually a challenge to experimentally conduct heat transfer measurements reli-
ably in reciprocating internal combustion engines. This is mainly because the mea-
surement of the extent of heat transfer within the engine can be made only over
specific small locations, while the heat flux distribution over the cylinder surfaces
is nonuniform and highly periodic. Moreover, the values and distributions of the
key controlling factors, such as fluid flow, temperature, and composition, together
with the action of deposits and lubricants, are uncertain. Largely, approximate quasi-
empirical approaches have been devised that tend to give results that are indicative of
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only the average global trends. This represents a significant limitation to the knowl-
edge of the processes involved. Such knowledge is needed not only for predictive
modeling, but also when considering the operational and design problems associated
with the control of knock, emissions, and the gas-liquid fuel injection processes in
general, and in particular in engines of the precombustion chamber type.

As aresult of the specific relationship between the cylinder volume and tempera-
ture during compression, typically about half the temperature rise during compres-
sion takes place within the last part of the piston travel, as the piston slows down
considerably when it approaches its end of travel. The extent of heat transfer is then
increased as a result of the high temperatures, larger relative surface area to vol-
ume, and increased forced convective turbulent flows. The diesel engine, even with
its high compression ratio and when turbocharged, tends to have cooler surfaces
than those of the stoichiometrically operated spark ignition gasoline engines. This is
mainly since the diesel engine operates with much excess air and with combustion,
and the hot regions are usually centered farther away from the chamber surfaces.
The conventional dual-fuel engine has a different distribution of its mixtures. The
overall lean premixed charge is distributed throughout the whole cylinder, with only
a much smaller region associated with pilot combustion more centrally located. The
dual-fuel engine is associated with much less injected liquid fuel penetration and
surface deposition because of its small size. This would lead to having the extent of
heat transfer in dual-fuel engines generally lower than in both spark ignition engines
and diesel engines. A greater portion of the energy release takes place through flame
propagation, with combustion possibly proceeding into some of the cylinder crev-
ices. There will also be less cooling than in diesel engines via liquid fuel injection,
leading to the injector body tending to run hotter. Radiation heat transfer would be
lower and less persistent down the expansion stroke. These features would positively
reflect the efficiency and increased durability of the engine.

There are a number of distinct features of the working and design of dual-fuel
engines that reflect, to a large extent, the unknown extent of the heat transfer. For
example, the fact that the engine runs on a mixture of a gaseous fuel and high com-
pression ratio affects its temperature-time development during compression because
of the changes in the thermodynamic properties, unlike the diesel engine, where
compression takes place with air only. Also, depending on the gaseous fuel employed
and the extent of any exhaust gas recirculation employed, this temperature will be
further modified by the energy releases, if any, during the preignition processes. In
some gaseous fuels, such as LPG, some chemical energy releases can take place
somewhat earlier in the later stages of the compression stroke than with methane
or hydrogen operation. Accordingly, in dual-fuel engines, the heat flux appears to
increase with load at higher rates than those in the corresponding diesel engine. The
temperature at the upper part of the cylinder liner and the heat flux in the cylinder
head are lower, but with the heat flux at the lower part of the liner somewhat higher.

For dual-fuel engines of the prechamber type, the temperature of the tip increases,
but the valve seat and piston crown temperatures for natural gas applications are
lower than for diesel operation. This is due to the less heterogeneous combustion
taking place, in contrast to that of the diesel engine, where the combustion is of the
liquid fuel diffusion type burning. In the cases of high-pressure fuel gas injection,
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the temperature, composition, and mixture velocity distribution are markedly dif-
ferent from those in the case of the corresponding diesel engine or the premixed
version of the dual-fuel engine. With very high pressure injection of the fuel gas, it is
to be expected that the introduction of an expanding high-velocity and very cold gas
jet will substantially modify the temperature distribution, and thus the heat transfer
processes.

17.4 ENGINE OPERATION ON LIQUEFIED NATURAL GAS (LNG)

Control of the many variables in LNG engine applications is increasingly being made
through the use of computers. The LNG fuel needs to be evaporated, requiring a suit-
able heat exchanger that often uses engine hot circulating water. This has to be accom-
plished without much reduction in the water jacket temperature. Otherwise, it can
adversely affect engine performance. Arrangements are usually made to bypass this
heat exchanger when needed. The hot exhaust gas, in comparison, tends to be a less
suitable source for such fuel heating. The gas injection system needs to be capable of
having to occasionally accept not fully vaporized methane in the form of an aerosol,
especially near engine full-load conditions, where high fuel flow rates are encountered.
Normally, this is less common, as heat extraction increases as full-load conditions are
approached with a reduced tendency for thermal stressing of engine parts.

Figure 17.4 shows the variations with the total equivalence ratio at three fixed
values of diesel pilot of the concentrations of the unreacted methane appearing in the
dry exhaust gas of a normally aspirated direct injection dual-fuel engine fumigated
with methane. Different constant intake mixture temperatures are shown, including
those of sufficiently low values that may arise from operation on LNG. It can be seen
that maximum unconverted methane concentrations are encountered at low loads,
but are then reduced as less lean mixtures are employed. Cooling the intake mixture
temperature and reducing the size of the pilot lead to increased emissions of uncon-
verted methane. This can lead to ignition difficulties when sufficiently cold mixtures
with small pilots are used. An example of the corresponding substantial changes in
the ignition point over a range of total equivalence ratios of cooled intake methane
air mixtures is shown in Figure 17.5, displaying excessively long delays as the size
of the pilot is reduced. The corresponding uncooled intake operation is also shown.

This chilling effect of the intake charge will lead, especially at light loads, to
a higher proportion of the fuel remaining unoxidized, with high concentrations
partially converted to increase the concentrations of exhaust carbon monoxide. Of
course, the emissions of oxides of nitrogen tend to be insignificant. In the case of
using excessively large pilots, the presence of particulates in the exhaust gases tends
to increase. However, the injection of the cold-boiled gas into the intake manifold
or into the engine cylinder would enhance the volumetric efficiency of the engine
through increasing the density of the charge.

Some engine modifications are needed with LNG operation. These can include
the potential to employ higher compression ratios since there is less likelihood
for knock. The injection timing of the pilot may benefit from a certain amount of
advance to compensate somewhat for the increased cooling of the intake charge.
Engine performance can also benefit from having the water jacket temperature
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FIGURE 17.4 Variations of the concentration of unconsumed methane in the exhaust gas
of a methane-fumigated engine with changes in the total equivalence ratio. Different intake
mixture temperatures are employed that include the range of temperatures arising from mix-
ing with LNG vapor. Three different cases employing increasingly larger pilots are shown.
(From Karim, G.A., Progress in Energy and Combustion Science, 6, 277-285, 1980.)
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FIGURE 17.5 Variations of the ignition angle values with changes in the total equivalence
ratio of a dual-fuel engine operating on fumigated methane at a range of constant pilot quanti-
ties, when the intake mixture is both uncooled and cooled. (Adapted from Burns, K.S., The
Effect of Cold Intake Temperatures on the Combustion of Gaseous Fuels in a Dual-Fuel
Engine, MSc thesis, University of Calgary, Canada, 1977.)

controlled suitably according to the load and the size of the pilot employed. The
size of the radiator may be reduced, while greater attention is given to deal with
potential increases in lubricating oil problems, increased corrosion of the exhaust
system, and materials compatibility difficulties. Also, some water icing problems
may need to be attended to, especially in operations in regions where high-humidity

air is normally encountered.
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17.5 CYCLIC VARIATIONS

Cyclic variation in engine performance parameters needs to be reduced to a mini-
mum and is an important source of limiting engine power output, increasing fuel con-
sumption and the levels of emissions, and undermining the optimization of engine
performance. The extent of variation in the values of performance parameters, which
tend to be interrelated, is commonly described by the corresponding coefficient of
cyclic variations (COV). It is given as the standard deviation of the values of the
observed parameter normalized by the mean of the observed values. A statistically
adequate number of observations needs to be employed. Often, the coefficient of
cyclic variations for the indicated work output (COV ,sp) is employed to describe the
stability of engine performance, while the variation in the values of peak pressure
indicates combustion stability. In general, the extent of cyclic variations in diesel
engines and also in dual-fuel engines tends to be much lower than in gas-fueled spark
ignition engines, especially for those operating not stoichiometrically.

Numerous factors influence the mode and extent of engine cyclic variation. For
example, these include any variations in intake mixture composition and temperature,
the concentrations of residuals retained and any reactive species that may be formed
during compression, values of the temperature in the vicinity of the ignition centers,
the mode and intensity of charge motion, the extent of exhaust gas recirculation, and
the heat loss. High cycle-to-cycle variations are usually associated with the occurrence
of substantial combustion instabilities, such as when operating on excessively lean
mixtures, throttled operation, employing excessive EGR, or cold running. In such situ-
ations, the injection characteristics and the pilot fuel quantity, their fluctuations, vapor-
ization, mixing processes, and aerodynamic variations collectively exert significant
influence on the extent of these variations. Larger pilots and less lean gaseous fuel—air
mixtures produce much improved stability of operation. Fast-burning fuels such as
hydrogen display less variation than the slower-burning methane or biogases contain-
ing diluents. Typically, cyclic variation in the output of dual-fuel engines at light load
with very lean mixture operation needs to be kept well below a value of 5-10%.

It can be seen in Figure 17.6 that the power output at constant pilot and speed
varies essentially linearly with the extent of fuel gas admission. Also, the noise at
very light load tends to be mostly associated with the rapid combustion of the diesel
pilot, but decreases rapidly with the increased admission of methane. The noise later
becomes much less dependent on the amount of gas burned.

An example of the extent of variations of peak pressure, rate of pressure rise, and
indicated mean effective pressure (IMEP) with changes in the equivalence ratio of
the fuel gas feed at a constant pilot quantity with methane as the fuel is shown in
Figure 17.7. The corresponding power output is also shown.

Random operational variations in the values of most of the key influencing vari-
ables, such as the following, contribute to different degrees to the cyclic variations that
may be observed in dual-fuel engines, especially within the low load operating region:

e Very lean mixtures and small amounts of liquid fuel pilot injection are
employed in dual-fuel operation. These produce long delays that lead to
slow post-ignition energy releases, with flame propagation becoming more
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FIGURE 17.6 Variation of brake power output with gas equivalence ratio at constant pilot
and speed. The corresponding variation in the combustion noise is also shown. (Adapted from
Liu, C., An Experimental and Analytical Investigation into the Combustion Characteristics of
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2008.)
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FIGURE 17.7 An example of the extent of variations in peak pressure, rate of pressure rise,
and IMEP with equivalence ratio based on the gas admitted at a constant pilot with a methane
fumigated engine. (Adapted from Liu, C., An Experimental and Analytical Investigation into
the Combustion Characteristics of HCCI and Dual-Fuel Engines with Pilot Injection, PhD
thesis, University of Calgary, Canada, 2008.)
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prone to variations. Also, there will be contributions to the observed varia-
tion in engine performance from poor pilot fuel vaporization and mixing,
which lead to fluctuations in the nonuniformity in equivalence ratio distri-
bution during combustion.

e There are significant nonuniformities in temperature, composition, and
velocity during the compression stroke that change with time and produce
dynamic changes from one cycle to another in the behavior of the values
of the hottest region of the mixture and its location, such as relative to pilot
fuel injection and cylinder surfaces.

e The liquid diesel fuel commonly used as pilot usually displays a very prom-
inent multistage ignition behavior, rather than the single-stage continuous
acceleration of reactions associated with methane. These multistage reac-
tive characteristics can lead to amplifying the observed cyclic variation
when small changes in influencing variables take place, and can prolong
the apparent interruption of the energy release processes between the stages
of reactions. The fraction and reactivity of residual gases also can vary
from one cycle to another, which can have a strong effect on the course of
the oxidation reactions.

* The cooling of compressed natural gas on its expansion through the pres-
sure regulators can contribute to the variations. The extent of this cooling
of course depends on the flow rate and how high the gas supply pressure
is. Gas regulators may need some heating using engine coolant to prevent
potential icing or hoar frost formation, which may lead to variations in the
value of the fuel/air ratio of the delivered mixture.

e At the borderline for lean mixture ignition limits, any variation in heat
transfer patterns will make a contribution aiding or impeding the reactions.
Also, the development of a hot spot or part of the cylinder surface becoming
slightly hotter than the other surfaces will be an influencing factor.

e When the fuel gas is introduced into the incoming air via a simple carbure-
tion system, the intense pulsating flow into the cylinder is not necessarily
consistently repeatable and in proper phase cyclically with engine valve clo-
sure or opening. This can be a contributory factor toward cyclic variations
in the resulting equivalence ratio and its distribution, especially around the
mixture ignition limits.

* Mixtures in the neighborhood of the lean limit values produce very low
combustion temperatures. Hence, a very slight change in temperature in
one region relative to another will make a big difference in the relative reac-
tion rate. This is not the case with much less lean mixtures, such as those
near full load or those leading to knock, where a small change in tempera-
ture changes the reaction rates only relatively little. Moreover, for very lean
mixtures, a slight shift in equivalence ratio makes a very large change in the
flame speed and the energy release rates. On the other hand, for mixtures
around the stoichiometric value, the flame speed is of course very much
higher, but relatively less sensitive to small variations in that region of the
equivalence ratio.
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18 Dual-Fuel Engine
Management

18.1 ENGINE MANAGEMENT SYSTEMS

Much progress has been made in recent years in the development of electronically
controlled liquid and gaseous fuel injection equipment and methods for dual-fuel
engine applications. These permit, for example, independent variations in the pilot
fuel quantity and injection timing, with various approaches for the controlled intro-
duction of the gaseous fuel, including its direct injection into the cylinder under suf-
ficiently high pressure. Engines in service that are not fitted with up-to-date control
technologies tend not to achieve the full potential of dual-fuel operation in terms of
most key performance parameters. These engines tend to display poor reliability and
incur high maintenance costs.

Diesel engines converted to dual-fuel operation are normally required to retain
the capacity to also perform satisfactorily as a diesel engine when needed. Any
changes or additions to render the engine capable of operating as a dual-fuel engine
should not undermine this capacity. The peak cylinder pressure, rates of pressure
rise, rates of energy release, and torque ~ speed characteristics need to be kept at
the same order as those for the corresponding diesel operation. Controls for engine
starting, idling, overload, and shutdown are preserved, and the switchover to diesel
operation must be sufficiently prompt, with proper diesel performance fully restored.
Additionally, to keep costs down and avoid increased complexity, no major modifica-
tions to the engine need to be made. Nevertheless, to ensure that control units fitted
to dual-fuel engines remain optimum is relatively challenging and costly, given the
low volume of dual-fuel engines produced in comparison to the huge numbers of
the mass-produced conventional liquid-fueled diesel engines. The requirements of
relatively complex gaseous fuel infrastructure, the need to match the specific charac-
teristics of the diesel engine to be converted, the constraints imposed by the increas-
ingly stringent regulations to control emissions, and the potential variations in the
quality of the gaseous fuels that may become locally available economically are
additional challenges.

Figure 18.1 shows schematically a typical relatively simple installation of a dual-
fuel engine operating on fumigated fuel gas while employing the fuel pump and
injector of the original diesel version to provide pilot injection, as may be used in
some transport applications.

Dual-fuel engine operation needs to ensure the precise metering of the gas and
diesel fuel flows, the liquid-to-gas fuel ratio, and the total fuel energy supply while
safeguarding against overfueling. The following controls are employed:
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FIGURE 18.1 An example of dual-fuel engine installation with fumigated fuel gas. (From
Bergman, H., and Busenthur, B., Facts Concerning the Utilization of Gaseous Fuels in Heavy
Duty Vehicles, in Proceedings of the Conference on Gaseous Fuels for Transportation, August
1986, pp. 813—849.)

* The pilot with mechanical pump and governor

* The pilot with mechanical pump and electronic governor

* The electrohydraulic pilot with full electronic control, permitting variable
injection timing

* The pilot high-pressure fuel gas injected directly into the cylinder, with full
electronic control and permitting variable injection timing

Mechanical type control systems were employed for a long time in the control of
dual-fuel engines, especially for stationary applications. These usually required only
limited changes in speed and load, while typically employing a relatively substantial
pilot, such as around 10% of the full-load diesel quantity. However, in comparison to
transport applications, they tend to be much more demanding, such as in city buses,
where there is a need for frequent transient operation over wide ranges of speed and
load while adhering increasingly to restrictive emission controls. This has produced
a need for more exacting controls while catering for more frequent returns of the
engine to operation in the diesel mode.

As has been indicated earlier, in order to obtain the potential benefits of convert-
ing diesel engines to the dual-fuel mode, the size of the pilot fuel and its injection
characteristics need to be varied suitably, depending on the engine type, the fuel
gas, and other operating conditions. This would be achievable through electronic
control systems, which generate the necessary nonlinear relationships in the dif-
ferent operating parameters needed for proper control. It can also ensure that the
pressure-time development under dual-fuel operation is similar to that for operation
in the diesel mode for the same engine and corresponding conditions. On this basis,
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electrical controls of dual-fuel engines have been increasingly preferred in recent
years, in comparison to the older mechanical approaches. Moreover, control systems
based on digital microprocessors are usually preferred over those of the analog type
due to their relative flexibility and improved reliability, while keeping conversion
costs down. In any case, because of the inherent nonlinearity of the desirable fuel
control operational map, an electrically based control system is needed. There are
many different versions of ever-evolving electronic controls, together with the devel-
opment and wide application of more efficient injection/combustion systems of the
common rail type of diesel engines. These are aiding in hastening the movement to
the increased conversion of diesel engine to dual-fuel operation and becoming an
effective and attractive type of a power producing device.

There is an assembly of electronic and electromechanical components that contin-
uously monitor engine operation and vary engine calibration to meet requirements.
A processor is the heart of the electronic engine control (EEC), where informa-
tion, including a simulation of the operational and driving conditions that could be
encountered by the engine operator, is programmed. Sufficiently detailed engine
performance maps are stored in the computer memory, and the processor’s task is to
select the required engine operating conditions.

Various types of servos provide information signals to the processor. These include
thermistors, variable resistance sensors, and thermocouples for variations in tempera-
ture, such as that of the engine coolant, exhaust gas, or inlet mixture. Potentiometers
and variable resistances indicate position, such as that of the throttle valve. Different
switches send voltage signals to indicate off and on positions of a specified condition,
while magnetic pickups indicate engine speed and crankshaft position. In case of a
malfunction of the gas valve, a servo will detect the change, such as in the exhaust
gas temperature, prompting it to be shut off. The commands are performed by actua-
tors, which can be electrically controlled solenoid motors and other devices, such as
those motorized for air and fuel flow control. Other controls guard against over- and
underspeeding and maintaining the required coolant temperature and gas fuel supply
pressure. Figure 18.2 shows a schematic layout of the controls of a compressed natural
gas (CNG)-fueled dual-fuel engine that employs the regular diesel injection pump to
provide for pilot injection, while regulating the fuel gas supply to sufficiently low pres-
sure for it to be fumigated into the engine intake air system.

18.2 SOME FEATURES OF DUAL-FUEL MANAGEMENT

It is less common nowadays to have dual-fuel engines equipped with a throttle con-
trol, as commonly fitted to spark ignition automotive engines, including those for fuel
gas applications. Instead, the power output of a dual-fuel engine is controlled mainly
through changes to the overall quality of the gaseous fuel-air mixture, together with
a control of the pilot liquid fuel quantity used. Sometimes, partial throttling of the air
component of the intake charge is employed, so as to produce sufficiently richer mix-
tures for the same amount of gaseous fuel admitted. This would result, at sufficiently
light load, in improving the overall fuel utilization, enhancing power output, and
reducing the emissions of unburned fuel gas and other partial oxidation products.
However, excessive or inappropriate application of throttling can undermine and
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FIGURE 18.2 An arrangement of the controls of a CNG-fueled dual-fuel engine. (From
Milken, E., A Simple Retrofit System for the Operation of Diesel Engines on Natural Gas, in
Proceedings of the International Conference on Auto Technology, Bangkok, Thailand, 1990,
pp. 445-449.)

impede pilot ignition, increase cycling variations and pumping losses, and render
operation on some fuel mixtures problematic. On this basis, variable application of
throttling in dual-fuel operation has been largely confined to low-load operation.

Pilot injection equipment and processes, when employed without modifications
from those for diesel operation, will have a limited turn-down ratio and invariably
cannot ensure the maintenance of good liquid fuel spray characteristics, such as
those of spray atomization, its penetration, and its mixing with the available fuel-air
mixture.

Another control measure that has been increasingly followed in multicylinder
premixed dual-fuel engine applications, particularly at very light loads, is skip firing.
In this approach, all the cylinders are not necessarily fired uninterruptedly, so that
those cylinders that are will be run on richer mixtures than had the charge of gaseous
fuel and air been uniformly distributed among all the cylinders. The remaining non-
fueled cylinders are allowed to be motored without fuel injection. This procedure of
skip firing can be made, if necessary, to alternate among the different cylinders. A
similar procedure can be applied where all cylinders are fired continuously, except
some are run entirely in the diesel mode, while the others are run in the dual-fuel
mode using only pilot fuel quantities. This way, there would be only a fraction of the
cylinders operating.
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In the dual-fuel mode, the overall gas fuel-to-air ratio employed for the dual-fuel-
fired cylinders should not drop to a sufficiently low level where significant amounts of
unburnt hydrocarbons and carbon monoxide would be discharged into the exhaust. The
remaining cylinders continue to operate on diesel fuel only. This approach, although
permitting an overall increase in the efficiency at part loads, while not permitting the
discharge of unacceptably high levels of emissions, represents a demanding task in
engine management and its controls.

Virtually, all diesel engines of recent designs are fitted with turbochargers that
help to boost engine power output while often simultaneously improving engine
efficiency and emissions. When engines are converted to dual-fuel operation, they
usually retain their turbocharged operation. However, the proper matching of the tur-
bocharger performance to that of the engine is critically important. In recent years,
variable geometry turbochargers have been increasingly employed to effect better
efficiency, higher power output, and improved control of exhaust gas emissions.
Moreover, the mass of the exhaust gas passing through the turbine of the charger is
controlled over the whole load range through a bypass system of the turbocharger.
Some of the air from the compressor may also be recirculated as an added measure
of controlling turbocharged engine output and performance at light loads. Such mea-
sures add to the complexity of controls and increase costs. But, when implemented
properly, especially at the engine manufacturing stage, they can be well worthwhile
and cost-effective. It may also render the engine more tolerant of operating on a
wider range of gaseous fuels with different compositions.

The operation of the internal combustion engine usually aims at ensuring the fill-
ing of the engine cylinder with fresh charge and expelling all combustion products
from previous cycles to ensure high power output and efficiency, while avoiding
the incidence of knock. However, mainly to reduce emissions from engines, espe-
cially those of nitrogen oxides, some controlled variation in the composition of the
incoming charge is being increasingly applied. This is done through the planned
imperfection in the scavenging process or through employing measures to increase
the fraction of trapped residual gases. In dual-fuel engines for transport applications,
when there is no independent fuel injection system for the pilot, provision is made
to modify the fuel quantity signal from the accelerator, so that only the desired pilot
quantity is delivered. In most electromechanical systems, as in mechanical systems,
the force required to inject the fuel is provided by the camshaft, either directly by the
action of a cam lobe on the injector follower or indirectly by gearing a separate in-
line pump to the camshaft drive. Unlike in mechanical control systems, the quantity
of the fuel injected and, within limits, the timing of the fuel injection are determined
by the action of electronically controlled solenoid valves, which can provide a flex-
ible fuel injection timing.

The gas fuel, which is invariably supplied from high-pressure sources, is passed
through a solenoid shutoff valve, before its pressure is reduced and regulated to the
lower operational intake pressures. Suitable valves control the flow of the gas into the
engine intake system. For example, a stepping motor controls the gas supply valve,
where the gas flow rate is a known function of the valve net opening, and an actuator
controls the liquid fuel supply through the pump lever. Alternatively, the electronic
control calculates the duration the gas valve is to remain open for each working cycle
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from the output signal of the engine regulator. This allows the engine to respond very
quickly to changes in operating conditions and demand. The typical input signals for
the engine control system include fuel pump, engine speed, diesel to dual-fuel selec-
tion mode, and engine coolant temperature. The output from the processor goes to
the gas valve, which controls the amount of gas flowing into the intake of the engine
and opens it by the desired amount. A second output from the processor goes to the
diesel fuel control valve, which diverts the required amount of the liquid fuel flow.

Various safety control measures are incorporated in the conversion of diesel
engines to dual-fuel operation. Examples of these include the shutting of gas injec-
tion in case the pilot injection is missed. The injection of the fuel gas is made by a
controlling oil pressure activated by the oil pump control system, which is basically
the same as that of the liquid fuel injection pump in pure diesel operation. If an
electric service is ever interrupted at a location equipped with a dual-fuel standby
system, a transfer switch triggers an electric generator that operates on fuel gas. If at
any time the gas service is also interrupted, the generator will automatically begin to
operate on fuel gas supplied on site from cylinders.

There is a potential for improved control of the combustion process in dual-fuel
engines through changes in the composition of the premixed gas fuel-air charge.
Residual gas control may be implemented through modification to chamber geom-
etry, valve timing, scavenging, recirculation processes, and exhaust gas processing.
This is an approach that, with proper control, can be implemented over a wide range
of operating conditions and a variety of engine types and sizes. Also, the use of
additives to the gaseous fuel is another possible controlling approach. Such additives
may include the use of natural gas admission when operating on low-quality gas fuel
mixtures, or the addition of fuel gases that contain some hydrogen. Antiknock addi-
tive agents have also been tried.

Changes in the injection characteristics and size of the pilot widely affect almost
all aspects of dual-fuel engine operation: properly controlled changes in the value
of the pilot size, its injection timing, and other suitable injection characteristics are
key measures for controlling the combustion process and engine performance. Since
dual-fuel operation tends to use only relatively small quantities of the injected pilot
diesel fuel, it may become operationally worthwhile to use a higher-cetane-number
fuel than commonly employed. This way, especially when infrequent engine running
as a diesel takes place, further improvements in performance, pilot size reduction,
or operation on a relatively poor heating value fuel-gas mixture may be achieved.
Figure 18.3 shows an example of the extent of enhancement in the ignition point
over the operational total equivalence ratio as a higher-cetane-number pilot fuel is
employed for both methane and propane dual-fuel operational constant pilot quantity
injection. The corresponding variation for diesel operation is also shown.

In general, the engine control system has to be suitably matched to the character-
istics of the diesel engine to be converted to dual-fuel operation. This can impose a
limitation on the universality of the application of such control equipment, and can
be quite restrictive since the corresponding diesel operation is increasingly being sub-
jected to more demanding performance requirements, especially those associated with
emissions and fuel quality controls. Some increase in fuel consumption is sometimes
tolerated when the cost of the fuel gas is so much lower than that of diesel. Also, the
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FIGURE 18.3 An example of the variation of ignition point with total equivalence ratio
of dual-fuel operation on methane and propane with two different cetane number pilot fuels
employed. The corresponding performance as a diesel is also shown. (Adapted from Gunea,
C., Examination of the Pilot Quality on the Performance of Gas Fueled Diesel Engine, MSc
thesis, University of Calgary, Canada, 1997.)

decision as to how much a pilot is going to be used is often based on economy. Some
operators in transport applications may prefer to deal with the simpler control and por-
tability of one fuel and choose to modify the engine so as to operate as an SI, thereby
sacrificing many of the positive features and benefits of dual fueling.
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19 Dual-Fuel Engine
Operation on
Alternative Fuels

19.1 DUAL-FUEL OPERATION ON PROPANE, BUTANE, AND LPG

The use of propane, n-butane, and liquefied petroleum gas (LPG) as engine fuels
has been widely practiced in spark ignition engines, especially for transport applica-
tions. These fuels have a number of attractive features, especially since they can be
liquefied much more readily than methane, rendering them more easily portable.
However, they are less widely available as a cheap alternative fuel resource than
natural or biogases. N-butane has a lower octane number and a higher boiling point
than propane, which makes it relatively easier to inject in engines as a liquid. In
fumigation applications there is a need to ensure the full vaporization of the fuel and
to mix it thoroughly with the engine air.

Much of the information available in the open literature about dual-fuel operation
with these fuels tends to relate to relatively small engines with a variety of combus-
tion chamber types of both four- and two-stroke engines and of the direct and indirect
injection types. Methane operation, apart from its attractive low cost, is more suitable
than LPG fuels for large-bore multicylinder turbocharged engine applications. This
is mainly because of its superior resistance to knock. Dual-fuel engine performance
with LPG fuels has many similarities to that obtained with methane under similar
operating conditions. Significant amounts of unburned fuel are usually observed in
the exhaust gas at part load conditions, but at higher loads, the extent of gas utilization
improves rapidly, and when knocking conditions are approached, the gas approaches
essentially full conversion. Part load brake specific energy consumption (BSEC) at low
pilots is significantly improved with an increase in the intake temperature. Light load
performance can be improved through measures that would include the employment
of larger diesel fuel pilots and resorting to some advance in their point of injection.
The effectiveness of such measures at high load becomes limited by the early onset of
knock, especially in the case of n-butane and, to a lesser extent, propane. Figure 19.1
shows variations of the mean effective pressure with changes in total equivalence
ratio for a variety of increasing size pilots in a normally aspirated propane-fumigated
engine. Figure 19.2 shows the corresponding performance for n-butane operation.
The increased presence of propane or n-butane with methane results in restricting the
knock-free output of the engine considerably, especially with butane, which makes it a
less attractive fuel for dual-fuel applications than methane or propane.

237
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FIGURE 19.1 Variation of the brake mean effective pressure with the total equivalence
ratio for a range of pilot injection quantities of an engine fumigated with propane. The cor-
responding observed knock mixture limits are indicated, together with values obtained with
diesel operation under the same operating conditions. (From Karim, G.A., and Rogers, A.,
Journal of the Institute of Fuel, 40, 513-522, 1967.)
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FIGURE 19.2 Variation of the brake mean effective pressure with the total equivalence ratio
for a range of pilot injection quantities of an engine fumigated with butane under the same
conditions as those for the propane operation of Figure 19.1. The corresponding observed knock
mixture limits are indicated, together with values obtained with diesel operation. (From Karim,
G.A., and Rogers, A., Journal of the Institute of Fuel, 40, 513-522, 1967.)
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The operation at light load on propane is associated with a specific energy con-
sumption that is higher than the values of the corresponding operation as a diesel,
but better than the corresponding values for methane operation. This is largely due
to the reduction in the incomplete combustion of the fuel gas. But with less lean
fuel—air mixtures, the specific energy consumption improves considerably and can
approach and may even surpass the corresponding values for diesel operation, as
shown in Figure 19.3. With the more reactive butane, the BSEC values are lower
at low loads and small pilots than the corresponding values for propane operation.
With all pilot sizes, higher rates of pressure rise and earlier transition to knocking
are encountered with butane, compared to propane or methane operation, produc-
ing correspondingly less knock-free power output. However, as the intake mixture
temperature is increased, the differences in the operational performance between
the fuels are reduced. Also, with relatively low pilot quantities, as knocking condi-
tions are approached, the performance tends to approach that of the corresponding
diesel values.

Any size of pilot fuel in excess of around 20% of the full-load diesel value with
conventional fuel injection equipment would enter the combustion chamber after
ignition and gas combustion have started. As shown in Figure 194, its size would
not exert much influence on the conditions leading to knock. Also, the performance
tends to be dominated by the combustion of the diesel fuel since the gas supplies then
contribute only a smaller proportion of the total energy releases.

Figure 19.5 shows the power output variation with changes in the total equiva-
lence ratio when the propane-fueled engine is operating at different intake mixture
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‘l Fumigated Fuels
1
B \' Normally Aspirated
=20 F \
§ Hydrogen Methane
&
E L Diesel \\\ Propane
[a] 10 +
L Constant Pilot 0.4 kg/h
237 K Inlet Temp
O 1 1 J

1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Total Equivalence Ratio

FIGURE 19.3 Variation of the brake specific energy consumption with changes in total
equivalence ratio when operating on a number of common fuel gases with constant pilot
quantity. The corresponding values with diesel operation are also shown. (Adapted from
Burn, K.S., The Effect of Cold Intake Temperatures on the Combustion of Gaseous Fuels in
a Dual-Fuel Engine, MSc thesis, University of Calgary, Canada, 1977.)
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FIGURE 19.4 Variation of the knock-limited power output with changes in the pilot quan-
tity over the whole range of diesel quantity injection for different intake mixture temperatures
for an engine operating on fumigated propane. (From Karim, G.A., and Rogers, A., Journal
of the Institute of Fuel, 40, 513-522, 1967.)

temperatures. It can be seen that the power output is very much lowered with the
earlier incidence of knock, as the mixture temperature is increased.

The emissions of CO with propane operation tend to be at a level a little higher
than with methane, but at higher loads propane produces less CO. These emissions
can become yet higher as the intake mixture temperature is lowered. A bigger pilot
quantity has the tendency to reduce the emissions of CO for lean overall equivalence
ratios, while smaller pilots behave similarly, but with richer mixtures. On the whole,
operation with propane produces larger amounts of exhaust NOx than operation with
methane. Expectedly, at a given power output, less smoke emission is produced than
with diesel operation.

The knock-free power output is higher with propane than with methane for the
same pilot quantity and injection timing. But at light loads, the output with propane
tends to be less of a reflection of the relatively longer delays associated with propane
operation. The maximum power output for the same engine and operating conditions
can be greater with a blend of methane and propane than with either of the two fuels
on their own. This is because the introduction of some methane with the propane
can delay the onset of knock and improves engine performance up to the point when
knock sets in, while with propane on its own, the performance will be inferior in
comparison due to the earlier encountering of knock.

The knock-limited power output of an engine when operating on binary fuel gas
mixtures such as those of methane and propane or butane and propane or hydrogen
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FIGURE 19.5 Variations in the brake mean effective pressure of the propane-fed engine
with changes in the total equivalence ratio at a number of inlet mixture temperatures when
relatively small pilot quantities of 5% and 10%, as well as a very large pilot of 60%, are
employed, showing the corresponding changes in the knock mixture limits. (From Karim,
G.A., and Rogers, A., Journal of the Institute of Fuel, 40, 513-522, 1967.)

and methane is related to the limits of the two fuels on their own under the same
operating conditions according to the following approximate relationship:

1/(K.L.Power),,;, = ®/(K.L.Power), + ®,/(K.L.Power), (19.1)

where @, and @, are the fractions of the thermal energies of the constituents 1 and 2
in the fuel blend, and K.L.Power is the corresponding knock-limited power output of
the engine under the same operating condition. Figure 19.6 shows the knock-limited
power outputs of an engine operating on methane, propane, and a binary mixture of the
fuels, showing good agreement between the experimental values and those obtained
according to Equation (19.1). Similarly, the knock-limited power output of a dual-fuel
engine operating at a constant pilot on blends of methane and hydrogen, as shown in
Figure 19.7, tends to follow equally well the trends represented by the equation.
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FIGURE 19.6 Variations of the knock-limited brake mean effective pressure with the total
equivalence ratio for an engine operating on mixtures of methane and propane at constant
pilot injection with the total equivalence ratio. The corresponding values obtained according
to Equation (19.1) for a blend of methane and propane are shown. (Adapted from Karim, G.A.,
Journal of the Institute of Fuel, 37, 530-536, 1964.)
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FIGURE 19.7 Variation of the knock-limited power output for different fumigated blends
of methane and hydrogen with changes in intake temperature while employing a fixed pilot
quantity. The corresponding values predicted according to Equation (19.1) are also shown.
(Adapted from Karim, G.A., Journal of the Institute of Fuel, 37, 530-536, 1964.)
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FIGURE 19.8 Variation in the point of ignition with the total equivalence ratio for an
engine fumigated with methane at relatively small pilot for a range of elevated intake mixture
temperatures. (Adapted from Karim, G.A., and Rogers, A., Journal of the Institute of Fuel,
40, 513-522, 1967.)

Intake mixture temperatures higher than ambient, whether encountered as a result
of intake air temperature changes, preheating the intake mixture, application of
warm exhaust gas recirculation (EGR), or turbocharging, have a considerable influ-
ence on the progress of the combustion processes in general, and those contributing
to the onset of knock and the nature of exhaust emissions in particular. As shown
in Figure 19.8, increasing the intake mixture temperature permitted combustion to
be sustained at leaner mixtures and lowered the apparent lean combustion limit and
ignition delay. A rise in intake temperature has a detrimental effect on the power
output. The knock-free power output with a very large size pilot would be much
restricted in comparison to the corresponding values with small pilots. However, in
the absence of knock, the full-load power output with butane may exceed that of the
corresponding diesel operation. However, as shown in Figure 19.8 for propane opera-
tion with a relatively small pilot, the operational mixture range is substantially nar-
rowed with the increase in intake mixture temperature as a result of the increase in
delay at low temperatures on one side, and the earlier tendency to encounter knock-
ing conditions at high temperatures on the other side.

19.2 OPERATION ON HYDROGEN WITH PILOT IGNITION

There are a number of challenges, especially in transport applications, to the wide
application of hydrogen as an engine fuel in dual-fuel engines. In addition to those
of safety, they include the size, weight, and cost of the fuel and its storage options.
The presence of some hydrogen with the methane brings about a very substantial
increase in the reaction and flame propagation rates. This would be reflected by
the substantial reduction in the ignition delay. The extent of these changes depends
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markedly on both the temperature and pressure. Figure 19.9 shows an example of the
dramatic reduction in the calculated ignition delay of methane—hydrogen mixtures
in stoichiometric air under constant volume conditions, with the increased presence
of hydrogen at 1000 K.

Hydrogen-fueled dual-fuel engines have a relatively narrow knock-free opera-
tional mixture range that narrows rapidly with the increase in intake temperature
or the size of the pilot (Figure 19.10). An example of the knock-limited equivalence
ratio of operation on methane—hydrogen mixtures in a dual-fuel engine with changes
in intake mixture temperature when operating with a constant size pilot is shown in
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FIGURE 19.9 An example of the calculated logarithmic changes in the ignition delay with
pressure at a mixture temperature of 1000 K of various stoichiometric mixtures in air of
methane with hydrogen. (From Thiessen, S., Khalil, E., and Karim, G.A., International
Journal of Hydrogen Energy, 35, 10013-10017, 2010.)
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FIGURE 19.10 An example of the changes in the knock-free operational range with mix-
ture temperature for a dual-fuel engine operating on hydrogen with a fixed pilot quantity.
(From Karim, G.A., Progress in Energy and Combustion Science, 6, 277-285, 1980.)
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FIGURE 19.11 The knock-limited equivalence ratio variations with intake temperature
for hydrogen, methane, and some of their binary mixtures for a dual-fuel engine operating
with a constant pilot. (Adapted from Karim, G.A., Klat, S.R., and Moore, N.P.W., Knock in
Dual Fuel Engines, in Proceedings of the Institute of Mechanical Engineers, vol. 181, 1967,
pp. 453-466.)

Figure 19.11. The wider mixture range for engine knocking with hydrogen operation
contrasts with that for methane admission. It can be seen that the presence of some
hydrogen with methane seriously undermines the excellent knock resistance quali-
ties of methane and substantially brings down its tolerance to increased initial mix-
ture temperature. Nevertheless, the blending of some methane with hydrogen results
in increasing the knock-limited power output to become correspondingly higher than
with pure hydrogen on its own, but lower than that with only methane.

In general, diesel engines tend to display some improvements in performance
with the increased admission of hydrogen to an extent that is better than with the
corresponding admission of other common gaseous fuels, such as methane, propane,
ethylene, and their mixtures (Figure 19.12). Also, as shown in Figure 19.3, there is
much improvement in specific energy consumption with hydrogen admission, which
can surpass the corresponding values for diesel engine operation over much of the
high load range. The ignition delay is also shortened, with a reduction in the emis-
sion of particulates, but with increased NOx emissions (Figure 19.13).

In dual-fuel operation under nonknocking conditions, the blending of small quan-
tities of hydrogen with methane, particularly at low intake temperatures, brings about
some improvements to the power output from the corresponding values obtained
with only methane. This trend is largely due to the increase in the combustion rates
resulting from the addition of hydrogen. However, increasing the admission of
hydrogen increasingly further brings about a reduction in power with the increased
competition for oxygen between the fuels, resulting in a relative rise in the emissions
of carbon monoxide.

The employment of liquid hydrogen in dual-fuel engines represents a number
of operational and design challenges, such as those associated with handling the
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FIGURE 19.12 An example of the variations in the power output of a dual-fuel engine with
total equivalence ratio under constant pilot condition for a number of common gaseous fuels.
The corresponding diesel operation values are shown. (Adapted from Burn, K.S., The Effect
of Cold Intake Temperatures on the Combustion of Gaseous Fuels in a Dual Fuel Engine,
MSc thesis, University of Calgary, Canada, 1977.)

exceptionally cold fuel. Following evaporation of the liquid hydrogen, the net effect
of operating the engine on LH, is similar to that of operating on very chilled intake
mixtures of hydrogen and air. The combustion process and its reactions show signs
of being seriously chilled, with increased production of quenched products. The
use of sufficiently large pilots could ensure better regular ignition. For example,
Figure 19.14 shows increased emissions of carbon monoxide arising from the pilot
with the lowering of the intake mixture temperature, despite operation on the car-
bon-free hydrogen.

The direct injection of LH, into engines quickly forms a cold gas having a large
volume that needs to be injected sufficiently quickly into the high-pressure combus-
tion space and effectively distributed in the relatively short time available. The very
high associated difference in the density between the fuel gas and air, the consider-
ably high flame speed, and the different turbulence characteristics all will influence
the mixing and combustion processes.

19.3 DUAL-FUEL OPERATION WITH SOME
GASOLINE FUMIGATION

The role of the presence in small concentrations of higher hydrocarbon vapors in a
fuel gas, as it occurs in some natural and industrial gases, has been the subject of
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FIGURE 19.13 An example of the variations in the concentrations of NO, emissions with
total equivalence ratio for a hydrogen fumigated dual-fuel engine at different intake mix-
ture temperatures while employing a constant pilot quantity. (Adapted from Burn, K.S., The
Effect of Cold Intake Temperatures on the Combustion of Gaseous Fuels in a Dual Fuel
Engine, MSc thesis, University of Calgary, Canada, 1977.)
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FIGURE 19.14 An example of the variations in the exhaust gas concentration of carbon
monoxide with total equivalence ratio of a dual-fuel engine when operating with constant
pilot on various chilled hydrogen air mixtures. (Adapted from Burn, K.S., The Effect of Cold
Intake Temperatures on the Combustion of Gaseous Fuels in a Dual Fuel Engine, MSc thesis,
University of Calgary, Canada, 1977.)



248 Dual-Fuel Diesel Engines

investigations over the years. There are also schemes where the addition of gasoline,
alcohols, or other liquid fuels in small proportions to engines has been considered to
serve as a potential approach for modifying the ignition and combustion processes
and the associated performance of diesel engines. In the case of dual-fuel operation,
the small amount of an auxiliary fuel added can be varied with load and other oper-
ating conditions, while retaining pilot ignition.

Though the need in dual-fuel engines to provide for two fuel systems may be con-
sidered a practical inconvenience, the economic advantages associated with such an
operation can be well worthwhile. However, to introduce yet another additional fuel
would represent an added complexity that may be difficult to justify economically
and operationally. But it may serve as a worthwhile means for modifying dual-fuel
engine performance, as well as increasing the diversity of operation on a multitude of
fuels that may include some liquid fuel resources, such as those of alcohols or gaso-
lines. There are potential positive features with using a low-octane-number gasoline
as the supplementary or even the main auxiliary fuel in dual-fuel type engines since
high-compression-ratio engines are used while relying on the pilot for ignition of the
very lean fuel—air mixtures. Such approaches have their limitations and appear not
to have been commonly employed in recent years.

The fumigation of some gasoline into the intake of a diesel engine while employ-
ing its injection system to provide pilot ignition tends to shorten the ignition delay,
especially with the employment of larger pilots. The aspirated gasoline vapor into
the intake air undergoes slow oxidation reactions during compression, to an extent
much greater than with methane or propane. These reactions could aid both ther-
mally and kinetically the injection and ignition processes of the diesel fuel pilot and
subsequent combustion. However, when only small amounts of gasoline with small
pilots are employed, such activity tends to be of marginal intensity. In a similar
manner as with the fumigation of fuel gases, with less lean fuel—air mixtures at high
loads, the delay period also decreases with the fumigation of small amounts of liquid
fuels, whether of a very-high-octane-number fuel such as benzene or a low-octane-
number fuel such as n-hexane. Expectedly, there is an increase in power output, but
with an earlier onset of knock, which limits the employment of large pilots in con-
junction with increasing the amounts of gasoline, benzene, or n-hexane. Figure 19.15
shows an example of the changes in power output with gasoline fumigation while
employing different constant diesel pilot quantities.

The introduction of small amounts of liquid fuels into a dual-fuel engine operat-
ing on methane with a fixed diesel pilot quantity shows some improvements in the
power output and the extent of methane conversion, which can become practically
significant at low loads, where it is generally needed (Figure 19.16). However, at very
low equivalence ratios the small additions of gasoline tend to increase the production
of CO, which is indicative of the slow oxidation reactions proceeding only partially.
In general, the concentration of carbon monoxide in the exhaust gas remains rela-
tively unchanged with such operation, except with richer fuel-to-air ratios.

In the case of the fumigation of a slow-to-react high-octane-number fuel, such as
benzene, the delay period is extended, but it can be reduced substantially by employ-
ing larger pilots. This is indicative of the relative lack of preignition reaction activity
of benzene-air mixtures during much of the compression stroke. However, with the
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FIGURE 19.15 An example of the variation of the knock-free power output with changes in
the amount of gasoline fumigated for a dual-fuel engine operating with different values of the
constant pilot employed. (Adapted from Amoozigar, N., Examination of the Performance of a
Dual Fuel Diesel Engine with Particular Reference to the Addition of Some Inerts and Intake
Liquid Additives, MSc thesis, University of Calgary, Canada, 1982.)
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FIGURE 19.16 An example of the variation of the concentration of unconsumed meth-
ane with total equivalence ratio of a dual-fuel engine operating on methane with a constant
amount of fumigated gasoline vapor while employing a fixed amount of pilot injection.
(Adapted from Amoozigar, N., Examination of the Performance of a Dual Fuel Diesel Engine
with Particular Reference to the Addition of Some Inerts and Intake Liquid Additives, MSc
thesis, University of Calgary, Canada, 1982.)
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FIGURE 19.17 An example of the changes in the point of ignition of a dual-fuel engine
operating on fumigated methane with the extent of n-hexane admission when different pilot
quantities of diesel fuel are employed. (Adapted from Amoozigar, N., Examination of the
Performance of a Dual Fuel Diesel Engine with Particular Reference to the Addition of Some
Inerts and Intake Liquid Additives, MSc thesis, University of Calgary, Canada, 1982.)

fumigation of a more reactive and volatile fuel, such as n-hexane, the delay is shorter,
with the oxidation reactions taking place during the compression process, aiding
both kinetically and thermally the preignition processes of the pilot (Figure 19.17).

The reduction in the ignition delay and the improvement in the extent of gaseous
fuel utilization tend to reduce the specific energy consumption at light loads. However,
with the introduction of a relatively large amount of liquid fuels, the specific energy
consumption is increased. This results from the corresponding substantial exother-
mic reactivity of a fuel such as gasoline during compression and its competition with
the other two fuels for the available oxygen. Benzene, which is known not to readily
undergo preignition exothermic reactions, does not display to the same extent such a
trend. Figure 19.18 shows an example of the changes in the specific energy consump-
tion with the total equivalence ratio for a dual-fuel engine operating on methane and
constant diesel pilot showing improvements with a small addition of gasoline, but
deterioration with a correspondingly larger gasoline addition.

Particulate emissions remain small due to the relative increase in the lean pre-
mixed type of combustion. The onset of knock can be delayed up to a point through
adjusting pilot injection timing and its quantity.

19.4 DUAL-FUEL OPERATION WITH ALCOHOL FUMIGATION

There are a number of issues, both positive and negative—some have been outlined
earlie—associated with the employment of alcohols as fuels in internal combus-
tion engines in general, and in particular their suitability for application in dual-fuel
engines, whether on their own or in the presence of methane with diesel fuel pilot
ignition. For example, currently produced diesel engines would not run satisfactorily
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FIGURE 19.18 An example of the variation in the brake specific energy consumption with
total equivalence ratio of a dual-fuel operation with methane and the fumigation of a fixed
amount of gasoline while using a fixed size of diesel pilot. (Adapted from Amoozigar, N.,
Examination of the Performance of a Dual Fuel Diesel Engine with Particular Reference to
the Addition of Some Inerts and Intake Liquid Additives, MSc thesis, University of Calgary,
Canada, 1982.)

on pure methanol due primarily to its extremely low cetane number. Mixtures of
methanol or ethanol with diesel fuel in worthwhile proportions display separation
occurring when the fuel blends come in contact with traces of water. The biological
activity of the raw particulates with alcohols is enhanced. Additional negative issues
include the questions of materials and lubricant compatibility and engine reliability
and durability.

In a single-cylinder direct injection diesel engine with methane fumigation, the
additional induction of methanol or ethanol increases the delay period almost pro-
portionally (Figure 19.19). This is mainly a reflection of the reduction in the com-
pression temperature and pressure due to the high latent heat of vaporization of
alcohols and their associated kinetic effects. Increasing the size of the pilot for a
certain amount of alcohol fumigation improves the delay and the power output, but
results in the onset of knock taking place sooner. Also, the extent of unutilized meth-
ane and the exhaust temperature increase as the alcohol concentration in the intake
or the quantity of the pilot increases. Generally, the fumigation of alcohols decreases
NOx emissions and has only a minor effect on smoke opacity. At higher loads, it can
have some beneficial effects on efficiency (Figure 19.20).

The relatively high latent heat of vaporization of alcohols leads to excessive cool-
ing of the charge and working surfaces. The maximum cycle pressure and power
decrease as the amount of alcohol is increased for the same equivalence ratio. At
low loads, the fumigation of alcohols needs to be reduced, mainly to reduce flame
quenching and prevent misfires, while at high loads, to prevent preignition and
knock. There are additional concerns in turbocharged engines arising from issues



252 Dual-Fuel Diesel Engines

+8 F © 0.0 kg/h Ethanol
0 0.10
L A015
g v 0.40
B +4
ED Ethanol Fumigation
= B Methane Operation
< ek 0.3 kg/h Pilot
g
< —
=
=
O A4r
_ 1 1 1 1 1 )
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Total Equivalence Ratio

FIGURE 19.19 An example of the variation in the point of ignition with changes in total
equivalence ratio of methane fumigated dual-fuel engine with the addition of various amounts
of ethanol to the intake charge while employing a fixed amount of pilot fuel. (Adapted from
Amoozigar, N., Examination of the Performance of a Dual Fuel Diesel Engine with Particular
Reference to the Addition of Some Inerts and Intake Liquid Additives, MSc thesis, University
of Calgary, Canada, 1982.)
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FIGURE 19.20 An example of the variation in the brake specific energy consumption with
total equivalence ratio for a dual-fuel engine fumigated with methane with the additional
introduction into the intake charge fixed amounts of ethanol while employing constant pilot
fuel quantity injection. (Adapted from Amoozigar, N., Examination of the Performance of a
Dual Fuel Diesel Engine with Particular Reference to the Addition of Some Inerts and Intake
Liquid Additives, MSc thesis, University of Calgary, Canada, 1982.)
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such as those of poor vaporization and the maldistribution of mixtures among the
different cylinders, which can lead to charger mismatch and damage.

Compared to the corresponding diesel operation, the rates of pressure rise are higher
with alcohol fumigation and increase with the increase in ignition delay. The emissions
of HC, particulates, and CO increase, but those of NOx are reduced. An increase in
the amount of water or ethanol fumigation in a dual-fuel engine increases the extent of
unutilized methane. The maximum cycle pressure and power decrease as the amount
of water or alcohol is increased for the same equivalence ratio, while the concentra-
tions of CO increase at high loads with the addition of water and alcohol. Using larger
pilots tends to moderate the extent of deterioration in the brake power.

19.5 OPERATION ON BIOGASES AND METHANE-
DILUENT FUEL MIXTURES

The presence of diluents such as carbon dioxide or nitrogen with methane signifi-
cantly modifies the thermodynamic, kinetic, and combustion characteristics of the
resulting fuel mixtures. In addition to substantially lowering their effective heating
value, they bring about adverse changes to the combustion characteristics of the
fuel mixtures and their potential usage in dual-fuel engines. The presence of excess
nitrogen, whether introduced with the air or the fuel, is usually tolerated relatively
better in engine applications than a similar presence of carbon dioxide. Figure 19.21
shows an example of the extension of the ignition delay of a normally aspirated die-
sel engine when the oxygen partial pressure of the incoming air is reduced through
the increased presence of nitrogen and carbon dioxide. The superior tolerance to
excess nitrogen relative to carbon dioxide is evident.

The increased presence of carbon dioxide or excess nitrogen within the charge
brings about a rapid reduction in the levels of combustion temperatures. The corre-
sponding reduction with the presence of carbon dioxide is significantly greater than
that with nitrogen, since the energy released through combustion of the fuel compo-
nent becomes shared with the diluents present. The relative fraction of the energy
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FIGURE 19.21 An example of the variations in the delay period of a diesel engine at ambi-
ent intake conditions and constant speed with changes in the relative intake concentration
of oxygen resulting from the increased admission of nitrogen and carbon dioxide. (Adapted
from Karim, G.A., Gee, D., and Satterford, R., The Engineer, 219, 551-556, 1965.)
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release taken by these diluents will increase as the temperature is increased since
the thermodynamic properties, especially those of enthalpy and internal energy,
increase rapidly with temperature. The rates of increase are greater for carbon diox-
ide than those for nitrogen or oxygen. The relative reduction in temperatures is espe-
cially significant for near-stoichiometric mixtures where the high temperatures are
and where much of the pilot combustion and diffusional burning take place. At rela-
tively low initial mixture temperatures, carbon dioxide behaves largely as a diluent
and appears in the products essentially intact. Figure 19.22 shows the changes in the
energy release rate and ignition delay with increasing the presence of carbon dioxide
with methane while employing a fixed pilot quantity.

Some general features of the combustion of fuel mixtures of methane in associa-
tion with either carbon dioxide or nitrogen in relation to dual-fuel engine applications
are as follows:

* In general, dilution of methane with CO,, N,, or H,O below the 15% range
may be considered as though the diluents are approximately interchange-
able with excess diluting air. The heating value of the fuel may be raised
when desired through supplementing it with a higher-grade fuel, such as
processed natural gas or the use of a larger pilot.

e Operation on methane—diluent mixtures reduces the overall peak combus-
tion temperature and ensures lower emissions of NOx. However, this may
lead to some possible increases in greenhouse gas emissions in the form
of carbon dioxide, and possibly with higher unconverted methane exhaust
concentrations. The emission of particulates tends to remain largely insig-
nificant with a lowering in the noise level.

* Operation on fuel mixtures having the same heat output would require the
volumetric flow of the fuel gas to be sufficiently larger than when operat-
ing on normal quality fuel gas, such as processed natural gas. Appropriate
modification of piping, valving, and controls needs to be made. High-
pressure gas injection of the fuel mixtures directly into the engine cylinder
remains inefficient and uneconomical.

* The flammability limits or heating values of the fuel mixtures cannot be
relied upon for evaluating whether they can be employed effectively in an
engine or not. These values can serve merely as rough guidelines for the
burning characteristics of the fuel mixtures. Laboratory-scale experiments
alone also do not necessarily produce results that are equally applicable to
industrial size engines and settings. Full-scale testing needs to be relied on
whenever possible.

» Since the engine and its supply infrastructure depend on the volume of the
gas that needs to be handled for a certain engine loading, the heating value of
the gas-fuel mixture on volume basis can be considered a key performance
indicator. The resulting flame temperature is also important, since combus-
tion is more challenging and cylinder temperatures are lower. Increasingly
longer retention times are required to complete the combustion.

* A sufficiently high heating value fuel may be required to be used to over-
come the operational difficulties that are usually associated with engine
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FIGURE 19.22 Variations in the energy release rate with increased concentrations of car-
bon dioxide in the fuel under constant pilot operation with methane. (Adapted from Karim,
G.A., and Khan, M.O., Journal of Mechanical Engineering Science, 10, 13-23, 1968.)
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FIGURE 19.23 An example of the variation in the power output of a dual-fuel engine oper-
ating on fumigated methane and constant pilot with changes in the total equivalence ratio
when the fuel gas mixture contains different concentrations of carbon dioxide. (Adapted from
Amoozigar, N., Examination of the Performance of a Dual Fuel Diesel Engine with Particular
Reference to the Addition of Some Inerts and Intake Liquid Additives, MSc thesis, University
of Calgary, Canada, 1982.)
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start-up, transient, and light load changes. Operation on the low-heat-
ing-value fuels is then reserved primarily for relatively steady high-load
operation. Additional remedial measures may include, whenever possible,
preheating the fuel gas, such as through heat circulation from the exhaust
gases, consistent with the constraints of materials and equipment used and
the increase in the potential pollutants formed.

* Initiating the combustion of low-heating-value fuel mixtures by pilot igni-
tion brings about increased tolerance to high concentrations of diluents in
the fuel mixture to be burned, in comparison to spark ignition operation.
The judicial recirculation of some hot exhaust gases can positively influ-
ence the course of the combustion process.

In summary, the increased presence of diluents in the fuel mixture brings about
further deterioration in the inefficient combustion of the lean mixtures at light loads.
It increases the ignition delay, results in a drop in power and efficiency, and increases
cyclic variations (Figure 19.23). The levels of CO and unconsumed methane in the
exhaust gas also increase, but NOx levels decrease. Increasing the pilot injection
advance tends to produce some increases in NOx and longer combustion times. In
general, there is a limit to engine tolerance of the presence of a diluent in the fuel gas,
which depends largely on the equivalence ratio and pilot size employed.
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20 Predictive Modeling
of Dual-Fuel Engine
Performance

20.1 MODELING COMBUSTION PROCESSES

The proper modeling of cylinder events and associated engine performance involves
anumber of complex closely coupled physical and chemical processes. These include
the transient three-dimensional dynamics of evaporating fuel sprays interacting with
flowing multicomponent gases undergoing mixing, ignition chemical reactions, and
heat transfer.

Much progress has been made in recent years in developing comprehensive schemes
for the oxidation of fuels in air. These schemes vary widely in complexity, detail,
and accuracy. When the transient and final concentrations of the reacting species are
required, such as when determining the detailed composition of exhaust emissions,
the use of a suitably comprehensive scheme is needed, especially when wide ranges of
temperature, equivalence ratio, and pressure are to be covered, as normally the case in
engine combustion. Throughout, there is a need to be aware of the inherent limitations
of such approaches, and the support of experimental validation remains necessary.
Figure 20.1 shows, for the case of the adiabatic constant pressure oxidation of methane
in air initially at 800 K, how the peak transient values reached of some of the key reac-
tive species vary with equivalence ratio. Some of these species are radicals and have
very low concentrations (e.g., H, OH, O, and CHj;), while others do reach substantial
concentrations during the course of the reaction. The corresponding peak values of
temperature attained during the reaction are also shown.

The vast chemical kinetic information that is becoming increasingly available is
being employed in analytical models that aim at presenting engine combustion and
associated performance processes. An example of modeling the complex reactions
of a higher hydrocarbon fuel such as n-heptane in air in stoichiometric mixtures
under isothermal conditions is shown in Figure 20.2. The combustion energy release
for a range of temperature values reflects the multistage nature of its reaction. This
would not be represented empirically satisfactorily by a single gross reaction.

20.2 PREDICTIVE MODELING OF ENGINE PERFORMANCE

To be able to carry out effective engine design changes, improvements in perfor-
mance, and operate different engine types on a range of gaseous fuels and liquid
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FIGURE 20.1 Variations with equivalence ratio of methane and air at an initial temperature
of 800 K. The maximum transient concentrations of a selection of species taking part in the
reaction of methane in air and the corresponding maximum temperature reached are also
shown. (From Karim, G.A., Fuels, Energy, and the Environment, CRC Press, Boca Raton,
FL, 2012.)
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fuel pilots requires a thorough and continuing improvement to our detailed under-
standing of the complex combustion processes that occur in these engines. If such
an effort is to rely almost exclusively on experimental testing approaches, then it
would have serious limitations and could be wasteful of resources, costly, and time-
consuming. The computational modeling of internal combustion engines in general
is being increasingly used as a design support tool and economizing greatly on the
need for extensive experimentation. It can also be used for interpolation of design
and performance data and serve as an analysis tool for the interpretation of complex
experimental results. It can also serve as a developmental tool for the improvement
of physical, chemical, or numerical computational submodels, so as to serve as
an effective economical approach for improving the design and performance of
a wide variety of engines and operating conditions. As an example, models may
be employed to simulate the performance in the field of specific engines that have
inadequate or insufficient monitoring or metering facilities. Thus, it can serve as
a diagnostic tool of operational problems and a source to suggest improvements
without incurring excessive expenditure. Accordingly, experimental approaches in
engine development are increasingly benefiting from being supplemented by results
obtained from the employment of predictive modeling. Also these approaches may
be focused specifically on certain operational features of the engine, such as estab-
lishing the expected power output or determining the conditions for the potential
incidence of knock. Alternatively, they may attempt to provide comprehensive
analytical simulations of the whole combustion process and the operational con-
sequences, such as determining the nature and extent of exhaust emissions and
the effective changes that can be made to the geometry of the engine cylinder to
bring about improvements in performance. Throughout, validation of the prediction
needs to be made against corresponding experimental results obtained in suitably
monitored engines. In principle, the computational modeling of engines can have
the following main objectives:

* As adesign tool requiring the least experimental support

e As an interpolative design tool with experimental validation

* Asananalysis tool in the interpretation of the results of complex experiments

* As an explorative tool in engine design

* As a developmental tool for improving performance and physical, chemi-
cal, or numerical submodels

The complexity of the modeling will be dependent on the accuracy desired from
the results. The ability to predict deteriorates as the objectives of the results increase
in complexity, such as from merely generating the cylinder pressure temporal devel-
opment, and hence power output, through rates of fuel consumption. As far as emis-
sions are concerned, the prediction of the extent of formation of unburnt hydrocarbon
and particulates tends to be more challenging and yields less accurate results than
the corresponding prediction of species such as oxides of nitrogen formation. This
is due to the increased need for accurate and sufficiently detailed descriptions of the
corresponding processes of mixing and the associated combustion reactions.
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Examples of the options available for modeling the performance of engines
follow:

* Approaches that invariably assume thermodynamic equilibrium conditions
may apply throughout, such that the products, energy releases, and associ-
ated charge properties are functions of the prevailing conditions and are
independent of time.

* Approaches that assume the conversion of the fuel-air mixture to final
products is complete, releasing the associated heating value of the fuel.
These are very convenient but are very approximate, limited in applicabil-
ity, and do not provide sufficiently realistic information about some of the
key features of the combustion process, such as the composition of the final
exhaust products.

* Models that consider the conversion of the reactant fuel-air mixture pro-
ceeds with time at varying rates, producing during the combustion phase
changes in composition and varying energy release rates. These modeling
approaches have been increasing in sophistication and are accepted as a
valuable approach to more realistically represent the progress of the com-
bustion process via its multichain reactions.

20.3 MODELING DUAL-FUEL ENGINE PERFORMANCE

In comparison to the extensive efforts that have been made over the years toward
modeling the combustion processes in spark ignition, compression ignition, or homo-
geneous charge compression ignition (HCCI) engines, much less effort has been
devoted to modeling the combustion processes and associated performance of dual-
fuel engines. This is a reflection of the relative complexity of these processes with
the great number of associated controlling variables and the much fewer numbers of
engines produced to operate in the dual-fuel mode in comparison to the other types.

The nature of modeling to be employed and its completeness and complexity can
be linked to what is desired to be modeled and the associated accuracy required of
the results. It would be uneconomical and wasteful of resources to employ unnec-
essarily very complex and extensively detailed models if it is desired only to pre-
dict the yield in gross performance parameters, such as power output and how it
changes, for example, due to modifications in the compression ratio or turbocharg-
ing characteristics employed. However, when the consequences of changes in the
nature and composition of either of the two systems of fuels need to be established,
then a more elaborate modeling procedure is advisable. It should take into account
the nature and extent of variations in the influencing variables, such as the nature
of the turbulent flow processes and the corresponding combustion reactions. When
the effects on performance of other changes are needed, such as those in cylinder
geometry or the fuel injection characteristics at very high pressures, detailed CFD
modeling is needed. When a simultaneous consideration of the nature and extent
of emissions, including those of unburned hydrocarbons and particulate matter, is
required, then CFD modeling, combined with a sufficiently detailed accounting of
the relevant chemical kinetics of the two fuel systems, is needed. In addition, the
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spatial nonuniformity in the key properties of the reactive system, such as tempera-
ture, including accounting for changes in the trapped exhaust and partially oxidized
products, must be considered within the cycle or over numerous consecutive cycles.

It is becoming increasingly possible to formulate guidelines based on the results
of predictive modeling to indicate for any dual-fuel engine setup the fuel composi-
tion and operating conditions, the corresponding knock-limited performance, con-
centrations of the exhaust emissions, and the role of associated changes in the many
design and operating conditions. Through such approaches, various measures may
be identified so as to favorably modify some aspects of the course of the combus-
tion process and associated changes in engine performance. As an example, these
can include the employment of multiple pilot and stratified timed injections, suitable
modifications to recirculated exhaust gases, varying the residual gas fraction, and of
course, various aspects of the performance. This is especially effectively manage-
able with the relatively much simpler operation of HCCI type devices that do not
involve the complexities associated with accounting for the ignition process through
pilot injection. Another example may be considering the consequences of measures
for the selective modification of the preignition reactions of the charge during com-
pression, such as through the fumigation of an additional fuel or separately prepared
partial oxidation products.

The relatively simple single-zone thermodynamic models, when based on zero-
dimensional simulation of the combustion process in engines, generally assume that
spatially uniform temperature and composition are retained throughout the whole
charge at all times. Such a class of modeling has been widely used in the past as an
approximate guide in some applications, mainly because of their relative simplicity.
A notable example of these is the deriving of effective rates of heat release as repre-
sentative of the progress of the combustion process. Associated overall features of
engine performance can then be derived from experimentally based cylinder pres-
sure development records.

Through the additional consideration of the overall chemical reaction activity of
the cylinder charge, an approximate model can be derived to specify the conditions
for the onset of knock and the associated knock-limited power output with differ-
ent fuels (Figure 15.10). While using such a simple approach the predicted knock-
limited power output of a dual-fuel engine with a fixed pilot quantity, was shown to
be approximately dependent logarithmically on the inverse of the absolute intake
mixture temperature. An extension of such an approach, for example, is to assume
that the ignition of the small quantity of pilot fuel employed would take place around
TDC sufficiently rapidly, for it to be considered taking place under constant volume
conditions. The state of the reactive mixture can be modeled then using the corre-
sponding reaction kinetics. Another example is to find the change in the flame spread
limits with variations in the size of the pilot or its timing. Such relatively simple
approaches could provide an indication of the potential for the incidence of knock in
premixed dual-fuel engines and the effects of changes in a limited number of engine
operating and design variables on some of the key performance parameters. The
prediction of power output, efficiency, and NOx emissions can also be determined
approximately, while using variations on such approaches.
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Some predictive approaches employ quasi-dimensional combustion models with
thermodynamic multizone approaches. These are based on conceiving the whole
cylinder charge to be made up of different zones, which change in size and proper-
ties during the progress of combustion, as represented schematically in Figure 20.3.
These approaches are based on an assumed representation of the sequencing and
regions of the combustion processes obtained through appropriate theory, empiri-
cism, and experimentation, while adequately incorporating representative chemical
kinetics. For example, such approaches may be used to indicate approximately the
conditions that lead to the onset of knock with a certain gaseous and pilot fuels,
exhaust gas recirculation (EGR) effects, and associated emissions.

Continuing progress is being made in the simulation of dual-fuel engine opera-
tion using 3D-CFD turbulent combustion modeling while accounting in sufficient
detail for the flow patterns and the associated kinetics of combustion of the pilot
and gaseous fuels. Such approaches are the subject of continuing research and
development, while they increase in complexity, sophistication, and reliability.
More detailed information can then be obtained about the different features of the
combustion process, albeit tending to become extensively complex, but yielding
information that serves as an effective guide to what would be observed in direct
experimentation.

An example is 3D-CFD-based models, specifically those based on the KIVA III
computing program, with reduced detailed chemical kinetics schemes for the com-
plex diesel fuel pilot, and a more detailed chemical kinetics approach for the gaseous
fuel component. A turbulence function is incorporated in the simulation of the com-
bustion processes of dual-fuel engines having a variety of types of chambers.

Reaction Zone

Diffusion Burning

Pilot Injector

Unconverted Pilot
Zone

Propagation Zone

FIGURE 20.3 An example of visualizing the different regimes within the cylinder of a
premixed direct injection dual-fuel engine. (Adapted from Liu, Z., and Karim, G.A., Journal
of Power and Energy, 211, 159-171, 1997.)
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20.4 SOME MODELED EXAMPLES

Numerous predictive approaches involving single-zone, multizone, and multidimen-
sional CFD models have been developed and applied to the prediction of the perfor-
mance of different engine types and fuel systems. For example, the autoignition of
methane—air mixtures in a variable compression ratio engine in the absence of an
ignition source representing HCCI operation was modeled while using a detailed
kinetic scheme for the oxidation reactions of methane in air. The prediction was
based on considering the mixture to behave as a single zone and accounting for
the effects of heat transfer and residual gases. Figure 20.4 shows good agreement
of the predicted values with corresponding experimental results. Additionally, such
an approach yields in parallel comprehensive data for the oxidation reactions of the
cylinder contents about the concentration changes in the many species taking part in
the reaction, whether stable or unstable.

To incorporate comprehensive chemical kinetic modeling for the oxidation reac-
tions of the cylinder contents into 3D-CFD models is a demanding task. A some-
what simpler approach may instead employ empirically reduced kinetic schemes.
For example, such approaches can generate comprehensively detailed information of
the flow characteristics of the system, but the chemical aspects, in comparison, may
remain less well represented. Other approaches have aimed at essentially decou-
pling the physical and chemical aspects of the modeling such that comprehensively
detailed chemical representations are used with a relatively simplified corresponding
zero-dimensional modeling of the system. The results are then applied in a fitting
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FIGURE 20.4 An example of the calculated minimum compression ration required for
autoignition of methane—air mixtures over a range of equivalence ratios. (Adapted from Liu,
Z., An Examination of the Combustion Characteristics in Compression Ignition Engines
Fueled with Gaseous Fuels, PhD thesis, University of Calgary, Canada, 1995; the experimen-
tal results are also shown from Downs, D., Walsh, A.D., and Wheeler, R.W., Philosophical
Transactions of the Royal Society, 243, 463-524, 1951.)
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procedure over a small incremental change to obtain apparent gross reaction rate
functions, which are then reapplied into the CFD code to yield further improvements
to the results. With such approaches a quasi-combined CFD and detailed kinetics
modeling is achieved.

A widely used KIVA code has been developed with internal combustion engine
applications in mind. The code has often been incorporated in models that were
aimed at calculating engine flows with differently shaped cylinder and piston geom-
etries, including the effects of turbulence and wall heat transfer.

The multidimensional modeling of combustion processes in engines in recent
years has become increasingly effective in providing a better understanding of
these processes, finding effective measures to overcome some operational problems,
evaluating new design concepts, and reducing hardware prototype and development
costs. However, there are still not many 3D-CFD simulations of dual-fuel engine
operation where much of the modeling relates to the direct injection type. Modeling
of the precombustion or swirl chamber type engines tends to lag behind, mainly due
to the greater complexity of both the geometry of the combustion chamber and the
associated combustion and transport processes.

Computational 3D methods have been used to obtain optimized diesel engine
geometry and performance for the reduction of emissions and fuel consumption.
Such analyses showed, for example, the need for a precise control of the overall
fuel-to-air ratio, the optimum start of injection timing, and EGR levels to ensure
sufficiently low NOx emissions. For example, those of the combustion process and
its cyclic variation in HCCI engines were predicted using a multizone model with a
sufficiently detailed chemical kinetics representation.

An important consideration in dual-fuel engine modeling is that it can be employed
to investigate the role of changes in some key influencing parameters where there are
no effective economic practical approaches for performing it. An example of the util-
ity of the 3D-CFD modeling approach based on KIVA with full chemistry is investi-
gating the influence of possible changes in the temperatures of the different segments
of the cylinder surfaces on dual-fuel engine performance and emissions. An example
is an indirect injection (IDI) engine operating on very lean mixtures of hydrogen
while employing a fixed mass of diesel fuel injection. Changes in the mean values
of the prechamber surface temperature are expected to be more influential than for
a corresponding direct injection (DI) engine. The resulting changes, particularly in
the values of the ignition delay and rates of energy release, lead in turn to significant
changes in emissions and engine performance (Figure 20.5). When different mean
surface temperature values were assigned in turn to the cylinder wall, piston, cylin-
der head, and prechamber surface temperatures, it was demonstrated that in general,
the values of the indicated power and maximum cylinder pressure had only relatively
small increases when the cylinder wall surface temperature was increased. However,
NOx emissions tended to increase slightly as the temperature increased, resulting
from the longer exposure of the charge to high surface temperatures, particularly
during the expansion. Similarly, increasing piston head surface temperature pro-
duced almost no changes. However, changes in cylinder head temperature, including
that of the surface of a prechamber, produce significant increases in the maximum
cylinder pressure and NOx emissions, which is a reflection of the increased average
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FIGURE 20.5 An example of the effects of changes in cylinder surface temperature on the
calculated pressure development in a prechamber dual-fuel engine operating on methane with
constant pilot quantity, 1800 rev/min, CR=23, EQdiese=0.19, EQCH4: 0.25. (From Liu, C., An
Experimental and Analytical Investigation into the Combustion Characteristics of HCCI and
Dual Fuel Engines with Pilot Injection, PhD thesis, University of Calgary, Canada, 2006.)

temperature of the cylinder head surface and the relatively large surface area of the
swirl chamber.
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Glossary

Adiabatic flame temperature: Final combustion temperature calculated thermody-
namically for an adiabatic system, usually related to stoichiometric mixtures,
while accounting for the effects of variable properties and dissociation.

Advance: Earlier passage of electric spark or pilot liquid fuel injection into the mix-
ture of an engine.

Alternative fuels: Fuels alternative to conventional gasoline or diesel fuel, such as
hydrogen, LPG, or alcohols.

Autoignition: The acceleration of oxidation reaction rates due to the energy release
becoming in excess of the prevailing losses to the surrounding without the
aid of deliberate external ignition energy sources.

Autoignition temperature: The lowest temperature at which a combustible mate-
rial ignites in air without the aid of an external spark or a flame.

Bagasse: Gaseous fuel mixture produced from the processing of sugarcane, from
which the juice has been extracted.

Barrel: Crude oil volumetric measure that is equivalent to 159 L or 35 imperial gal-
lons or 42 U.S. gallons.

Bi-fuel engine: An engine that alternately utilizes two different fuels while having
ignition provided by an external source of energy, such as an electric spark.

Blast furnace gas: A low heating value gas fuel mixture produced as a by-product
of blast furnaces in steelmaking.

Bosch smoke number/unit: An empirical measure of smoke density in exhaust
gases.

Catalytic converter: A catalytic device fitted to the exhaust system of an engine so
as to reduce the concentrations of carbon monoxide, unburned hydrocar-
bons, particulates, and oxides of nitrogen before being discharged into the
outside atmosphere.

Cetane number: A measure of the ignition quality of diesel fuel based on the asso-
ciated length of the ignition delay under certain specified operating condi-
tions. The higher the cetane number, the shorter is the ignition delay.

Cogeneration: The production of power while simultaneously utilizing the heat
rejected by the engine.

Compressed natural gas (CNG): Natural gas compressed to high pressure, so as
to be transported in high-strength containers, such as for use in transport
applications.

Compression ignition: The ignition of a fuel-air mixture at high temperature and
pressure produced by rapid compression, such as in diesel engines.
Compression ratio: The maximum engine cylinder volume (at bottom dead center)
divided by the corresponding minimum volume (at top dead center) of a

reciprocating internal combustion engine.

Cool flames: Flames associated with the generation of very low thermal energy and
light intensity. These are encountered in the oxidation of most hydrocarbon
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fuels due to low-temperature reactions that take place ahead of the main
higher-temperature hot flames.

Cracking: The process of breaking up of large molecules into smaller fragments.
Thermal cracking takes place at high temperature in the absence of air.
Catalytic cracking takes place at lower temperatures, but in the presence
of catalysts.

Cyclic variation: The random none repeatability of the progress of the combustion
process in engines under otherwise steady operating conditions.

Diffusion flames: Flames where the fuel and air are initially nonhomogeneously
premixed, and the combustion rate becomes governed by the rate of mixing
of the fuel and air, such as in a candle or a fuel jet.

Direct injection: The injection of the fuel under pressure directly into the cylinder
of a diesel engine and occasionally also applied in spark ignition engines.

Dissociation: The breakup of a single molecule into smaller fragments such as at
high temperatures, which may be subsequently capable of recombining
with the lowering of temperature to form the original molecule.

Dry natural gas: Processed natural gas where most of its high hydrocarbon com-
ponents and water have been removed.

Dual-fuel engine: An engine where a mixture of gaseous fuel and air is ignited
through the injection of pilot diesel fuel.

Electronic engine control (EEC): The assembly of electronic and electromechani-
cal components that continuously monitor engine operation and vary engine
calibration to meet the requirements.

Equivalence ratio: The mass of fuel-to-air ratio relative to the corresponding stoi-
chiometric value.

Exhaust gas recirculation (EGR): The recycling of some exhaust gas back into the
inlet manifold so as to lower the overall level of the combustion tempera-
ture, and hence reduce the production of oxides of nitrogen.

Fischer-Tropsch diesel: Diesel fuel manufactured from synthesis gases while
employing the Fischer—Tropsch method.

Flammability limits: The homogeneous fuel-air mixture that can just support
flame propagation from an ignition source. The lean or lower limit relates to
the leanest mixture in fuel that is flammable, while the rich or higher limit
relates to the richest mixture in fuel that is still combustible.

Free radicals: A group of atoms such as CH; or OH that is unstable and has the
capacity to react more vigorously despite their low concentrations than sta-
ble molecules. Radicals are the main active ingredients in most reactions,
especially combustion reactions.

Fumigation: The normally aspirated introduction of the fuel into the intake air via
simple carburetion.

Gasification: The process of converting solid or liquid fuels into a gaseous fuel,
such as the gasification of coal.

Greenhouse gases: Gases, when present in the atmosphere, that contribute to its
warming, such as carbon dioxide and methane.

Homogeneous charge compression ignition (HCCI): The compression ignition of
a homogeneous mixture of fuel and air.



Glossary 271

Hybrid engines: Engines coupled to an electric motor/generator/storage system that
can provide controllable power through these components.

Ignition delay: The period between the start of injection of the fuel in diesel engines
and the first detection of ignition.

International Organization for Standardization (ISO): A nongovernmental fed-
eration of standard organizations from many countries that drafts rules and
regulations for industry.

Knock: The undesirable phenomenon in spark ignition engines where energy is rap-
idly released due to the premature and uncontrolled autoignition of part of
the combustible mixture ahead of the propagating flame originating from
the electric spark.

Landfill gas: The gas produced and released relatively slowly from the decaying
processes of landfill materials. The main constituents of the gases are meth-
ane and carbon dioxide.

Lean mixture: A fuel-air mixture that contains excess air beyond that required to
completely oxidize the available fuel.

Load: The amount of power or torque delivered or required.

Misfire: The occasional failure of combustion in one cylinder or one cycle.

Mtoe: Millions of tonnes of oil equivalent.

Octane number: An empirical indicator of the knock resistance quality of fuels,
particularly gasolines in spark ignition engines.

Pilot: Usually refers to a small independent flame used to ignite a bulk mixture of
fuel and air.

Preignition: The undesirable premature, often uncontrolled ignition of a fuel-air mix-
ture in a combustion chamber before the proper timed passage of the spark.

Primary reference fuels: Blends of n-heptane (ON = 0) and iso-octane (ON = 100)
used for the knock rating of liquid fuels in spark ignition engines.

Producer gas: A fuel-gas mixture that is produced through the controlled combus-
tion of a fuel such as coal with air and steam. The product gas contains
mainly hydrogen and carbon monoxide with some nitrogen.

Quenching distance: The largest distance under a certain specified condition when
a flame cannot propagate due to excessive heat loss, such as quenching
through narrow gaps or within a boundary layer.

Refinery gas: The noncondensable gas resulting from the fractional distillation of
crude oil. Usually, it is either flared or supplied for mixing with fuel gases
for use mainly domestically.

Reforming: The operation in which the chemical structure of a molecule is modi-
fied in order to improve its knock-resisting quality, such as via thermal or
catalytic processes.

Regenerator: A heat exchanger that is usually reserved to periodic operation where
heat is transferred alternately from the gaseous products to the air before
combustion.

Retard: Indicates a delayed passage of the spark in spark ignition engines or pilot
fuel injection in dual-fuel engines.

Rich mixture: A fuel-air mixture that contains excess fuel beyond the amount that
can be burned completely with the available oxygen.
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Skip firing: The firing of only some of the cylinders in a running multicylinder engine.

Smoke: Small gas-borne particles of carbon or soot, usually less than 1 um, such as
resulting from the incomplete combustion of carbonaceous materials, and
of sufficient number to be observable.

Sour gas: Natural gas that contains acidic compounds, such as hydrogen sulfide and
other corrosive compounds.

Spontaneous combustion: Ignition of combustible material following slow oxida-
tion without the application of high temperature from an external energy
source.

Squish motion: The radial flow in the cylinder toward the end of compression.
Stoichiometric mixture: The chemically correct mixture that can, in principle,
complete combustion without resulting in excess air or excess fuel.

Sweet gas: Fuel gas from which corrosive compounds such as sulfur have been
removed.

Swirl: The rotational flow within the cylinder around its axis.

Synthesis gas: Manufactured gas mixture made from the reforming or partial oxi-
dation of fossil fuels, such as coal, natural gas, or oil. The gas, which is
made up mainly of hydrogen and carbon monoxide, serves as a raw material
for the chemical synthesis of a wide range of fuels.

Tight formations: Sands or carbonates having porosities and permeabilities that
are sufficiently low to inhibit the flow of the gas at commercial rates.

Turbocharger: A device fitted to engines to raise the intake charge pressure, and
hence mass of the intake charge, through utilizing some of the exhaust gas
energy by using a gas turbine that drives an air compressor. Thus, higher
power output can be obtained from the same engine.

Water gas: A manufactured gaseous fuel mixture consisting primarily of carbon
monoxide and hydrogen, usually made by the action of steam and hot
carbon/coal.

Wet natural gas: Natural gas that may still contain small quantities of higher
hydrocarbons.

Wobbe number: An indication of the rate of energy release by combustion of a fuel
when discharged through an orifice under the action of a specified pressure
difference.
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