ABSTRACT

GORE, MATTHEW ROYCE. Experimental Development of a High Power Density Generator
Utilizing Renewable Fuel. (Under the direction of Dr. Tiegang Fang).

The increasing pressure from worldwide political influences is motivating a global
transition from conventional petroleum-fueled internal combustion engines to alternative energy
sources, such as hybrid powertrains and battery electric powertrains in pursuit of reducing
anthropogenic carbon emissions. Recently, the transition to electric vehicles (EVs) has been
accelerating, motivated by governments who continue to pass legislation strongly partial to both
EVs and manufacturers who continue to introduce more EVs each year. Although EV adoption
has increased over recent years, there remains a confluence of barriers that dissuade many
consumers from considering EVs. Among these, range anxiety, or the driver's apprehension that
an electric vehicle lacks sufficient battery capacity and has limited charging opportunities to
cover the required distance to reach their destination is predominant.

This work investigated the state of the art in high power density electric generators for
hybrid powertrains suitable for use in a plurality of on and off-highway applications as well as in
combination with EVs as range extenders. In addition, this work investigated the viability of
alternative fuels in small engines for power generation applications. Finally, this work includes
the experimental development of a novel high power-density range extender prototype which can
be operable on synthetic fuel to provide reduced emissions.

First, the adaptability of a current gasoline electric generator to be readily modified to
function on E-fuels was investigated. In this work, a commercially available electric generator
was modified to operate on a synthetic byproduct gaseous fuel mixture derived from an industrial
chemical reaction. Specifically, the synthetic gaseous fuel mixture comprised Methane, Ethane,

and Carbon Dioxide. It was found that through moderate modifications, commercially available



spark ignition engines can operate on E-fuel and provide similar power output compared to
gasoline while providing a reduction in certain emissions. The methods and techniques acquired
during these experiments were incorporated into the next phase of this work.

Secondly, a parametric study into the state of the art of electric generators, range
extenders, electric dynamos, and small internal combustion engines was performed to identify
design criteria and performance benchmarks for a prototype high power electric generator.
Design targets including low cost, high specific power, high portability, and high adaptability
were identified. From there, the systematic selection of components in view of the criteria was
completed in parallel with the iterative engineering design of the prototype. Once the final design
was identified, a prototype high power density range extender was constructed and optimized for
experimental investigation.

After the prototype was constructed, a series of experiments were conducted utilizing
gasoline to explore the performance and emissions of the prototype. The experiments simulated a
variety of operating scenarios to thoroughly assess the performance of the prototype. It was
found that the prototype generator provided a higher specific power than any known
commercially available or theoretically proposed electric generator. What’s more, is that the
generator produced sufficient power to rapidly charge an EV and function as a hybrid powertrain
in certain applications.

Next, the prototype was modified to operate on a net carbon zero E-fuel to understand the
potential for emissions reduction in the prototype through alternative fuels. The previous
experiments using gasoline fuel were repeated with E-fuel. It was found that, in addition to
increased performance, the prototype exhibited a substantial reduction in specific engine

emissions. The results show that the prototype, through minor modifications, can operate on E-



fuel and meet and exceed performance and design criteria. A comparative analysis between
gasoline performance and E-fuel performance is also included. Finally, a commercially viable

design of the range extender is presented.
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CHAPTER 1: Introduction

1.1 Motivation and Background.

Internal combustion engines have been incorporated in virtually every industry since their
introduction in the late 1800s. By any standard, they have influenced everyone’s life in some
measurable way. Transportation, power generation, industry, agriculture, recreation, aviation,
shipping, marine, and countless other industries rely on their ability to produce useful work from
a readily available fuel source. The development of internal combustion engines through the
decades can be benchmarked by a variety of technological innovations and has brought forth
increasingly more powerful and advanced engines that emit fewer pollutants than ever before.
However, there exists a threat to internal combustion engines; the continued tightening of
emissions and environmental regulation challenges their existence and disrupts the security of
their future. There are many who insist that the shortcomings of internal combustion engines can
only be ameliorated by full electrification. However, the complete replacement of one
technology with another will only introduce new shortcomings associated with an all-electric
fleet. It is clear that an eclectic approach is required to meet the upcoming environmental targets.

Recently, the introduction of electrified powertrains, or the combination of internal
combustion engines with electrical assistance, has gained significant attention. In many aspects,
such hybrid powertrain architecture retains the benefits of both internal combustion engines and
electrified power with few compromises. Moreover, hybridized powertrains can be operable to
provide electrical power for use in, for example, electric motors or batteries while retaining the
ability to utilize conventional and synthetic liquid fuels. However, many such powertrains

continue to rely on fossil fuels and are otherwise responsible for some emissions. What’s more,



the state of the art only includes large, complicated, and low power density units that are not
suitable for certain applications that would benefit from hybridization.

One increasingly popular approach to lower carbon emissions is to encourage consumers
to transition to electric vehicles. These electric vehicles (EVs) are being introduced as a solution
to the problems associated with the dependency on fossil fuels, increasing carbon emissions, and
other environmental issues [1]. Importantly, EVs alone do not solve the problem of global fossil
fuel dependency and are not able to entirely replace internal combustion engines; they are merely
one of many solutions included in an eclectic approach to reducing carbon emissions [2].
However, EVs have been shown in certain scenarios to provide some relief to the reliance on
carbon-based fuels and as a result, their adoption should be encouraged.

Although EV adoption has increased over recent years, there remains a confluence of
barriers that dissuade many consumers from considering EVs. Some of the common barriers
include limited range, lack of charging infrastructure, high initial cost, high charging downtime,
limited model choices, battery degradation, and poor resale value. Amongst these, range anxiety,
or the driver’s fear that an EV contains insufficient energy/battery capacity to drive the distance
needed and that charging infrastructure will be unavailable to reach a destination is predominant
[3]. What’s more, EVs have a significantly lower drivable range when compared to their
gasoline. In 2022, the average internal engine vehicle provided a drivable range of 413 miles
while the average EV provided a drivable range of only 217 miles. Range becomes a more
pertinent issue given the expense and limitations of lithium-ion batteries. While there are some
EVs that have ranges in excess of 400 miles, the large battery pack and associated costs make
these cars prohibitively expensive. New battery chemistries will likely not be able to

substantially increase the energy density of lithium-ion batteries [3]. In addition, the cost of



lithium-ion batteries is expected to increase [4]. It should also be noted that high load conditions,
such as towing and driving up gradients, as well as colder weather can further decrease the
drivable range of EVs [2]. Figure 1.1 illustrates the average drivable range of a conventional

internal combustion engine vehicle compared to an EV [4].

Median Gas Car Range in 2021:
413 miles(66S km)

Figure 1.1: Comparison of the Drivable Range of EVs and ICE vehicles [5]

In addition, EVs are hindered by relatively large charging times when compared to
internal combustion engine liquid fuel refill times. Many new EVs can take up to 12 hours to
charge using household plug-in chargers. The conventional approach to ameliorate range anxiety
can include deploying more robust charging infrastructure, developing higher battery capacity
EVs, battery swapping technology, and free loan vehicles for long trips [6-7]. However, these
approaches remain either long-term, impractical, or costly. Such practical issues and prices play

a large role in car purchase decisions and negative sentiment toward electric vehicle technology



[8-9]. It is clear that a more viable solution to improving the drivable range of electric vehicles is
necessary.

A range extender is a fuel-based auxiliary power source that is configured to add
additional drivable range to the battery of an EV independent from grid charging [10]. So far as
the discussion for range extenders is concerned, it is important to distinguish between range
extenders and hybrid electric vehicles; hybrid EVs utilize the energy from both an electric motor
and an IC engine to propel the vehicle while range extenders only add energy to the battery of
EVs [11]. Importantly, range extenders do not include the added weight and complexity of
gearboxes, transmissions, etc. that burden conventional hybrid electric vehicles. In addition,
range extenders generally operate at a single RPM and can be tuned for superior efficiency when
compared to traditional 1C propulsion [8]. The most common types of range extenders are
powered by conventional IC engines, but many configurations have been considered including
fuel cells, free-piston generators, and micro gas turbines [12-13]. In most cases, these range
extenders are adapted to use a liquid hydrocarbon fuel, such as gasoline [14]. Thus, an EV
equipped with a range extender (REEV) can conveniently utilize the existing network of
refueling stations. Further, range REEVs can avoid long charging times because of the utilization
of internal combustion engines and existing fueling stations [15].

Unfortunately, the state-of-the-art range extenders only include small low-power units
(<5kW) that are unfit for rapid charging and offer only small boosts in EV range and large
permanently affixed range extenders that optionally accompany vehicles such as the Chevrolet
Volt, Cadillac ELR, and BMW i3 [16-17]. In many cases, permanently attached range extenders
are prohibitively expensive, often adding up to $6,300 to the purchase price of an EV, which

already exceeds the price of similar IC vehicles [17]. Thus, there exists a need for a lightweight,



portable, and inexpensive range extender that has suitable power density to rapidly charge an
EV. Further, in view of tightening emission regulations such as those set forth by the United
States EPA, there exists a need for IC-powered range extenders that are adapted to operate on
alternative fuels such as E-fuels and net zero carbon fuels.

When compared to the current lithium-based batteries common in EVs, gasoline has
roughly 50 to 100 times higher power density in terms of energy per unit volume or weight. It is
therefore difficult to configure an EV to have a similar drivable range when compared to IC-
powered vehicles. Most consumers are unable to or unwilling to consider a vehicle that is unable
to provide sufficient drivable range [18]. What’s more, certain operating conditions exacerbate
the low drivable range of EVs; people who live in rural areas, long commutes, utility tasks such
as pulling a trailer or hauling, cold weather operation, etc. all further diminish the drivable range
of EVs. Andwari et. al. analyzed the barriers to market penetration of EVs and the technological
readiness of different components of battery electric vehicles (BEVSs) [13]. Amongst increasing
battery capacity, developing a more robust charging infrastructure, introducing swappable
battery technology, and other similar approaches, the authors considered range extenders as the
solution to free battery EVs from the ‘range anxiety’ issue and lower the vehicle weight and
capital costs by downsizing the battery.

A range extender is a device that is configured to add drivable range to the battery of an
EV by converting conventional fuel into electricity. This arrangement of range extenders is
known as a series hybrid drivetrain. Range extenders are most commonly powered by internal
combustion engines that are operable on traditional fuels such as gasoline or diesel [19].
According to A Review of Range Extender Technologies in Electric Vehicles., A range extender

should be configured to comply with the following criteria [20]:



- The vehicle must have a rated all-electric range of at least 120 km.

- The range extender must provide a range less than or equal to the main
battery range.

- The range extender must not be switched on until the main battery charge
has been depleted.

- The vehicle must meet the super low emissions vehicle (SULEV)
requirements.

Importantly, a range extender is distinguishable from a hybrid powertrain in that it must
not be part of the drivetrain; a range extender may only provide power to the battery and not
mechanically linked to the wheels of a vehicle. Range extenders occupy a category of
powertrains between pure internal combustion engine power and pure battery power. Figure 1.2
illustrates a simple schematic of a series hybrid powertrain with a range extender adapted from

Tran et. al. [6].
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Figure 1.2: Illustration of Range Extender Design [14]
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Figure 1.3: Schematic of a Series Hybrid Powertrain Incorporating a Range Extender [6].
Further, range extenders can be activated whenever the drivable range of a battery is low
to avoid irreversible cell damage. The battery should always be charged externally via a standard
charger whenever possible. In some aspects, a range extender could have a positive impact on
battery life as it can prevent deep cycle degradation of the battery [14]. In certain aspects, range
extenders can be configured to provide electrical power when the battery on an electric car falls
below a certain threshold and increase the state of charge of the battery. Range extenders are not
often used to completely charge the battery of an EV, but to provide a slight increase in the level

of charge of the battery. Figure 1.4 illustrates common range extender charging schemes.
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Figure 1.4: Common Charging Strategy for Range Extenders [16]



Internal combustion engines are often used as the power source for range extenders.
Advantageously, because range extenders require constant RPM operation, these engines can be
tuned to always operate at peak efficiency. The integration of internal combustion engines with
range extenders is simple and straightforward; internal combustion engines are well understood,
simplifying their integration into range extender technology. Most importantly, a range extender
equipped with an internal combustion engine will be able to utilize the highly robust existing
fueling infrastructure. Many configurations of both two-stroke and four-stroke internal
combustion engines have been contemplated for use in conjunction with range extenders,
including single-cylinder, multi-cylinder engines, rotary engines, free piston engines, and micro
gas turbines. From there, the engines are connected to a rotary dynamo that can produce
electrical power. Figure 1.5 illustrates an example of internal combustion engine-based range

extender architecture.

Figure 1.5: Schematic of a Series Hybrid Range Extender [15]



A plurality of research and development groups in academic and commercial settings
have proposed, constructed, and brought to market range extenders. Borghi et. al. considered the
design and conducted the experimental development of a range extender powered by a two-
stroke, single-cylinder engine [15]. The engine was rated at 30 kW and had a maximum engine
speed of 4500 rpm. The proposed range extender had a theoretical weight of 105 kg, resulting in
a power density of .29 kW/kg. The engine was also compared to existing four-stroke engines and
found that the two-stroke engine provided significantly higher power density and that the range
extender addressed many of the issues associated with EVs. However, it was found that the new
engine could not meet the compliance requirements of the very low NOx limit of standard EVs.

MALHE Powertrains presented a prototype range extender in 2022 that is adapted to be
integrated into the structure of an EV [21]. The prototype utilized a twin-cylinder 900cc internal
combustion engine coupled to a dynamo. Further, the prototype produced 30 kW of electrical
power and weighed approximately 200 kg. It was found that the range extender was operable to
increase the drivable range of the EV it was coupled with to 500. The range extender was able to
meet Euro 6 emissions standards. In this configuration, the range extender provided a power
density of .15 kW/kg. Importantly, range extenders of this type are fixedly attached to the vehicle
and cannot be shared with different vehicles. Figure 1.6 is an image of the MAHLE Range

extender.



Figure 1.6: MAHLE Prototype Range Extender [21]

In 2014, BRP-Powertrain and AVL Powertrain systems developed a range extender
package for electrified vehicles [22]. The range extender could be mounted onto an electrified
vehicle and was configured to provide additional charge to the battery. The range extender
comprised a single-cylinder ROTAX 1000cc engine and was able to produce 25 kW of electrical
power while weighing 120 kg, giving a power density of .21 kW/kg. Unlike the MAHLE range
extender, this model can be incorporated into an existing EV but is not portable or moveable
between different EVs. Figure 1.7 provides an image of the ROTAX-based range extender

prototype.

10



Figure 1.7: ROTAX Prototype Range Extender [22].

LOTUS Engineering designed and developed an internal combustion engine range
extender that was configured for use with passenger cars of approximately 1650 kg. In addition,
this range extender could be used in conjunction with a series hybrid powertrain to power the
electric motors [23]. A bespoke internal combustion engine was designed and constructed in
view of target specifications established from order of importance. The LOTUS range extender
comprised a three-cylinder, four-stroke 1.21 fuel-injected gasoline engine. The engine produced a
maximum of 37 kW of electrical power and a combined weight between the engine and
generator of 101 kg, yielding a power density of .366 kW/kg. The engine was able to produce a
continuous 15 kW of electrical power for use in hybrid and range-extending applications while
maintaining a low fuel consumption of .245 g/kWh. Future developments of the LOTUS range
extender include modifying the engine to achieve Tier-1 emissions standards and potentially
converting the range extender to operate on renewable fuels, such as alcohol-based fuels. In
addition, LOTUS posits the potential to increase power by incorporating forced induction

techniques, such as turbocharging. Figure 1.8 is an image of the LOTUS range extender [23].
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Figure 1.8: Image of LOTUS Range Extender [23]

CNR Istituto Motori proposed a prototype for a compact 10 kW engine-based range
extender which was suitable for plug-in hybrids and series hybrid vehicles [24]. The product of
their work could be used as a range extender or a component in lightweight series hybrid
powertrains. The device comprised a modified four-stroke, 250cc scooter engine connected to a
bespoke three-phase dynamometer. The unit demonstrated 10 kW of electrical power and an
overall weight of 23 kg, yielding a power density of .41 kW/kg [24]. The range extender concept
of this work was a theoretical model and was not produced as a result of a custom engine and
bespoke dynamo. The author proposed that the prototype could be further improved by
incorporating a more efficient intake design and a high-inertia flywheel. The author also
concluded that the power density of this model led to decreased fuel efficiency. Figure 1.9 is an

image of the CNR range extender prototype.
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Figure 1.9: CNR Prototype Range Extender [24]

There exists a variety of small range extenders that comprise single-cylinder air-cooled
engines commonly utilized in power equipment connected to small Dynamos. These range
extenders are available from suppliers such as eBay. Typically, these range extenders comprise a
212 cc single-cylinder 4 stroke engine connected to an electric motor. They are operable to
produce a maximum of 3 kW while generally weighing 25 kg. Thus, these range extenders
provide a power density of .12 kW/kg. Advantageously, these range extenders are substantially
portable and can be used amongst a variety of vehicles. However, they provide are unable to
provide enough power to rapidly charge an EV. Figure 1.10 is an example of an embodiment of

these range extenders.
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Figure 1.10: Example of Portable Commercially Available Range Extender

It is clear that there exists a gap in the state of the art of range extender technology.
Range extenders that are sufficiently powerful to rapidly charge an EV are not portable and are
otherwise inconvenient to use. They are also expensive and may not be compatible with certain
vehicles. Range extenders that are lightweight and portable do not provide sufficient power to
quickly charge an EV with substantial useful range. Thus, there exists a need for a range
extender that has a high power density, is lightweight, portable, and can provide enough power to
rapidly charge an EV.

In addition to EV applications, range extenders are particularly useful for unmanned
aerial vehicle (UAV) aircraft, drones, and other experimental aircraft that operate with electric
motors. UAVS require power sources that have a small form factor and high power density.
Typically, drones are equipped with one or more electric motors that receive power from a
battery or capacitor [25]. As a result of the relatively low power density of batteries, flight time
can be limited. In many applications, such as long flight times, heavy payloads, or military

applications, the flight range of drones is insufficient. In an attempt to lengthen the flight time,
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drones can be equipped with small range extenders that are configured to increase the state of
charge to a drone battery [25-26]. Obviously, weight is a critical factor in UAV range extenders
because it directly impacts the payload of the drone. Thus, a generator with a high power density
is required [27]. The future of UAV propulsion relies on high density generator design; designs
with high power densities are favorable because they increase the payload capacity of the UAV.

There exists a small and limited selection of gasoline-powered range extenders that are
suitable for use in UAV applications. Quaternium technology offers a range extender for hybrid
drones that is commercially available [28]. The range extender comprises a 32cc two-stroke
internal combustion engine coupled to an electric generator. The generator produces 2600 Watts
and provides a continuous 48 Volts. In its configuration, the HYBRIiX 2.1 can provide up to 4
hours of additional operation flight time with to existing drones. Figure 1.11 shows an

embodiment of the HYBRiX UAV range extender [29].

Figure 1.11: HYBRiX UAV Range Extender [29].
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There are several other manufacturers that offer similarly sized range extenders for UAVs
that provide similar power output. Unfortunately, such range extenders are only able to provide
useful power to drones that have a maximum take-off weight (MTOW) of up to 25 kg [29].
Accordingly, there exists a gap in the state of the art for larger drones that require a higher power
range extender.

Hirth engines have investigated the viability of a liquid-cooled hybrid UAV range
extender [30]. The range extender concept comprised a parallel twin two-stroke engine. The
engine half was used only to generate power for the system. The electric-driven half was
configured to provide low-noise operation. The theoretically proposed model would include a
625cc fuel-injected, two-stroke engine and a small compact dynamo. Figure 1.12 is an image of

the Hirth series hybrid UAV powertrain.

Figure 1.12: Hirth UAV Range Extender Prototype [30]
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Hybrid vehicle propulsion systems are becoming increasingly popular as they in many
aspects combine the advantages of internal combustion engine propulsion and electric powertrain
propulsion [31]. Additionally, the flexibility and configurability of hybrid powertrains is even
more interesting. By definition, hybrid powertrains selectively combine more than one motive
architecture [31]. For example, a hybrid powertrain could comprise the unity of an internal
combustion engine and an electric powertrain to provide a motive force to a vehicle. Among the
existing hybrid powertrain architecture, the series hybrid, also referred to as range-extended
electric vehicles, are of particular interest [31-32]. In the case of the series hybrid, the engine is
simply used to recharge the battery bank or provide electrical power directly to the motor. The
engine can be substantially smaller because in many cases they operate at a steady state and can
be allowed to recharge the batteries over a longer period of time. [33]. Moreover, electric motors
are more efficient than internal combustion engines and do not require gear changes while
internal combustion engines are more efficient when operating at a steady state [33]. From a
practical standpoint, the series hybrid arrangement is a desirable combination of technologies.
Moreover, the series hybrid offers flexibility that pure internal combustion engine and battery
EVs cannot. It has been shown that series hybrid powertrains can offer approximately 90% of the
capacity of an electric vehicle [30]. If the driver is in a situation where they cannot charge their
vehicle (e.g., unavailable charging stations, power outages, etc.) the user can simply engage the
engine to recharge. Some series hybrid arrangements do not require a battery at all and can rely
on the current directly from the generator to power the motor. The vast majority of series hybrid
powertrains are in the order of 100 horsepower or more [32]. These powertrains are complex,
expensive, and have relatively lower power densities [32]. Further, there is a need for more

compact and cheaper series hybrid powertrains that can power smaller vehicles. There exists a
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vacancy in the state of the art of hybrid propulsion for small, compact power generation that is
structured for use with a series hybrid. Small engines are responsible for 242 million tons of
Carbon emissions each year [32]. Because of the cost, size, and practical limitations, it is
difficult to incorporate advanced emissions reduction strategies. Moreover, because of the
current limitations of hybrid powertrains, it is difficult to incorporate hybrid power. In many
examples, the engine configurations that are adapted for use with series hybrid powertrains are
large, heavy, and low-powered. The advent of such lightweight, high power density generators
could address the vacancy in the state of the art and provide useful electrical power for hybrid
powertrains for use in, for example, powersports, recreational vehicles, small off-road vehicles
power equipment, or other similarly sized applications [34]. Simic et. al. simulated the use of a
hybrid powertrain in an ATV and proposed and suggested that an optimized hybrid electric

powertrain configured for use in such applications could lower fuel consumption and certain

emissions species [34]. Further, Simic proposed a theoretical model for a hybrid powertrain to be

used in an exemplary embodiment of a hybrid electric ATV. It is envisioned that a similar mod
could be adapted for a variety of applications where small, lightweight, high specific powertrai
are required. Figure 1.13 is a schematic for a proposed hybrid electric ATV proposed by Simic

[34].
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Figure 1.13: Schematic of a Proposed Hybrid Electric ATV [34]

In modern internal combustion engines, a plurality of emissions control methods exists
with the intent to reduce harmful exhaust emissions. Some examples of such emissions control
methods include catalytic converters, exhaust gas recirculation (EGR), selective catalytic
reduction (SCR), particulate filters, lean-burn schemes, air injection, and closed-loop fuel
injection systems [35-36]. Each of these approaches requires complex engine architecture, adds
weight, and complexity, and decreases reliability and thus are not suitable for small engine
applications [37-38]. One promising technique is the use of synthetic fuels or “E-fuels.” E-fuels
are fuels for use in an internal combustion engine that is produced through a process that
involves the use of a renewable energy source to convert carbon dioxide and water into
hydrocarbons, alcohols, or other combustible liquid fuels [39]. These fuels are considered
synthetic because they are not naturally occurring and are produced through artificial processes.
Importantly, these fuels can be net carbon zero and do not increase the free carbon dioxide in the

atmosphere and produce no net greenhouse gas emissions [40]. Many such fuels can be readily
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adaptable to existing internal combustion engines and are well suited for the reduction of certain
emissions species and lower or eliminate the carbon footprint of internal combustion engines.

In practice, E-fuels are usually made from carbon dioxide that is hydrogenated. The
carbon dioxide used to make E-fuels may be directly captured from the air, derived from
seawater, or captured from industrial processes [41]. Common examples of E-fuels used to
replace gasoline or diesel fuel in existing engines include ammonia and methane. In addition to
being carbon neutral, such E-fuels can alleviate the dependency and costs associated with drilling
and importing fossil fuels [40]. The energy used to generate E-fuels can be provided from a
renewable source, for example, nuclear power, wind power, solar, and geothermal. E-fuels or
other carbon-neutral fuels can potentially reduce the need for fossil fuels entirely assuming that

enough renewable energy could be produced [41].

1.2 Research Obijectives

The objective of this dissertation is mainly focused on the experimental development of a
high-power-density electric generator as well as the experimental investigation of small internal
combustion engines that are adapted to operate on E-fuels. It is contemplated that the objects of
this work can be incorporated into, for example, hybrid powertrain and range extender design
and development. Further, techniques and emissions reduction potential of using E-fuels are also
investigated. The major objectives are as follows:

I.  Modify an existing commercially available spark ignition generator to operate on E-fuel
mixtures; Study the effects on emissions and performance with the E-fuel and compare to

gasoline.
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I1. Design and construct a prototype electric generator having at least a high power density
that comports with identified design constraints.

I11. Investigate the performance of the prototype electric generator through operation on
gasoline fuel; explore the performance and emissions of the generator and compare to
commercially available units.

IV. Modify the prototype to operate on E-fuel and repeat the experiments; study the effects of
E-fuel on performance and emissions.

V. Propose a final design of a commercially viable product; explore options to increase

performance while decreasing emissions.

1.3 Qutline

Chapter 2 focuses on the viability and performance of byproduct exhaust gases from
industrial processes for use in internal combustion engines for power generation. The fuel of
concern comprises varying mixtures of methane and ethane in high dilutions of carbon dioxide
which can simulate high EGR operating conditions. A small commercially available 13 hp
internal combustion engine generator was modified and instrumented to operate on the synthetic
fuel. Various fuel mixtures and loading conditions were tested and compared to gasoline.
Further, the adaptability and reliability of the engine operable on such fuels was investigated.

Chapter 3 focuses on the design process and construction of a prototype high power
density range extender. A variety of performance goals were set in view of the limitations of
currently available generators and performance benchmarks were identified. Chapter 3 details the
design and construction process used in developing the prototype high power density generator.

The design iterations and modifications were also described to better identify the design process.
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Further, Chapter 3 presents the optimization and tuning process to provide the highest
performance from the prototype.

Chapter 4 presents the first series of experiments and validation of the high power density
generator prototype when operated on gasoline. The prototype was connected to a series of load
elements and instrumented to understand the performance limitations and establish baseline data
on gasoline fuel. Further, the emissions species were evaluated to understand the carbon
footprint of the prototype. The experiments were repeated to understand the reliability and
performance of the prototype.

Chapter 5 presents the modification and reevaluation of the prototype on E-fuels. More
specifically, the engine was modified to operate on methanol with the intent to reduce certain
emissions species. The performance was evaluated against baseline data collected from gasoline
experiments. Further, the emissions reductions and potential for the prototype to be a carbon-
neutral generator were evaluated.

Chapter 6 discusses future evolutions of the high power density generator as well as
proposes a final design for commercial utilization. In addition, techniques and technologies that
could be used to improve the design are also discussed. Moreover, chapter 6 summarizes the
important conclusions and all the studies discussed in the previous section. In addition, future

work is also presented at the end.
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CHAPTER 2: Experimental Investigation of Engine Adaptability on Alternative Fuels for

Power Generation

2.1 Introduction
2.1.1. Motivation

The first step in developing a generator that is operable on non-conventional fuels is to
investigate the ease at which existing engines can be adapted for such use. In addition, it is
important to evaluate the performance of the engine and the effects the alternative fuels may
have on the engine. In this chapter, a commercially available internal combustion engine
generator was selected for testing. A gasoline generator was selected as it closely mimics the
conditions that the prototype high power density generator would be subjected to, such as
varying loading at constant throttle conditions and, in some aspects, steady state loading.
Importantly, a commercially available model was chosen as part of this work to investigate how
readily adaptable existing engines are for use in the development of the high power density
electric generator. A 13 horsepower, single-cylinder gasoline generator was selected and
repurposed for this work as a test stand by incorporating a modified fuel induction system and
the engine was instrumented for data collection.

A synthetic gaseous fuel was chosen for use in the experiments of this chapter. In
particular, the synthetic gaseous fuel, or SIM fuel, comprises a mixture of approximately 40%
methane, 5% ethane, and a 41% diluent component along with other minor compounds. The
flammable methane and ethane components in combination with the non-flammable carbon
dioxide component can closely simulate an engine operating under high exhaust gas circulating

conditions. Exhaust Gas Recirculation, or EGR, is a common technique used in modern internal
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combustion engine emissions control schemes wherein the products of combustion collected
from the exhaust system are redirected into the combustion chamber to dilute the fuel charge. In
practice, EGR systems can reduce oxides of nitrogen emissions (NOy) and certain carbon
emissions. The fuel for these experiments was sourced from an industrial process where it is a
common waste product. In addition to investigating the adaptability and performance of an
engine with alternative fuel, an aspect of this work pertains to the potential of increasing the

industrial process efficiency.

2.1.2. The CL-ODH Process

Ethylene is an important and necessary industrial organic chemical that has many uses in
manufacturing and industry. However, the production of ethylene for such uses is one of the
largest producers of anthropogenic CO; today. Greenhouse gas emissions from similar industrial
processes surpass that of the transportation industry by almost 50% [43]. Therefore, it is
envisioned that large reductions in such anthropogenic carbon dioxide emissions from these
industrial processes will be required to stabilize the atmospheric concentration of greenhouse
gases [44]. Concordantly, substantial efforts have been made to find a suitable alternative
method of production for ethylene. Ethylene is conventionally produced by steam cracking or
heating natural gas containing ethane and propane to 800 — 900 Celsius which yields a mixture of
gases from which ethylene is separated.

Significant attention has been paid to carbon-capturing techniques used to control the
CO: emitted during power generation, commercial and residential heating, and manufacturing.
Chemical-looping-based oxidative dehydrogenation (CL-ODH) is a process that can be used to

produce ethylene from ethane vastly more efficiently & safely than the traditional steam cracking
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processes [39]. Following the CL-ODH process, the resulting ethylene can be readily converted
into liquid fuels via an oligomerization step. Figure 2.1 illustrates the CL-ODH process used for

ethylene production.
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Figure 2.1: Hlustration of the CL-ODH Process [45].

This novel gas-to-liquids process has several gaseous by-products; one of which is a
mixture of gasses comprising different species including carbon dioxide, ethane, methane,
carbon monoxide, water, ethylene, etc. [46]. As a result of these mixtures containing
hydrocarbons, these by-product gasses have a considerable amount of energy that can be
extracted and utilized to improve the overall efficiency of the CL-ODH process by converting
the chemical energy in the fuel to electrical energy to power the plant and conversion process.
Even though the CL-ODH process is a modern approach to clean production of ethylene that
boasts thermal efficiencies of up to 96%, there is room for improvement so far as incorporating

techniques to utilize the byproduct gases [47]. The byproduct gas of concern has a concentration
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of 41% CO», 40% ethane, and 5% methane by weight with other minor compounds, which is
represented in this work as a simulated (SIM) gas.

One of the least involved methods to convert the chemical energy from the SIM gas to
mechanical energy would be to combust the gases in an internal-combustion-engine based
stationary generator due to the presence of hydrocarbons and the fuel pre-existing in a gaseous
state. Since this fuel contains large amounts of methane, the major species in natural gas fuel,
performance and viability are expected to be similar to natural gas. In recent decades, natural gas
combustion has been used as an alternative fuel in internal combustion engines to reduce the
carbon footprint in transportation, power generation, and other related industries [48].

Methane as a fuel has a high research octane and a wide flammability range thus allowing
operation in high compression engines. Further, lean mixtures, such as those promulgated by
methane provide enhanced knock resistance [49]. Therefore, in many ways using this fuel in an
internal combustion engine can provide measurable advantages so far as thermal efficiency
resulting from increased specific heat ratio, lower temperature of combustion, higher
compression ratio, and decreased throttling losses. Spark ignition engines in use throughout the
world, when operated on such natural gas fuels, often emit up to 50% fewer unburnt hydrocarbon
emissions at WOT [50]. The biggest problem in using the fuel of concern would be the presence
of up to 45% CO2 by weight in the gas byproduct. High concentrations of nhon-combustible CO2
in the fuel mixture led to a delay in the ignition and heat release, which is attributed to the
increased heat capacity of CO> [51-52]. In other words, the high concentration of carbon dioxide
acts as a diluent of the fuel species which removes energy from the combustion event. In many
ways, this fuel is likened to a fuel charge subjected to high exhaust gas recirculation or EGR.

Conventional EGR comprises a system to reintroduce inert products of combustion at a
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concentration of about 10% - 20% back into the intake to manipulate combustion and alter the
products of combustion [53, 54].

Some of the issues of having a high concentration of CO2 can be overcome by the
mixture having high concentrations of ethane. Studies show that with increasing concentration of
ethane in a fuel mixture there can be a reduction in the ignition delay of the mixture [55]. The
reduction in ignition delay is also dependent on the equivalence ratio of the fuel mixture [56-58].
The gas mixture also has a major portion of methane, which will also help in energy production.
With a complex gas mixture like this, there are much more complex mechanisms involved in the
combustion process [59-60]. Molecular ethane species in the mixture are very reactive and
readily degrade into a more complex species in the chamber reducing the concentration of the
primary fuel element. This degradation also affects the ability of methane to combust even more
thus increasing the complexity of ignition [63-64]. Previous studies have been performed on the
same fuel mixture in a constant volume combustion chamber environment and the results
concluded that while the mixture is harder to ignite, the performance of the fuel in an engine
combustion scenario is viable with relative performance [65]. To better understand the effects of
the fuel composition on the effectiveness of the fuel the emissions of the engine were recorded.
In general, the addition of natural gas or methane to the fuel mixture shows a reduction in the
overall concentrations of carbon monoxide and nitrous oxides [66-67]. The addition of CO-
while simulating EGR also reduces the flame temperature inside the combustion chamber
helping with the control of emissions by the engine [68-69].

This study explores the efficacy of utilizing synthetic fuel, such as the byproduct gas
resulting from the CL-ODH process, in an internal combustion engine for power generation.

Further, the emissions characteristics of the fuel are also studied and compared against
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conventional fuels to identify the effectiveness of this fuel as a replacement or supplement to
gasoline for power generation in internal combustion engines. Finally, the ability to modify and
adapt existing internal combustion engines to use this fuel, as well as to cycle operation between
conventional and SIM fuels is considered. The techniques and lessons from this chapter will be

applied to the development and experimentation of the high power density electric generator.

2.2 Materials and Methods
2.2.1 Test Stand Setup

A commercially available gasoline generator was instrumented and modified to conduct
the experiments. Such a generator was chosen for these experiments primarily in order to
simulate real world conditions more closely, as these fuels are being investigated for use in
power generation in similar conventions. The engine used is an air-cooled, single-cylinder, four-
stroke spark-ignition engine with a displacement of 420 cc. It has a compression ratio of 8.5:1
and a bore and stroke of 90 mm x 66 mm. The engine has a push rod style single overhead cam
valve arrangement and is fed via a single fuel circuit carburetor. When run on 87 octane or
higher gasoline, the engine is capable of producing 10 kW and 25 N-m of torque at 3600 rpm.
These engines are common in the art and are utilized in a variety of applications. Table 2.1 lists
the specifications of the engine. Figure 2.2 illustrates the generator in its commercially available

configuration.
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TABLE 2.1: Specifications of the Engine Generator Test Stand

Specification Value
Engine 420 cC
displacement
Compressionratio  8.5:1

Bore x Stroke 90 mm X 66 mm
Cooling type Forced Air Cooling
Rated RPM 3600

Rated Power 10 kW

Figure 2.2: Sportsman Gasoline Generator

A generator head comprising a series of heating elements, who’s current and voltage
could be measured, was configured to provide constant load to the engine. To simulate this
operational load, these electric heating elements were connected to the generator whereupon
large iron castings were placed on the heaters to absorb the heat produced to ensure they could
continuously provide load to the engine.

Several modifications were made to the engine intake to enhance its ability to operate

with the gas supply. The most significant of these included a custom intake runner that was
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optimized, and 3-D printed to adapt the gas mixing chamber to the carburetor. Constraints on this
intake runner included retaining variability between mixed gas induction and regular air
induction to the carburetor for conventional gas operation. Figure 2.3 provides a schematic view

of the 3-D printed intake runner for the engine.

Restictor -
Figure 2.3: Schematic of Intake Runner

A PVC accumulation chamber was installed above the engine and connected to the
intake runner via a hose and a small port on the side of the chamber to properly mix the fuels.
This chamber was used to create a homogeneous and thorough mixture of methane, ethane, and
COz prior to induction into the engine. For the experiments with mixed gas, the carburetor was
decommissioned, and the fuel lines were bypassed by the intake manifold so that no gasoline was
introduced into the engine. Gasoline supplies were restricted as well to prevent interference from
the fuel tank. Figure 2.4 is an image of the PVVC accumulation chamber used during testing. The
accumulation chamber includes a gas line that was directly connected to the intake runner and

configured to provide a homogeneous mixture of gas to the engine.
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Figure 2.4: PVC Accumulation Chaber

Most generators are equipped with governor systems to ensure the engine operates as
close to 3600 rpm as possible to provide a constant 60 Hz. The governor works by limiting the
ignition if the engine RPM varies too much. The governor was deactivated when testing the gas
mixtures so the engine speed could be manually controlled by controlling the mass flow of
mixed gases.

The generator system was Instrumented to record the parameters of the engine during
operation. K-Type thermocouples were installed in a plurality of locations on the engine,
including the cylinder head, exhaust, cylinder, crankcase, ambient, intake charge (premixed), and
oil reservoir. A Bosch mass airflow (MAF) sensor was used to measure the quantity of air
induced into the engine continuously. The 3D-printed intake runner was modified to adapt the
MAP sensor to monitor intake manifold pressure. Figure 2.5 is an image of the 3-D printed
intake runner. The port on the left side is the fitting to receive the fuel mixture from the PVC

accumulator.
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Figure 2.5: 3-D Printed Intake Runner
A Kistler model 6052A piezoelectric pressure transducer was installed into the cylinder
head to measure in-cylinder pressure. To install the in-cylinder pressure sensor, the cylinder head
was removed and machined to accept the transducer. The locations for the thermocouples were
also machined. Figure 2.6 is an image taken during the machining of the cylinder head to accept
the in-cylinder pressure sensor. A small section of the cooling fins was machined to make room
for the sensor. The sensor was located in an area between the valve landings and the cylinder

wall. Figure 2.7 is an image of the in-cylinder pressure sensor once installed in the cylinder head.
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Figure 2.7: In-cylinder Pressure Sensor Installed
To measure the exhaust emissions, an Infrared Industries FGA 4000XDS exhaust gas
analyzer was used in the exhaust stream. The exhaust analyzer used NDIR (non-dispersive
infrared) to measure HC, CO, and CO; species. The analyzer also used an electrochemical cell to
measure the NOx emissions with a 1% full-scale accuracy. On the end of the engine, a gearbox
assembly was mounted to the crankshaft which contained a Hengstler 0521097 shaft encoder that
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was used in combination with an MP1007 Hall effect sensor to accurately determine crank angle
position, top dead center, and RPM of the engine. Figure 2.8 is an image of the aluminum

housing used to contain the hall effect sensor and shaft encoder.

Figure 2.8: Shaft Encoder & Hall Effect Sensor

Finally, a Bosch intake manifold pressure sensor was installed on the intake track to
monitor the pressure drop of the fuel charge as it entered the engine. Data from each sensor was
collected with a bespoke LabVIEW program; the program was used to record the data and
synchronize the signals. Further, the LabVIEW program was also used to control the flow of the
gases. From there, the data was analyzed with MATLAB. The systems deliver reliable
measurement results with an accuracy of 5% based on the least accurate instrument. To supply
the fuel, bottles of each gas were connected to the accumulator and controlled with Brookfield

electronic mass flow controllers. Once the gas was mixed via the accumulator, it was throttled
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into the intake via the carburetor. On this engine, the throttling was accomplished automatically
via the centrifugal governor on the engine connected to the carburetor. During gasoline
operation, the carburetor assumed standard function. For mixed gas operation, gasoline flow was
blocked off and residual gasoline was drained. Further, the orifices were blocked such that the
carburetor only functioned as a throttling apparatus. Apart from these modifications, all other
engine parameters such as timing, A/F ratio, etc. were held constant. Figure 2.9 is a schematic of

the control scheme and experimental setup.
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Figure 2.9: Schematic of the Control Scheme and Experimental Setup
Several modifications were necessary to measure the amount of fuel used for each of the
fuel types. For gasoline, the gas tank was bypassed with a fuel inlet line to the carburetor fed by
a graduated container. The engine was first run with no gasoline in the container to dry out the
carburetor bowl and make sure that there was no fuel in the lines. Once the engine stalled, the
container was filled to a specific level and the flow valves were opened. Then the engine was

started, and the test case was run while time was recorded to exhaust the supply of fuel. Because
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the gaseous fuel mixtures were controlled by calibrated mass flow controllers, the outputs of the

controllers were taken as the fuel consumption over time.

2.2.2 Experimental Parameters

For this study, different load conditions were tested to understand the performance of the
fuels. The test stand was operated with the generator disabled for no-load operation. For full
load, a series of electrical heaters with 5.5 kW of power output was used to electrically load the
generator to its rated continuous power output. Part load was tested without any external
electrical load attached to the generator and only energizing the coils of the generator and the
internal control circuitry. Due to uncertainties in the performance of the connected generator, the
indicated power was calculated from the measured indicated mean effective pressure (IMEP).
Prior to testing the gas mixtures, a series of experiments were conducted with gasoline to
establish a baseline with which to compare the gas mixture performance. The gasoline was
obtained from a local gas station and was 90-octane non-ethanol. The efficiency and emissions
of the pure gasoline case were measured and tabulated to establish baseline results. The tests
performed were repeated 15 times with the same setup to test repeatability and eliminate errors,
and the data was taken as an average of 10 continuous minutes of running at a fixed load and
RPM for each test. The variation bars in the graphs show the standard deviation for the data
presented. After the gasoline cases were conducted, varying mixtures of methane, ethane, and
CO2 were used as fuel based on the outputs of the CL-ODH process.

Three different were chosen based on their resemblance to the original byproduct gas

from the CL-ODH process as they closely resemble the variety of the byproduct mixture
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identified as Mix-1, Mix-2, and Mix-3. The ratios of methane, ethane, and CO, tested are shown

in Table 2.2.

Table 2.2: Fuel Mixture Ratios Used in the Experiments in Weight %

Wt. % Wt. % Wt. %

Mix Ethane Methane  CO2
Mix-1 46 12 42
Mix-2 46 10 44
Mix-3 47 7 46

The operating air-fuel ratio was kept constant during operation and was measured with
the exhaust gas analyzer. Table 2.3 shows the operating air-fuel ratio of each mixture. In
addition, Table 2.3 shows the gasoline operating air-fuel ratio. It should be noted that the
carburetor was set to provide a slightly fuel-rich A/F ratio for gasoline to prevent overheating.
This setting could not be adjusted.

Table 2.3: Operating Air Fuel Ratios

Fuel A/F Ratio
Mix-1 19.2
Mix-2 19.6
Mix-3 19.8
Gasoline 13.2

Due to the complex nature of the original byproduct gas, a simulation gas with the major
components was employed based on the study in a constant volume combustion chamber to
identify the mixtures with the highest likelihood of being viable for use in an engine application
[19]. This simulation was set up in Converge-CFD™ and included modified solvers with
detailed chemistry to model the combustion of the byproduct gasses. The initial cases were used

to simplify the fuel mixture to reduce the complexity of the SIM gases prior to testing. It is
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important to consider carbon dioxide does not contribute to the lower heating value calculation.
This is because carbon dioxide does not contribute to the lower heating value of the fuel. Based
on the simulation, ethane and methane were identified to have the largest influence on the heat
release of the fuel. Table 2.4 shows the lower heating values of the fuel mixtures measured.

Table 2.4: Lower Heating Values of the Fuel Mixtures Tested

LHV (MJ/kg)
Fuel excluding CO- LHV (MJ/kg)
Mix-1 47.6 27.7
Mix-2 47.5 26.7
Mix-3 47.4 25.7
Gasoline - 43.4

As a result of the experiments, it was possible to eliminate the minor species and develop
simulated gas mixtures consisting essentially of methane, ethane, and CO.. By eliminating the
minor species, it is possible to dramatically increase the ease of experimentation while

maintaining a good match to the actual fuel.

2.3 Engine Performance Evaluation
2.3.1 In-Cylinder Combustion Comparison

The pressure transducer installed on the cylinder head provided the transient combustion
pressure inside the combustion chamber. The data collection was synced to the rotation of the
engine to obtain the pressure data as a function of crank angle. This pressure data was then used
to calculate the indicated mean effective pressure (IMEP). Indicated mean effective pressure is a
quantity that relates the internal combustion engine to its capacity to do work. Significantly, this

measurement quantifies engine performance independent of engine displacement.
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Figure 2.10 shows a plot containing the in-cylinder combustion pressure vs. crank angle
degree at varying loads. From Figure 2.10, it is observed that the peak pressure for Mix-2 and
gasoline are very close and almost overlap. It was also shown that the Mix-1 shows a
substantially higher peak, because of the highest concentration of fuel components and lowest
concentration of diluent CO.. The increased ratio of methane in the fuel mixture coupled with the
lowest ratio of CO- is responsible for this high peak pressure resulting from gaseous fuels having
a higher heating value. Lower concentrations of CO> also reduce the energy removed by the
diluent species. Conversely, with Mix-3 having the most CO: in the fuel, the mixture shows the

lowest peak pressure. Similar trends are seen with all the loads tested with the fuels.
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When comparing part load to full load, it is observed that the differences between each of
the fuels are much less significant. It is important to note that the peaks’ location relative to
diluent content is consistent throughout loading conditions; increasing amounts of diluent leads
to a lower in-cylinder pressure. Mix-1, having the greatest energy content, continues to
demonstrate the highest peak pressure, and Mix-3, having the lowest energy content, shows the
lowest peak pressure. Mix-1 shows the greatest decrease in-cylinder pressure when engine
operation is reduced to part load. Continuing to comport with the trends from full to part load,
the discriminable differences between each fuel diminish further when considering low load, and
the relationship between diluent and in-cylinder pressure continues to be maintained. It is
important to consider that each of the fuels exhibits similar performance to gasoline at low load
situations, which is most likely due to heavy throttling at low load.

Using the IMEP results, the indicated power produced by the engine at the various

loading conditions can be calculated using the following equation [70]:

IMEP+Vd*N
2%103

P, (kW) = (2.1)
where Pj is the indicated power, Vg is the displaced volume, and N is the rotational speed of the
engine in revolutions per second. Table 2.5 shows the calculated indicated power for different
load conditions. Note that the achieved max loading on the engine is lower than the rated power
of the engine. While the engine is rated for 10 kW, the generator is only able to supply 75% of
the rated load during continuous load operation, reserving full power for surge operation. This
safety feature is incorporated to prevent overloading of the generator.

Using the in-cylinder pressure data, the heat release rate (HRR) of the combustion cycles
was also calculated and analyzed. The heat release rate is critical in understanding the

combustion characteristics of the fuel because it can describe the fuel burning rate. The heat
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release rate was calculated using the first law heat release model as shown in Equation 2.2, with
y =1.325 being the specific heat ratio [61]. Table 2.5 shows the calculated indicated power with

different fuels and operating conditions.

av ., 1 . .dp
P—+ — VE (2.2)

aQ _ v
dae y—-1 dé

Table 2.5: Calculated Indicated Power with Altering Fuel & Loading

Indicated

Gasoline Mix-1 Mix-2 Mix-3
power KW
No-load 1.07 1.16 1.12 1.08
Part-load 5.70 6.01 5.83 4.95
Full-load  7.98 8.81 7.99 7.22

In a similar way to in-cylinder pressure, the heat release rate between the fuels was
compared. Comparing the heat release rate to the crank angle further develops an understanding
of fuel-burning behavior and fuel viability as a replacement for gasoline. Figure 3 shows the
comparison between heat release rates at varying load conditions.

When comparing heat release rates, slightly different trends are observed between
loading conditions. As load increases, the differences between the mixtures increase. Conversely
to in-cylinder pressure trends, however, it was observed that Mix-1, whose energy content is the
greatest among the three mixtures, shows the lowest heat release at low loads. As loading
increases, the heat release rate increases more rapidly than any other mixture. At high load
operation, Mix-1 demonstrates a heat release rate that is higher than any mixture.

Mix-2 demonstrates a heat release rate closest to that of gasoline in terms of peak heat

release rate under all loading conditions, further suggesting that it may operate as a viable
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replacement for gasoline. Despite this close match in absolute heat release, the heat release event
extends over a slightly longer duration. Mix-3 exhibits the lowest heat release rate. This low heat
release rate, as is the case with low in-cylinder pressure, is a result of containing the greatest
concentration of CO> diluents which absorb heat from combustion. The heat release rate of Mix-
3 continues to diminish relatively lower when compared to other mixes and gasoline as the load
increases. Another discrepancy between the fuels that should be noted is the peak of the heat
release rate curve compared between the mixes. When compared to Gasoline, Mix-1 is most
closely aligned, indicating that peak heat release occurs at similar CAD. Mix-2 has the broadest
curve indicating that the heat release rate is sustained over a greater duration. Figure 2.11 shows

the heat release rate comparisons between fuel mixtures at altering loading conditions.
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Figure 2.12 shows the peak heat release rate results for different engine loads and fuel
mixtures. From Figure 4, the gas mixtures show a difference based on the mixture condition
being tested. At the low load condition, all the fuels tested show similar peak HRR. But Mix-1
shows a marginally higher heat release rate compared to others. A similar trend is observed with
the other loading cases as well, where Mix-1 has the highest HRR. As the load increased to full
load, it was noticed that the difference increased between each fuel mixture tested. Mix-2 is quite
close to the performance of gasoline. Mix-3 proves to be the slowest burning among all the fuels
due to its highest CO> concentration. The heat release from the gas mixtures is a consistent
match to gasoline. Even in light of the varying heat release rates demonstrated by these fuels, it
can be argued that the heat release rate of the fuels is sufficient for the fuel to be utilized in an

internal combustion engine.
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Figure 2.12: Peak Heat Release Rate Comparison Between Fuel Mixtures
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2.3.2 Fuel Efficiency Analysis

With the power measured, the indicated efficiency can be calculated. Indicated efficiency
is defined as the ratio between indicated power and the chemical energy provided by the fuel,
also known as indicated fuel conversion efficiency. The formula below was used to calculate fuel

conversion efficiency [70].

g= —1— (2.3)

Qhv* mfuel

Where Qny are the lower heating values of the fuel and i, is the mass flow rate of the fuel.
Figure 2.13 shows the energy equivalent mass of gasoline consumed per kilowatt hour generated
for the various fuel mixtures and loads tested. The calculation and conversion of fuel
consumption values shown in Figure 4 includes only the combustible gases in the gas mixtures
tested. The mass of CO> has not been accounted for here as it does not contribute to releasing
any energy through combustion. The fuel consumption calculations are also based on the
indicated power calculated from IMEP measurements. Figure 2.13, which demonstrates
indicated fuel conversion efficiency, shows at lower loads gasoline fuel tests show reduced fuel
consumption compared to gas mix cases even though the gases have higher chemical energy in
the fuel. Gas Mix-3 also shows the highest specific fuel consumption per cycle of all the gaseous
mix fuels tested, which is expected as it contains the lowest number of hydrocarbons and the
greatest concentration of carbon dioxide. With an increase in loading, the fuel consumption for
gaseous mixture fuels reduces and then increases slightly. Overall, Mix-1 with its increased
methane concentration shows a good reduction in fuel consumption at mid to high loading
conditions compared to all the fuels tested. It should be noted that the carbon dioxide content is

excluded in these calculations.
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Figure 2.13: Indicated Fuel Consumption Comparison for all the Fuel and Loads

Figure 2.13 illustrates the indicated fuel conversion efficiency for all the conditions.
From Figure 2.14, it can be seen that the indicated efficiency of the engine does not follow the
same trend for all the loads. The no-load condition shows that the gasoline engine has a
relatively higher indicated efficiency as compared to the gas mixtures. This effect can be
attributed to the system used to induce the gas mixture into the engine. For gasoline, the
carburetor was unmodified, and the throttle was adjusted and fixed to run the engine at 3600 rpm
based on the load applied. But for the gas mixtures, the overall control of the fuel mass entering
the chamber was accomplished by strictly controlling the flow rate of individual gases being fed
into the mixing chamber, which empties into the intake of the engine. As a result of intake and
induction inefficiencies, the engine required a considerable influx of gas to keep it running at idle
or with low loads, most of which were ultimately lost to the atmosphere and never entered the

engine. The overall trend of the reduction in efficiency with the changing mixture properties
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remains the same between the gas mixtures. It should be noted that improvements to the gas
induction system and throttling mechanism would decrease the fuel consumption of the mixed
gases.

The data suggests the highest indicated efficiency is from using gasoline rather than from
using the mixed gasses. Although EGR systems and fuels of the like are appealing for their
ability to reduce emissions, they have detrimental effects on fuel efficiency [71]. These facts are

evident in light of comparing gasoline to the SIM fuels which mimic EGR behavior.
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Figure 2.14: Fuel Efficiency Comparison Between Fuels and Loading
Mix-1 shows a better indicated efficiency compared to the mixed gases across the board
as it has the least amount of CO> dilution compared to the three mixtures. Similarly, Mix-3
suffers from the lowest indicated efficiency of all as it has a higher CO2 dilution. As the CO>
dilution increases, the indicated efficiency decreases. This is a result of the CO. absorbing
energy from the combustion process. More fuel is then required to replace the lost heat. Further,

the reduction in indicated fuel conversion efficiency for the gas mixtures is also because of
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increased CO> concentration leading to slow combustion and lower combustion temperature. At
part load there is only a 3% difference between gasoline and the Mix-1 gas, 6% between gasoline
and Mix-2, and 14% between gasoline and Mix-3. The difference reduces further with increasing
loads. It is likely this difference decreases as load increases because of the increased turbulence
and decreased throttling losses experienced during lower load operation. The efficiency of the
gas-fed systems can possibly be further improved by the modification of the fuel induction

system and improving the mixture homogeneity of the gases being fed into the engine.

2.4. Exhaust Gas Analysis

In this study, the exhaust temperature and gases from the engine were sampled and tested
to analyze the emissions and understand combustion characteristics for each of the SIM gases
using a calibrated exhaust analyzer. First, the exhaust gas temperature was sampled. Next, the
exhaust was sampled to measure quantities of unburnt hydrocarbons (HC), carbon monoxide
(CO), carbon dioxide (CO2), and oxides of nitrogen (NOx). All the emissions data shown are in
units of grams per indicated kilowatt hour (g/kW-h) for accurate comparison.

The exhaust gas analyzer in this study was configured to measure the concentration of
specific emissions species. More particularly, the EGA measured species in either parts per
million (ppm) or by mass percentage. For comparative analysis, the concentrations have been

converted to g/kW-h, which reports the emissions species per unit of energy produced.

2.4.1 Exhaust Gas Temperature
Exhaust gas temperature (EGT) is critical in understanding the combustion event; in

many cases, EGT can indicate a rich or lean condition. Further, monitoring EGT is important to
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ensure that the mixed gases are not exceeding the safe limits of engine design. Catastrophic
engine failure often results from exhaust gas temperatures exceeding these designed limits. Thus,
it is critical to understand exhaust gas temperature when evaluating the compatibility of this fuel
in an engine.

Although EGT can be influenced by a variety of engine parameters such as ignition
timing and engine tuning, these are neglected for this study because they are all held constant;
consider that exhaust gas temperature is primarily influenced by the combustion behavior and
stoichiometry of the fuel charge [72-73]. Figure 2.15 shows the variation in exhaust gas
temperature for the different fuels tested under different loads. It can be seen that the exhaust
temperature for the fuel Mix-3 is the lowest. Lower EGTs can be the result of variation in the
AJF ratio and less energetic combustion [73]. In this case, it could be caused by the increased
CO- absorbing more heat inside the chamber and in the exhaust of the engine. Mixtures with
lower exhaust gas temperatures indicate the combustion event corresponds to fuel that has a
lower adiabatic flame temperature. As load increases, the exhaust gas temperature increases as a

result of more fuel being consumed and higher cylinder combustion temperature.
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Figure 2.15: Exhaust Gas Temperature Comparison

2.4.2 Unburned Hydrocarbons (HC)

Figure 2.16 shows the HC emissions for different fuel mixtures and loads tested. Results
show that the HC emissions for gasoline are considerably lower than that of any gas mixtures
tested. This could be due to the relatively slower combustion of the gas mixtures as identified in
tests of said mixtures in a constant volume combustion chamber [75]. This slower combustion
can cause some of the induced gases to not completely combust and exit out through the exhaust
causing an increase in the overall HC levels. Another reason could be that there is a possibility of
the induced gas mix being locally richer inside the combustion chamber causing some unburnt
gases to be exhausted out and increase the overall HC levels. A better control of the induced gas

mixture may help reduce the overall HC emissions when using the gas mixtures as fuel.
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Figure 2.16: Unburned Hydrocarbon Analysis

2.4.3 Carbon Monoxide (CO)

Figure 2.17 shows the CO emissions for different fuels and loads. For CO emissions, a
trend that is essentially opposite to the HC emissions can be observed, where the gasoline system
emits approximately twice the amount of CO at higher loads compared to the gas mixtures. This
is likely the result of the fuel/air mixture becoming richer as load increases. The relatively high
flame temperature of the induced gas mixtures could also help in burning the CO species, leading

to a reduction in the overall CO levels [75].
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Figure 2.17: Carbon Monoxide Analysis

2.4.4 Carbon Dioxide (CO>)

Figure 2.18 shows the relative amount of CO2 emissions produced by each fuel. CO-
production for all the fuels remains close to each other; there is an increase in CO2 emissions
with increasing loads for all the fuels. But at all loads, the gas mixture fuels exhaust more CO>
compared to gasoline. Mix-3 consistently has the highest CO> as it has the highest CO: in the
mixture. The CO, emissions produced by the fuels are directly proportional to the amount of CO>
in the fuel. When compared to gasoline, the SIM fuels have substantially more carbon dioxide.
This increase in COz is a result of the introduced carbon dioxide as part of the fuel that ends up
as emissions from the engine, which increases the overall CO levels in the exhaust. An
argument could be made that the CO> emitted is a combination of products of combustion and
fuel constituents, where the CO; introduced as fuel should be represented with a different weight
than that of a product of combustion. It is likely that the CO2 emissions that are products of

53



combustion from the SIM gas are of substantially less quantity than that produced from gasoline

[76].
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Figure 2.18: Carbon Dioxide Analysis

2.4.5 Oxides of Nitrogen (NOx)

NOx emissions in internal combustion engines are mainly influenced by the temperature
of combustion inside the chamber [77]. On its face, it is expected that these gas mixtures would
emit lower NOx emissions resulting from the lower temperatures within the cylinder from the
heat removed by the CO>. These presumptions are somewhat consistent with the measurements
taken, but more analysis is required. Figure 2.19 shows the NOy levels for different fuels and the
loading conditions tested. From Figure 2.19, it can be seen that the NOx emissions for the
gasoline cases generally increase with the increase in the load applied to the engine. This is due
to the increase in the combustion temperature under higher loads coupled with a warmer engine.

The increasing temperature of combustion also indirectly heats the engine to a higher
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temperature at higher loads causing the inlet charge to be hotter. This phenomenon can also
increase the overall NOy production in the exhaust. But with the gas mixtures the NOy initially
increases and then almost stagnates. Since the gasses that are used are in a mixing chamber and
forced into the inlet of the engine, the mixture stays relatively cooler. This reduces the amount of
NOx produced. Reiterating, the increased CO: in the fuel mixture helps in absorbing some of the

energy that leads to a lower flame temperature with less thermal NOx formation.
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Figure 2.19: Oxides of Nitrogen Analysis

2.5 Engine Mechanical Health Analysis

It is common when investigating alternative fuels to consider the effects these
unconventional fuels exert on an engine. Several parameters, such as corrosivity and heat
guenching should be considered when evaluating whether an alternative fuel is suitable for use in
an engine designed for conventional gasoline or diesel operation. For this study, the mechanical

health of the engine was evaluated prior to and after operation of the gas mixtures.
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A compression test is normally performed to quantify the mechanical integrity of a
cylinder & combustion chamber on an internal combustion engine whereby it measures the static
pressure developed during compression. Low compression is indicative of poor mechanical
health resulting from wear [70,78]. A compression test was performed on the engine when it was
new and after extensive operation on the fuels and on gasoline. The initial compression test
indicated 118 psi and the subsequent test indicated 116 psi. This loss of 2 psi is negligible and
can be attributed to normal “break-in” or wear from extended operation. In other words, there
was no accelerated decline in compression experienced by the engine resulting from SIM gas
operation. If there were a negative phenomenon, such as auto-ignition, detonation, flame
guenching, overheating, etc. it would have damaged the cylinder, head, and valvetrain and
caused a detectable loss of compression.

A series of qualitative engine assessments were performed to further strengthen the
assessment of minimal impact from these fuels. When an engine experiences detonation, or
unfavorable combustion conditions, localized pitting and distortion occur on the cylinder head
and piston. The boundary layer is disrupted by the shockwave which decreases the quenching
distance between the flame and cylinder wall resulting in oversaturation of heat and melting.
Melting may also occur by relatively slow combustion events which increase the effective time
of the flame. Figure 2.19 shows an image of the cylinder head after experimentation. Note that
the larger, more centered hole is configured to receive the sparkplug and the second hole above
the exhaust valve is the hole prepared to receive the in-cylinder pressure sensor. Figure 2.20 is an

image of the piston with the cylinder head removed after the experiments.
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Figure 2.21: Image of Piston and Cylinder After Experiments
From the image in Figures 2.20 & 2.21, it can be assumed that no such damage occurred
from inconsistent or unfavorable combustion. Further, the discoloration from products of
combustion is quite similar to that experienced by an engine operated on conventional gasoline.
It is also common with the introduction of certain unconventional fuels for chemical reactions to
occur resulting in the corrosion of internal parts. Exemplary interactions include ammonia-brass

reactions when ammonia is used as a fuel, and it reacts with the brass items in the fuel intake.
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The carburetor was disassembled and inspected for such interactions. Figure 2.21
contains an image of the carburetor after the experiments were performed. From the image in
Figure 2.22, it is evident that no such corrosion exists from adverse reactions from the fuels or
any of their products. Further testing is required to understand the complete effects of these fuels

on existing internal combustion engines.

Figure 2.22: Image of Carburetor Bowl After Experiments
Overall, the experiments and results in this work suggest the gas mixtures show

improvement in CO and NOy emissions when compared to gasoline. It was also shown that the
fuel can be operated in existing spark ignition internal combustion engines without substantial
internal modifications. Consider that an intake system similar to the one used in this work could
be improved upon to provide finer control over the mixtures to reduce slight variations and be
commercialized and mass-produced. Further, after mixed gas operation, it was concluded that
there were no adverse effects on engine health because of operating on mixed gas. It should be

noted, however, that long-term studies on engine health should be conducted. It is also
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hypothesized that these alternative fuels would show even greater performance if used in a

compression ignition engine.

2.6 Conclusions

Simulated gas mixtures, which modeled the byproducts of the CL-ODH processes, were
tested in a spark ignition engine to evaluate the combustion, performance, and emissions, and to
understand its compatibility in existing internal combustion engine-based power generation units
with little modifications. It was concluded that the gas mixture can be used in spark-ignition
engines with slight modifications to the intake system and produce little to no side effects.
Further, the engine can be cycled between mixed gas mode and conventional gasoline operation
with no adverse effects. It was found that at higher loads, the simulated gas mixture shows
between 6% to 16% lower thermal efficiency than gasoline. It is likely that this is the result of a
higher concentration of diluents in the fuel. When compared to gasoline, the byproduct gas
mixtures yield lower CO and NOx emissions; at higher loads, the byproduct gas mixtures
demonstrated up to 41% reduction in CO and up to 21% reduction in NOx. This substantial
improvement in harmful emissions increases the attractiveness of the use of the fuel in stationary
power generation settings. For steady load applications, it is seen that the byproduct gas mixtures
can be successfully used in an engine with similar performance. Further improvements in the
overall performance may be done with modifications and optimization to the intake system to

decrease the amount of fuel lost and the consistency of fuel delivery.

59



CHAPTER 3: Design & Development of the Prototype High Power Density Generator

3.1 Introduction

The work in this chapter outlines the design, development, construction, testing, and
optimization process of the high-power density generator of this work. All of the machining,
welding, fabricating, and engine tuning was performed by Matthew Gore by way of a lifetime’s
worth of experience in machining, welding, and mechanical arts.

The design and development of the high power density generator of this chapter were
heavily influenced by the techniques and lessons learned from the previous work. Specifically,
the methods used to conduct experiments and gather data, as well as instrument and modify
engines were incorporated into the work of this chapter and future chapters. Further, schemes to
operate engines on alternative fuel were incorporated into future chapters [62].

To begin the development of the prototype, the current limitations and needs not yet met
must be identified and the problem to be solved must be identified. From a survey of the
literature, there exists a need for a high-power density electric generator that can be used as, for
example, a range extender for EVs, a hybrid powertrain for small vehicles, UAV powertrains or
range extenders, or the like. In addition, the prototype should be able to provide reduced
emissions and reliably function [79]. The options that are available now do not provide the
necessary power for the previously identified applications, are too heavy or have insufficient
power, are too expensive, or a combination of the same. Therefore, the object of this chapter is to
design and develop a high power density generator [80].

A series of design criteria based on the identified problem can be set based on the

problem. The generator must be substantially lightweight, relatively cheap, simple in design, and
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portable. Importantly, the primary design consideration for the prototype is power density. In this
context, power density is the ratio of total electrical power to weight. The power density should
surpass that of available models. Based on the literature cited in this work, currently available
models comprise an average power density of .247 kW/kg, and theoretically proposed models
comprise an average power density of .348 kW/kg [30]. Secondary considerations for the
prototype include cost-effectiveness; the prototype generator needs to be a cost-effective
alternative to current range-extending and hybrid generator/powertrain methods and designs,
such as long-range battery upgrades and software that can range from $2,000-$10,000 [28] and
smaller less powerful onboard generators for UAVs. Third, the generator must be substantially
portable and configured to provide power to a variety of applications, such as varying EV modes.
The generator must also be operable to provide sufficient electrical power for the above-
mentioned applications. Finally, the prototype should be adapted to show a reduction in
emissions and potentially meet emissions targets. It is envisioned that the prototype can be
formed into a commercially available unit.

The prototype will share a similar architecture to currently available models and will
comprise an engine, dynamo, and apparatus that can couple the two. For this work, an engine and
dynamo were selected based on the criteria provided. Below is a discussion of the specific

components and their specifications.

3.1.1 Dynamo
The dynamo is the component of the generator that receives rotational power from the
engine and converts the rotational power to electrical power. In some aspects, the dynamo can

function similarly to a conventional generator. For this work, it is important to select a dynamo
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that is lightweight, compact, has an operable RPM range similar to an internal combustion
engine, and can produce sufficient power. Further, it is important to source a dynamo that is cost-
effective.

One important consideration for the dynamo is the voltage output. The voltage output of
the dynamo must be sufficient to function as, for example, a range extender or component in a
series hybrid powertrain [82]. It was decided that the chosen nominal voltage for this application
is at least 200 VDC (Voltage in Direct Current). This value is the same standard chosen by the
US Department of Energy (DOE) for electric cars [83-84]. There exists a variety of choices for
dynamos, each of them capable of producing the required power around the above-seen voltage
interval and compatible speeds for internal combustion engines. After an analysis of
commercially available units, it was clear that the required performances could only be met by a
three-phase permanent magnet unit, because of their high specific power and efficiency [85].

For the development of the prototype, the motor assist mechanism from the Honda
Integrated Motor Assist system was selected. The Honda Integrated Motor Assist (IMA) is a
powertrain technology incorporated into many hybrid models for the purpose of increasing
overall vehicle efficiency and reducing emissions [86]. Although the IMA is configured to
function as a motor, it, like many electric motors can operate as a generator when provided with
input mechanical energy. The system comprises an electric motor-assisted parallel powertrain
which combines a highly efficient electric motor with a small displacement VTEC engine [87].
The motor from the system was chosen as the dynamo for this work as it is powerful,
lightweight, relatively cost-effective, and substantially compact. Figure 3.1 is an image of the

Honda IMA connected to a four-cylinder 2.51 V4 engine. Figure 3.2 is an image of the IMA.
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Figure 3.1: Honda IMA Powertrain [86].

Figure 3.2: Honda IMA Motor Unit [86]
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The IMA motor unit is a high-efficiency, compact, and lightweight permanent magnet-
type three-phase synchronous electric motor that has a maximum output of 10 kW. The motor is
configured to be substantially thin and thus would have as little impact on the profile of the
prototype as possible. The rotor of the motor unit is formed from a lost wax precision casting
process to ensure that the rotor is high-strength and lightweight. The motor utilizes neodymium-
sintered magnets to increase the torque density of the motor. Importantly this motor design does

not require a cooling system [89]. Figure 3.3 is an expanded view of the motor unit.

Stator

Figure 3.3: Expanded View of the IMA Motor Unit [88]

The IMA motor unit utilizes a split stator structure with salient pole centralized winding.
In addition, the motor includes centralized distribution bus rings that are formed from copper
sheets to energize the coils. It is through these features that the motor unit maintains a small,

lightweight profile. Table 3.1 lists the specifications of the motor unit [86].
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Table 3.1: Motor Unit Specifications [91]

Specification Value

Type Permanent Magnet BLDC
Weight 22 kg

LxWxH 16inx3inx 16 in

Rated Power 10 kW, 79 Nm @ 1000 RP

The motor unit possesses several attributes that make it desirable for this application. The
operating RPM range of the motor units is within the operating range of most small engines. The
motor unit is self-energizing and does not require complex motor control schemes to operate.
The output voltage of the motor is proportional to the rotor speed which allows for simple
voltage regulation and variable voltage supply for different applications. More specifically, the
output voltage of the dynamo can be controlled based on the driven rotor speed. For higher
voltage applications, the rotor speed can simply be increased. The motor unit can act as a starter
motor when energized, which can provide dual function. In essence, the prototype could use the
IMA as both a dynamo and a starter [92]. Finally, the motor unit is a mass-produced item and is
relatively available and cost-effective. For at least these reasons, the IMA was chosen as the

dynamo for the prototype.

3.1.2 Two-Stroke Engines & The Yamaha KT-100

Internal combustion engines have been used to power vehicles and machines for more
than a century; they are the most widely used power-producing device in the world. As a result
of their proliferation, there are many engines that could be examined and considered for this
work. To select an engine, a plurality of engine configurations were evaluated and considered,
including small general purpose single cylinder engines such as those used in power equipment,
large high performance multicylinder engines and even rotary engines. Importantly, the most
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important design criteria were the reduced weight and size as well as specific power; in order to
design a generator with a high power density, the engine must be as light and powerful as
reasonably possible. In addition, the engine needs to remain simple. Rotary engines are very
interesting from this point of view, because they are very compact, light, quiet, and substantially
vibration free. However, they have been excluded because they have low torque and have high
specific emissions. Similarly, general purpose single cylinder air cooled types were excluded as a
result of their excessive bulk and weight and low specific power. Higher power multi cylinder
engines were considered, including typical automotive four-stroke gasoline engines, but they
were similarly rejected as a result of their excessive bulk and weight. Attention was then diverted
to high performance single cylinder internal combustion engines derived from karting and
motorcycling [70].

Of the engine designs considered, two-stroke and four-stroke designs were considered.
The two-stroke cycle was chosen for this prototype due to its inherent advantages to heavier, less
powerful, and more complex four-stroke engines [92]. Every internal combustion engine must
complete the follow four phases: intake, compression, expansion, and exhaust. A four-stroke
engine requires four distinct motions of the piston for each phase and to achieve a power stroke
while the two-stroke requires only two. The two-stroke engine accomplishes this by combining
the exhaust phase with the intake phase and the compression phase with the expansion phase.

Figure 3.4 is an illustration of both two-stroke and four-stroke engine architecture.
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Figure 3.4: Two-Stroke vs Four-Stroke

Mechanically, the two-stroke engine is very simple in comparison to a four-stroke; they
do not contain valves, push rods, springs, camshafts, oil pumps, and all the cumbersome
structures to accomplish the four-stroke cycle. The main advantage of two-stroke engines is that
they produce power on every stroke, while the four-stroke produces power on every other stroke.
Further, in theory, two-stroke engines are more thermally efficient than four-stroke engines
because they do not have the extra friction losses and pumping losses from the valvetrain, and
they do not have dead strokes where no expansion occurs (i.e., the separate intake and exhaust
stroke of four-strokes). However, outside of large-scale engines used in, for example, power
generation and cargo ships, this is rarely the case because of the truncation of the expansion
stroke and lower compression ratio of two-stroke engines [94]. Doubling the power stroke
frequency does increase the power of the two-stroke engine per unit displacement. However, in
practice, the two-stroke engine can produce about 60% more power than similarly sized four-
stroke engines [92-93]. This lower than expected increase in power is due in part to the less that

ideal volumetric efficiency which results from an incomplete gas exchange process [94]. The
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increased frequency of power strokes also reduces the interval between power pulses and results

in a smoother crankshaft torque [92]. Figure 3.5 is a diagram of the operation of a two-stroke

engine.
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Figure 3.5: Operation of a Two-Stroke Engine [94]

Because two-stroke engines are far more mechanically simple than four-stroke engines,
they often are much smaller and are lighter in weight. In many cases, two-stroke engines can
weigh up to 50% less [92-94]. The combination of increased power per volume and reduced
weight provides an engine that has a substantial advantage in power to weight over four-stroke
designs. In addition, their mechanical simplicity lends itself to the engine being cheaper to
manufacture and repair than similarly sized four-stroke engines. Two-stroke engines, because
they do not require a dedicated oil sump, can be operated in any orientation. As long as fuel is
flowing through the carburetor, a two-stroke engine can operate in any position. In lieu of an oil
sump, lubricating oil is often premixed with the fuel of a two-stroke engine [92-94]. It is for at
least these reasons that a two-stroke engine was chosen for use in this work.
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A variety of commercially available engines were surveyed and contemplated for use for
the prototype. Among these, the Yamaha KT-100 engine was selected because of its low cost,
simplicity, low weight and high power, availability, and ease of adaptability. The Yamaha KT-
100 is a very popular engine used in a variety of powersports including karting, motorcycling,
and ultralight aircraft flight. In addition to worldwide popularity, the KT-100 has been used for
decades in karting and has dedicating classes based on the engine [95]. Figure 3.6 is an image of

the KT-100.

Figure 3.6: Yamaha KT-100 [96]

The KT-100 is a single cylinder, 100cc piston port two-stroke engine. The engine is air-
cooled and is lubricated via premixed fuel and oil. Importantly, the KT-100 is substantially
lightweight and has a similar power output to the Honda IMA dynamo of 15 horsepower. This
simple and rugged engine is carbureted by a Walboro WB-3A all-position carburetor, similar to

those found on small engines such as chainsaws. The exhaust was a can-style karting exhaust
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that is standard equipment for the KT-100. Table 3.2 lists the specifications of the KT-100.

Figure 3.7 is a schematic view of the KT-100 [97].

Figure 3.7: Schematic view of the KT-100 [97]

Table 3.2: Yamaha KT-100 Engine Specifications [95].

Specification Value

Engine displacement 97.6 CC
Induction Piston Port
Compression ratio 8.3:1

Bore x Stroke 52 mm x 46 mm
Rated RPM 16,000

Cooling type Air Cooling

Dry Weight 10 kg (21 Ibs.)
Lubrication Premix 32:1

Rated Power

11 kW @ 10,000 RPM
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There are several advantages to using the KT-100 for this application that are in addition
to the advantages that are inherent to two-stroke engines. First, because the KT-100 is a piston
port two-stroke engine, it has one of the least complex engine architectures possible [92,95]. In a
piston port two-stroke engine, the piston itself is responsible for covering and uncovering the
intake ports in the crankcase absolving the need for reed or rotary valves. Because the engine is
air-cooled, system cooling can easily be accomplished without requiring a cooling loop. The KT-
100 is substantially powerful and lightweight and is easily tunable via adjustments to the
carburetor and ignition [95]. The engine is rugged and somewhat fuel-agnostic. Two-stroke
engines such as the KT-100 require very little maintenance when compared to four-stroke
engines. For example, because the engine uses premixed fuel and oil, there is no need to change
the oil. The KT-100 is relatively cheap and parts for the engine are readily available. It is for at
least these reasons the KT-100 was chosen to power the generator. Figure 3.8 is an alternative

view of the KT-100 [97].

Figure 3.8: Alternative view of the Yamaha KT-100 [97].
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3.2 Test Stand Design & Construction

With the major components of the test stand identified and acquired, a test stand was
contemplated that could experimentally couple the engine and dynamo and simulate prototype
operation. For the purpose of this work, a test stand is the arrangement of the components used
for this prototype in a manner that allows them to be experimentally analyzed and tuned.
Importantly, the test stand should provide separate positioning of the components while
providing mechanical communication between the two.

In order to gain insight to the operation and performance parameters, an inline digital
torque sensor was included to be installed between the engine and dynamo. An inline torque
sensor is a device configured to measure the torque, power, and RPM in real time of rotary
components. Inline torque sensors are disposed in the rotary assembly of the equipment they are
incorporated in, such as on the crankshaft of an engine or the armature of a motor. Often these
torque sensors provide digital output which can increase the accuracy of the measurements. For
this work, an ATO rotary digital torque sensor was used. Table 3.3 lists the specifications of the
torque sensor. Figure 3.9 is an image of the ATO Digital Rotary Torque Sensor used in this work

[98].
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Table 3.3: ATO Digital Rotary Torque Sensor Specifications [98]

Specification Value
Capacity 100 Nm
Power supply 24V DC
- 0.1% FS (Accuracy
Non-Linearity 0.001%)
Hysteresis and
Repeatability 0.03% FA
Rated RPM 16,000
Output Speed 60 pulses/rev
Signal Delay 0.6 ms
Response Performance 1 kHz
Load Resistance >2 kQ

Figure 3.9: Image of ATO Digital Rotary Torque Sensor [98]

With the torque sensor selected, a coupling method was identified. Lovejoy connections
were used to couple the engine to the torque sensor and the torque sensor to the dynamo. A
Lovejoy coupling is a type of flexible coupling used to connect two shafts to transmit torque.
Such couplings are widely used in industrial applications because they offer flexibility against
slight misalignments, and vibration dampening, are cost-effective and robust, and are highly
versatile. Figure 3.10 is an image of an exemplary aspect of the Lovejoy couplings used to

provide mechanical communication for the test stand.
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Figure 3.10: Example of a Lovejoy Connection

Because of the difference in operational RPM between the engine and dynamo, a gear
reduction is required. Specifically, the engine redlines at 16,000 RPM which is much greater
than the operational speed of the dynamo. Gearing configurations can be achieved through a
variety of methods, each of which has its benefits. For this purpose, a timing belt drive
configuration was used. Timing belts and pulleys are different than standard V-belts in that they
are rated for higher speed and have teeth that engage with groves on the pulley’s circumference.
In addition, the teeth and groves of the timing belt reduce the chances of slippage. The high
speed and high torque capacity of timing belt-style belts and pulleys make this arrangement ideal
for this application. Moreover, the use of pulleys rather than gears or the like provides increases
the ease of swapping the pulleys allowing the gearing ratio to be tested and optimized. What’s
more, the elasticity of the belt helps to absorb the jerking and vibration of the test stand.

With the major and minor components selected, the test stand layout could be planned. It
is critical to plan the spacing of the elements on the test stand as the baseplates had to be

machined to receive and secure the elements. To do this, each of the major and minor
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components were dry fit onto the test stand and their location was recorded to establish a basic
planning map. Figure 3.11 is a schematic of the basic layout of the test stand. In addition to the
major and minor components of the test stand, a plurality of bearing blocks, pulleys, shaft
components, and other small items were envisioned in the planning stage. A series of bearing
blocks were prepared to house the rotating components. The bearing blocks comprised a pair of
high-speed greaseable bearings sized to receive the shaft and spaced to cradle the primacy
pulley. The combination of these various components was necessary to provide mechanical
communication between the major components of the test stand. Figure 3.12 is an image of a

bearing block prepared to house the primary pulley.

PART LIST
PART MAME

Fual Tank
Throtile Contol
Fuel Lina
Ground
Carburefor
KT-100
Exhioust
Shall Coupling
Torgue Sensor
High-speed

Bearin
amall Pulley
Balt
Large Fulley
Motor Generator
Mator Jupport

1:
b
g
&
=

-nu:uahuhum-é

=

—

=

o

] ] e | el B [ | e | | | = =]

=

i

Figure 3.11: Schematic of Test Stand Layout
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Figure 3.12: Pulley and Bearing Block Assembly

It was decided that the test stand would be divided into two regions; the engine side and
the dynamo side. This separation was intended to divert focus to each individual component
during the tuning phase. From there, each of the component’s area was measured and cataloged
along with the total area of the baseplates of the test stand. With these measurements, the actual
location of the components could be determined. Figure 3.13 is a measured drawing of the test

stand layout used during the initial design phase.
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Figure 3.13: Measured Drawing of Test Stand Layout
With all of the components at hand and measured drawings available, machining could
begin on the base plate of the test stand. To begin machining, the engine side plate was removed
from the base and locations were marked based on the mounting configuration of each piece.
Specifically, the engine, torque sensor, and bearing block bolt holes were located on the plate
based on the measurements. Proper axial alignment in this stage was critical as the shaft
crankshaft, torque sensor shaft, and pulley assembly had to share a common axis. Figure 3.14 is a

collage of the engine plate machining.
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Figure 3.14: Engine Side Plate Machining

In addition to proper axial alignment, the components required being in vertical
alignment as well. To do this, the difference in elevation was measured and a series of spacers
were made to elevate the torque sensor and pulley bearing blocks. Bolts of adequate length were
adapted to secure the components and their respective spacers to the mounting plate. The spacers
were made out of flat stock aluminum plates. Figure 3.14 is a collage of the spacer

manufacturing for the system.
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Figure 3.15: Collage of Spacer Machining

After the alignment was correct in the axial and vertical direction, a mechanical
connection had to be established between the rotating components. Specifically, an assembly had
to be developed that could couple the engine to the torque sensor, and the torque sensor to the
pulley assembly. The crankshaft of the KT-100 is dimensioned from the factory to receive a
clutch that can drive a go kart. However, a clutch is not needed in this application as the
generator is a direct drive from the engine. In addition, a series of Lovejoy fittings were used in
between the engine, torque sensor, and bearing blocks. To visualize a connection means, a plan

was drawn. Figure 3.16 is a schematic of the engine side driveline.
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Figure 3.16: Engine Side Driveline Schematic.

The Lovejoy couplings were readily adaptable to the torque sensor via the keyed slot that
extended from both sides. In addition, the shaft that connected the pulley to the bearing block
also readily accepted the coupling. The engine, however, had to be modified to receive the
Lovejoy connection. The engine was disassembled, and the crankshaft was removed from the
bottom cases. From there, the crankshaft was chucked into the lathe, and the threads on the end
of the crankshaft that were configured to receive the clutch were milled down. A % hardened
steel nut was centered and welded onto the crankshaft. A % socket was sourced that could
engage the nut. The socket was chucked into the lathe and machined to accept a portion of key
slot rod material that was compatible with the Lovejoy couplings. The keyed shaft was milled to
fit the socket, pressed in via the hydraulic press, and welded in place. The assembly comprised a
nut welded onto the end of the crankshaft that was received by an adapter comprising a socket
sized to engage the nut and a portion of the keyed rod. Figure 3.17 is a collage containing images
of the nut welded to the crankshaft, the adapter, the machining of the two, the bearing block

assembly, and the final connected unit.
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Figure 3.17: Shaft Adapter Collage

With each of the engine side components manufactured, the engine side could be
assembled. The components were placed on the engine side plate and bolted down. The engine
was rested on rubber cushion blocks that reduced as much vibration as possible. The blocks were
chemically resistant and consisted of foam and rubber. A hole was drilled through the rubber
blocks so the bolt could pass through. The bolts that held the components on the engine side
plate were secured with locknuts on the bottom side and washers between the nut and bolt head.
On the side of the bearing block opposite to the Lovejoy, a %” nut was welded onto the shaft that

could engage an external starter motor. Figure 3.18 is an image of the final engine side assembly.
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Figure 3.18: Engine Side Final Assembly

With the engine side complete, construction could begin on the dynamo side. Unlike the
engine side, the dynamo side only contained the dynamo. However, because the Honda IMA was
originally designed to work in line with a Honda vehicle powertrain, it was not readily adaptable
to the test stand. As a result, a special housing had to be constructed to hold the dynamo to the
test stand. In addition to housing the dynamo, the housing had to also center the rotor within the
dynamo. The first step in constructing the housing was to build a frame that could sandwich the

dynamo. The frame was constructed out of }42” aluminum plate; it was critical to construct the
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plate from aluminum and not a ferrous metal like steel to prevent any magnetic interaction
between the dynamo and dynamo housing. Two vertical plates were cut from the aluminum plate
that was slightly larger than the profile of the dynamo. It is imperative to the function of the
dynamo that it must not move in the housing. The outer profile of the dynamo was traced onto
the plates. The perimeter of the dynamo had 5 bolt locations that were asymmetrically disposed
about the circumference thereof. Their position relative to the dynamo was also marked for
machining. A drill bit whose diameter was exactly the diameter of the bolt holes was used to
machine the bolt holes into the book-matched plates, such that the plates would mimic the bolt
pattern of the bell housing that the dynamo was originally configured to engage with. Five grade
8 bolts having a diameter larger than the machined holes were sourced and machined down onto
the lathe such that the shank of the bolt was a zero-tolerance fit between the housing and the
dynamo. The zero-tolerance fit between the bolts, dynamo, and housing helped to ensure that the
dynamo did not move relative to the housing. The bolts were accompanied with washers on both
sides and lock nuts to ensure they remained tight. The dynamo was sandwiched between these
two plates. A base section for each plate was formed at the bottom of the plates and welded
together. Aluminum is notoriously difficult to weld because of its low melting point, high
impurity level, and high heat transfer and is often done with a TIG machine. Instead of a TIG
machine, a pulsed MIG welding machine was used to weld the aluminum plates. Figure 3.19 is a

collage of the construction of the housing for the dynamo.
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Figure 3.19: Housing Construction Collage

Once the housing was constructed, the assembly was test fit to ensure that the fitment was
correct with no warping or binding. Importantly, when the housing was bolted together and
tightened with a torque wrench to make sure that the plates were evenly taught across. Further, it
was determined that approximately 30 ft-1bs. were appropriate to provide adequate torque to the
structure without overtightening or warping. After the fitment was verified, the rotor assembly
had to be constructed. The IMA rotor comes in two pieces: the rotor and the adaptor plate which
bolts onto the rotor and couples the rotor to the armature. For this application, the adaptor was
configured to work with 34” keyed shaft as used throughout the test stand. The adaptor center
hole was welded in to decrease the diameter. From there, the adapter was chucked into the lathe,
and the center was milled out to %" to accept the shaft, which was welded in place. After the
adapter was welded to the shaft, it was machined and faced to smooth out the mating surface and

to decrease the rotating mass. A dial indicator was used to verify that the mating face was
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substantially flat. Because of the unusual thread pitch used on the rotor, the 8 bolts around the
periphery of the rotor which connected to the rotor to the shaft had to be specially ordered from

Honda. Figure 3.20 is a collage of the armature manufacturing process.
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Figure 3.20: Armature Construction Collage

After the armature was constructed, it had to be mated with the housing and remaining
portion of the dynamo. This particular step requires the most care as the tolerance between the
rotor and the dynamo housing was approximately .004” on either side. In addition, the strong
magnetic force from the permanent magnet rotor increases the difficulty of fabrication. To mate

the armature and rotor to the housing, the top plate of the housing assembly was removed, and
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the rotor was set in place. A series of .004” polymer shims were placed around the circumference
of the rotor to keep the rotor in place relative to the housing despite the large magnetic force.
Once the rotor was centered in the housing, the assembly was transferred to the mill equipped
with an edge finder and indexing tool to mark the location where the center hole would be. The
location of the center hole was critical in ensuring that the armature was properly located. After
double checking the location, the center hole through which the armature was received was
machined. A pair of vertical bearing blocks were bolted onto the outer housing to accept the
shaft. After these bearing blocks were located, the dynamo was reassembled. At this stage, the
rotor could be rotated within the dynamo housing. Figure 3.21 is a collage of the final dynamo

assembly.
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Figure 3.21: Final Dynamo Assembly Collage
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With the dynamo assembly completed, it could be mounted onto the test stand. Similar to
the engine, the dynamo was mounted to the test stand via four grade 8 bolts, lock nuts, and
washers. The dynamo was also supplied with four polymer anti-vibration pads to reduce the
transmitted vibrations from the motor.

An output pulley was welded onto the armature of the dynamo and installed live with the
primary pulley on the rotating assembly. Again, pulleys were used as they allow for easy
interchangeability to manipulate the gearing ratio of the engine during the tuning process. A belt
tensioner was made to ensure that the pulley remained taught over the course of the experiments.
The belt tensioner comprised a tensioner for a serpentine belt from the parts store and a custom
frame constructed from angle iron. The belt tensioner included a slot that allowed the tensioner
to be tightened and loosened to remove and install the belt. A control box was installed on the
opposite side of the dynamo to house the throttle and kill switch for the engine. The throttle
assembly was a lawn mower style throttle that would hold the throttle opening steady. The kill
switch was sourced from a Yamaha motorcycle and wired into the ignition circuit. A gas tank
from a small two-stroke motorcycle was installed proximal to the control box and connected to
the carburetor. The gas tank was mounted superjacent to the carburetor to promote a gravity feed
of fuel. An air filter assembly was constructed from automotive intake runners and connected to
the engine via a custom bell housing. A small motorcycle air filter was outfitted to the air filter

assembly. Figure 3.22 is a collage of the miscellaneous items used on the test stand.
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Figure 3.22: Miscellaneous Parts Collage

With the final miscellaneous components installed, the construction of the test stand was
completed. A few preliminary tests were conducted to make sure that each of the components
functioned correctly and rotated without binding. The following figures are images of the final
test stand as used during the testing in this work. In some images, a cart is shown that was used
to contain the test equipment. Specifically, Figures 3.23 — 3.35 are images of the final test stand

configuration.
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Figure 3.23 — 3.25: Final Test Stand 1,11, 111
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3.4 Instrumentation & Data Collection

After the test stand was constructed, each of the components had to be instrumented and
outfitted with data collection equipment for the purpose of collection experimental data. From
the techniques and lessons learned from the previous work, instrumentation could be performed.
The first and one of the most valuable aspects of data collection was performed by the torque
sensor. The torque sensor was configured to measure brake power, brake torque, and RPM. The
output from the torque sensor could be synchronized with the rotation of the crankshaft. The
torque sensor could provide 3 pulses per second which was enough to generate smooth torque
and power curves.

K-type thermocouples were installed in the exhaust port and cylinder head to measure
temperature. K-type thermocouples are a type of temperature measuring device commonly used
for measuring temperature. They are often composed of two different metal alloys which form a
junction. The voltage at this junction is used to measure the temperature. Advantageously, k-type
thermocouples have a wide temperature range and are highly durable. Further, they offer a rapid
response time and are compatible with most DAQ systems. Understanding the cylinder head
temperature and exhaust temperature is important in understanding how the engine is running,
and more specifically, the state of tune of the engine. On an air-cooled engine like the one used
in this work, it is critical to control and monitor the temperature to make sure that the engine
does not overheat. A Bosch mass airflow sensor (MAF) was installed in the intake runner. The
MAF was a hot wire style MAF and was suitable for the range of air velocities from the engine.
Similarly to the thermocouples, hot wire MAF sensors offer precise airflow measurements and

have a relatively quick response time. Further, they are robust and able to withstand engine
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operating conditions. A calibration curve was obtained from Bosch to adjust the parameters of
the MAF.

One of the most important engine operating parameters is in-cylinder pressure. In-
cylinder pressure is a critical parameter to monitor and analyze in experiments because it directly
shows combustion and engine performance. Moreover, these values can be used to calculate a
variety of parameters. In one aspect, the in-cylinder pressure can provide insight to the
combustion process; by measuring in-cylinder pressure vs time, the combustion efficiency and
heat release can be calculated. In-cylinder pressure monitoring also allows for the investigation
of dynamic effects that take place in the cylinder.

To measure in-cylinder pressure, an in-cylinder pressure sensor had to be installed. A
Kistler model 6052A was used for this and had to be installed in the cylinder head. The cylinder
head was removed, and a location was found that was thick enough to be machined and far away
enough from the spark plug location. Advantageously on a carbureted two-stroke engine, since
there are no valves, injectors, or other obstructions in the cylinder head other than the spark plug,
locating the in-cylinder pressure sensor was relatively simple. A portion of the cooling fins were
machined away to expose a flat surface. From there, a hole was bored and tapped to accept the
in-cylinder pressure sensor which was threadedly secured. The data from the in-cylinder pressure
sensor was synced to the crankshaft position data from the torque sensor and recorded on the

DAQ. Figure 3.26 is a collage of the in-cylinder pressure sensor installation.
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Figure 3.26: In-Cylinder Pressure Sensor Installation

Another important parameter to understanding engine performance is the exhaust
emissions analysis. In one aspect, understanding the exhaust emissions and by extension the
product of combustion further indicates the combustion process and efficiency of the engine. The
exhaust emissions can be affected by air-fuel ration, ignition timing, combustion efficiency, and
other engine parameters. In another aspect, it is critical to understand and control engine
emissions from a regulatory standpoint. There are increasingly strict laws and regulations that
mandate acceptable engine emissions limits and thus, it is important to understand the emission
levels from the engine.

To measure the engine emissions, an Infrared Industries FGA 4000XDS exhaust gas

analyzer was installed in the exhaust stream. This exhaust gas analyzer was configured to take a
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small sample of exhaust gas from the exhaust manifold via a probe installed in the muffler. A
pump then forces the sample across a plurality of infrared absorption sensors that measure the
infrared light emitted by specific gas molecules. The exhaust analyzer used NDIR (non-
dispersive infrared) to measure carbon monoxide (CO), carbon dioxide (CO2), and unburned
hydrocarbons (HC) and electrochemical cell to measure the NOx emissions with a 1% full-scale
accuracy. For HC measurements, the instrument measured methane CHs to approximate the HC
values. Figure 3.27 is an image of the exhaust gas analyzer used in this work. The exhaust gas
analyzer reports the concentration or percentage of emissions of the exhaust gas. More
particularly, the EGA reports emissions species in either parts per million (PPM) or by mass
percentage. To better compare the emissions performance, the data from the EGA was converted
to g/kW-h. This method of comparing emissions is useful as it allows for consistent comparison.
The use of the foregoing method of reporting emissions provides the conversion of emissions

from volume to mass basis.
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Figure 3.27: Image of Exhaust Gas Analyzer

With the data acquisition equipment in place, the data could be collected in real time. To
do this, a bespoke LabVIEW program was written to collect each of the parameters that were
measured. The LabVIEW program was controlled by a DAQ and computer coupled to each of
the sensors and was configured to homologate the data and output in a file.

To cool the engine during testing, a fan was placed downstream of the engine to blow
cooling air across the cooling fins. This fan was not used during the warmup stages to accelerate
the warmup procedure. The engine was cooled via a combination of natural convection and
forced air convection from the cooling fan. To start the engine, an external starting motor was
used. The starting motor comprised a battery connected to a car starter with a one-way clutch
installed on the armature. These starter boxes are commonly used in karting and are well suited
for starting these style engines. To load the engine, a series of heating elements were electrically
connected to the dyno. Heating elements are ideal for loading an engine because they are
essentially pure resistive load. The heating elements were wired up to multimeters such that the
voltage and current could be measured. With known voltage and current, resistive power could

be calculated. To absorb and dissipate the heat generated by the heating elements, large cast iron
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blocks were placed on each heater. With each of these components in place, testing could

commence.

3.4 Preliminary Testing

Before the experiments with the prototype could commence, the test stand had to be
validated and checked. The first step was to break in the engine. Because the engine was new, it
had to have a break in cycle performed to ensure that engine life and performance was preserved.
The engine was allowed to idle for about 10 minutes without any load. In addition, the fuel/oil
mixture was doubled to 15:1 as per the manual recommendations. Once the engine was properly
broken in, the fuel/oil mixture was returned to 32:1. The sparkplug was also replaced due to the
heavy carbon deposits that accumulated as a result of the high oil ratio.

A first series of test runs were performed to ensure that the mechanical components and
data collection was working properly. Through this, there were several alignment issues and
excessive vibration issues that had to be resolved. The driveline was fined tuned by way of
adjusting the fitment and alignment of the rotating components. With the driveline corrected, the
engine could be properly tuned.

It is the nature of high-performance engines such as KT-100 used in this work to require
tuning to reach optimal performance [95]. These engines are designed to be adapted to a variety
of applications and thus require bespoke tuning. For example, in applications where loading
varies such as in racing, the engine can have a more aggressive state of tune. In applications
where the loading is continuous, such as in this application, the state of tune should be less

aggressive to prevent overheating and engine damage.
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The first step in tuning the engine is to adjust the ignition timing. The ignition timing
refers to the position of the crankshaft when the ignition event occurs. Generally, engines can
provide greater power and torque with more advanced or earlier ignition timing but will require
higher octane fuel. For this application, the ignition timing was slightly retarded to lower
operating temperature and fuel octane requirement. The ignition timing was adjusted by slightly
moving the location of the magneto relative to the flywheel.

After the ignition timing was adjusted, the fuel/air ratio could be fine-tuned. The Walboro
carburetor used with this engine was a diaphragm style carburetor commonly found on small
engines such as chainsaws. These carburetors provide two tuning circuits; a low speed jet, which
controls fuel mixture at lower engine speeds and a high speed jet, which controls the fuel mixture
at higher engine speeds. The low speed needle was adjusted first based on the A/F and was set
slightly fuel lean to promote throttle response and prevent plug fouling. The high speed jet was
set moderately fuel rich to prevent overheating during extended high load operating. The tuning
was adjusted based on Air/Fuel ratio readings from the exhaust gas analyzer. The carburetor was
also disassembled to adjust the pop-off height. The pop-off height controls the amount of fuel
introduced into the carburetor from the diaphragm pump and is controlled by fine tuning the

length of the diaphragm. Figure 3.28 is a collage of the tuning process [95].
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Figure 3.28: Tuning Fuel & Ignition Collage

After the engine was tuned and running at optimally, the driveline could be operated.
During preliminary test runs, it was found that the engine was unable to reach higher RPM
operating, even at lower loads. This was because the driveline ratio, or the gear reduction
between the engine and dynamo of 2.73:1 was too low. The engine does not produce enough
torque at lower RPMs to overcome the load of the dynamo as it, like many two-stroke engines,
are intended to operate at relatively higher engine speeds. To overcome this, a series of pulleys
of varying diameters were acquired and interchanged with the dynamo pulley. The drive ratio of
the test stand could be configured by adjusting the pulley ratio. Different drive ratios were
configured and tested. It was found that the optimal ratio for this application was a 4:1 gear
reduction. As a result of the increased torque, the belt width had to be increased. With this
upgraded configuration, the engine could be tuned with the dynamo. Advantageously, the setup
used can essentially function as an Eddie current or electric dynamometer. The power and torque
were measured from the torque sensor and plotted against RPM. Figure 3.29 is the dyno graph

displaying torque and horsepower of the engine vs. engine speed from the engine after tuning.
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Figure 3.29: KT-100 Dyno Results
After the engine was prepared and the test stand was tuned, a preliminary test was
conducted to check the instrumentation. The engine was motored with the starter motor and the
in-cylinder pressure was measured. “Motoring” an engine refers to cranking the engine over
without starting. Motoring speed is essentially the RPM of the starter motor. The pressure that is
recorded is the pressure from compression only. The motoring test is important as it allows the
validation of the instrumentation. The in-cylinder pressure was plotted against the crank position.

Figure 3.30 shows the results from the motoring in-cylinder pressure.
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Figure 3.30: Motoring In-cylinder Pressure Curve

After the motoring test, a first prototype test could be conducted. The engine was loaded
with a small load and test conditions were set. The in-cylinder pressure was measured from the
sensor and the torque was measured from the torque sensor and were plotted against crankshaft
position. In addition, the electrical power and mechanical power were also measured and
reported. Importantly, the data collected from this test could be used in conjunction with the

motoring data to ensure calibration of the instrumentation. The data from these tests were used to

calibrate the test stand. Figure 3.31 is a graph of the preliminary calibration test results.
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Figure 3.31: Preliminary Calibration Test Results.
The results of the efforts in this chapter provided a functional prototype high power
density generator. The following chapters reflect the testing and experimentation using the

prototype of this chapter.
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CHAPTER 4: Experimental Validation: GASOLINE

4.1 Introduction

The increasing pressure from worldwide environmental concerns is motivating a
transition from conventional fossil fuel-powered internal combustion engine (IC) vehicles to
alternative powertrains, such as battery EVs and hybrid vehicles for the purpose of reducing
anthropogenic carbon emissions. Such electric vehicles (EVs) are being introduced as a solution
to the problems of dependency on fossil fuels, increasing carbon emissions, and other
environmental issues [99]. The transportation sector, whose current majority comprises fossil
fuel-powered vehicles, accounts for up to 1/5™ of all annual anthropogenic carbon dioxide
emissions. More specifically, the transportation sector is responsible for almost 64% of global oil
consumption and 23% of the energy relates to carbon emissions [99-100]. It is clear that a more
viable method to fossil fuel based propulsion is necessary.

Although EV and hybrid adoption has increased over recent years, there remains a
confluence of barriers that dissuade many consumers from considering EVs and plug in hybrids.
Amongst these, range anxiety, or the driver’s fear that the battery contains insufficient
energy/battery capacity to drive the distance needed to reach a destination is predominant [103].
The conventional approach to ameliorate range anxiety includes deploying a more robust
charging infrastructure, developing higher battery capacity EVs, battery swapping technology,
hybrid powertrains with larger internal combustion engines, and free loan vehicles for long trips
[103-104]. However, these approaches remain either long-term, impractical, or costly. Such
practical issues and prices play a large role in car purchase decisions and negative sentiment

toward electric vehicles and hybrid technology [105].

101



One solution is to adapt an electric generator as a range extender. A range extender is a
fuel-based auxiliary power source that is configured to add additional drivable range to the
battery of an EV independent from grid charging [106]. Another approach is to adapt the electric
generator as the power source in a series hybrid vehicle. It is important to distinguish between
parallel and series hybrid electric vehicles; parallel hybrid EVs utilize the energy from both an
electric motor and an IC engine to propel the vehicle while series hybrid vehicles are only driven
by the electric motor that receives power from the generator [107]. Importantly, the generators
that could function in these configurations would not include the added weight and complexity of
gearboxes, transmissions, etc., or drivetrain losses that burden conventional internal combustion
engine vehicles. In addition, such a generator could operate at a single RPM and could be tuned
for superior efficiency when compared to traditional IC propulsion [108]. It is common for
onboard generators to be powered by conventional internal combustion engines, but many
configurations have been considered including fuel cells, free-piston generators, and micro gas
turbines [108-109]. In most aspects, these onboard generators are adapted to use a liquid
hydrocarbon fuel, such as gasoline [109]. Thus, an EV or hybrid equipped with an onboard
generator can conveniently utilize the existing network of refueling stations [10].

Unfortunately, the state of the art of powertrain generators only includes small low-power
units (<5kW) that are unfit for rapid charging or driving a vehicle and can offer only small
boosts in battery capacity and large permanently attached generators that can accompany certain
EVs or be provided in hybrid arrangements [111]. In many cases, these permanently attached
generators are prohibitively expensive, often adding up to $7000 to the purchase price of an EV
that already exceeds the price of similar IC vehicles [112-113]. What’s more, these generators

are often bulky, complicated, and heavy which can limit their usefulness. There are many
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applications, such as in UAV powertrains, motorcycles, ATVs, boats, ultralight aircraft, and
more where hybrid electric power is unavailable because of the lower specific power and large
size of currently available generators [114-115].

This study aims to characterize the performance of the high-power density power
generator from the previous chapter to fulfill the need for a lightweight, portable, and
inexpensive unit that is powerful enough to function as a range extender or as a component in a
hybrid powertrain where specific power and small size is critical. For this chapter, the prototype
from the previous chapter was prepared for experiments. A series of experimental analyses were

performed on the prototype to understand its performance and to validate the design.

4.2 Experimental Procedure

The prototype generator underwent preparation for testing to run the experiments and
performance assessment. The engine was started and allowed to run for a few minutes to reach
operating temperature. Three heating elements with measurable current and voltage were adapted
to impose a load on the engine. The loading elements were assembled into a load bank. Heating
elements are close to ideal loads because they provide stable loading that increases linearly with
voltage. These electric heating elements were wired to the dynamo via a delta configuration,
where each phase was connected to a heating element. This wiring configuration was chosen
because of its simplicity and balanced loading. Delta wiring configuration also experiences an
increased line-to-line voltage; because the voltage across two connections is \3 times the phase
voltage, the voltage to and therefore the resistance from the heating elements was magnified,
making the heating elements more effective loads. A three-phase rectifier was included to

transform the DC power from the dynamo to AC power for the heating elements. Large iron
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castings were placed on the heaters to absorb the generated heat, ensuring a continuous load
supply to the engine. The electrical power was measured at the generator. To manage engine
temperature, an industrial blower was positioned adjacent to the engine, directing air over the air
fins of the cylinder and cylinder head.

The system was equipped with instrumentation to record data from the engine and
dynamo during operation. K-type thermocouples were affixed to the cylinder head and exhaust
for temperature measurements. The Bosch mass airflow sensor in the intake measured the air
mass flow rate. The cylinder head was modified to accept the Kistler model 6052A piezoelectric
pressure sensor for in-cylinder pressure monitoring. An Infrared Industries FGA 4000XDS
exhaust gas analyzer, utilizing NDIR for HC, CO, and CO; species measurements, along with an
electrochemical cell for NOx emissions with 1% full-scale accuracy, was installed in the exhaust
stream. An ATO digital rotary in-line dynamic torque sensor was installed between the engine
and dynamo for brake power, torque, and engine speed (in rpm) measurements. A custom
LabVIEW program provided data collection and signal synchronization. MATLAB was used for
subsequent data analysis and post-processing. The system provided dependable measurement
results with an error margin below 5%, based on the least precise instrument. A series of
experiments were conducted across varied engine speeds and throttle conditions, each repeated
five times to assess repeatability and mitigate errors.

For subsequent discussions, full load is defined as the maximum electrical power before
the engine stalls. Low load refers to only the power consumed to energize the coils, measured
while the generator was freewheeling without electrical load and includes no load from the load
bank. The low load power was maintained consistently across tested RPMs to keep the coils

energized. Part load fell approximately midway between low load and full load. Slight variations
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in low load and part load occurred due to the generator's limited fine control of loading.
Experiments involving low load, part load, and full load conditions were conducted at three
distinct RPMs with recorded data and the throttle openings were limited to up to 10% for low
load, up to 50% for part load, and wide open throttle for full load. The loads were measured at
the point of stall for each condition. The load power represented the power at each loading
condition measured at the heating elements. It should be noted that the low load electrical power
is constant between engine speeds as it is only the power required to energize the coils and
includes no additional load from the load bank. Table 4.1 lists the loading conditions during
testing.

Table 4.1: Loading Conditions During Testing

Loading Load Power

Condition RPM (kW)
4250

Low load 6700 75
9100
4250 1.73

Part Load 6700 2.63
9100 3.24
4250 3.05

Full Load 6700 5.10
9100 8.50

4.3 Results and Discussion
4.3.1 Brake Power & Torque Analysis

The dynamic torque sensor which was configured to measure brake torque and brake
power was installed in between the engine and the dynamo allowing the brake power produced

by the engine to be measured. The torque sensor was coupled to the engine via the Lovejoy
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coupling and to the dynamo via the drive belt. Figure 4.1 shows the brake power measured at the

crankshaft at three discrete engine speeds at low load, part load, and full load.
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Figure 4.1: Brake Power at Varying Loads and Engine Speeds

From Figure 4.1, It can be seen that brake power is relatively constant at low loads at
various engine speeds. At low loads, the engine is only producing enough power to rotate the
assembly and energize the coils of the dynamo. The heating elements' resistance increases with
voltage, and voltage is proportional to rotor speed. Because the heating elements were not
engaged at low loads, only the constant load from the driveline and coil was experienced. As
loading increases, the brake power produced by the engine shows an increase at each engine
speed. Additionally, at full load conditions, engine speed has a profound effect on increasing
engine power. This is likely because at full load the throttle is at WOT and there are minimal
throttling losses. Continuing, the highest brake power is observed at full engine loading

conditions at 9100 RPM. It is theorized that friction and throttling losses are predominant at
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lower engine speeds and when the throttle is closed. Moreover, it is likely that at low load high-
speed operations, mechanical and pumping losses dramatically affect the brake power produced
by the engine. In a two-stroke engine, there is a dramatic increase in volumetric efficiency with
increasing engine speed, which can explain the sharp increase in brake power with increased
engine RPM [92-94].

Another aspect that affects the power out of two-stroke engines is port timing and
duration. Two-stroke port timing refers to the crankshaft position when the piston uncovers the
transfer and exhaust port and is controlled by the location of the ports in the cylinder. Port
duration refers to how long the port is uncovered by the piston relative to the crankshaft position
[92-94]. In a two-stroke engine, the port timing and duration have a profound effect on the gas
dynamic during the scavenging, expansion, blowdown, and exhaust phase of the cycle, and are
analogous to valve timing and duration in a four-stroke engine [92,95]. Piston-port two-stroke
engines, such as the KT-100, do not incorporate rotary valves or reed valves to assist with the
gas exchange and therefore have a more narrow tuning window for port timing and duration [70].
The port timing and duration scheme used on the KT-100 is optimized for high RPM power,
which is common among competition engines [70]. As a result, the gas dynamics of the engine
are most efficient at higher engine speeds and less efficient at lower speeds. This increase in gas
exchange efficiency could participate in the increased power output at higher engine speeds.

Figure 4.2 shows the brake torque produced by the engine measured at the torque sensor.
Because power is a function of torque and engine speed, the torque produced at each discrete
loading condition and engine speed is related to the power at each loading condition and engine
speed. More specifically, because loading is fixed, and power is a function of torque and RPM,

as RPM increases at a fixed loading condition the torque decreases and power increases. It can
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be observed that maximum torque occurs at full load and low engine speeds where engine
efficiency is the greatest. Because the engine was power limited, and power is a function of

torque and RPM, maximum torque occurs at full throttle at the lowest engine speed.
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Figure 4.2: Brake Torque at Varying Loads and Engine Speeds

The torque produced increases with engine speed for likely the same reason power
increases with engine speed. As the engine speed is increased, the volumetric efficiency
increases and the fuel charge dilution decreases [92-94]. Two-stroke engines benefit from high
RPM operation and generally produce greater torque at higher RPM operation. Unlike other
engine architectures which can use valves or forced induction, two-stroke engines rely heavily on
the momentum of the incoming fuel/air charge to breathe. Further, as the throttle is opened to
meet increasing loads, throttling losses are decreased. The port timing and duration also could
affect the brake torque. As a result of the port timing and duration are optimized for high engine
speed operation, the increase in gas exchange efficiency at higher engine speed could contribute

to the increased torque at higher engine speeds.
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4.3.2 In-Cylinder Pressure

The cylinder head of the engine was machined to accept an in-cylinder pressure
transducer to provide the transient combustion pressure measurements during the operation of
the engine. Because two-stroke engines do not require valves in the cylinder head, the pressure
sensor could be ideally placed proximal to the spark plug. The data collected was synced to the
crankshaft position of the engine to provide pressure data as a function of crank angle.

Figure 4.3 shows the in-cylinder combustion pressure vs. crank angle varying loading
conditions. From Figure 4.3, it is clear that as the load increases, the peak in-cylinder pressure
increases with each loading condition. In addition, there is an increase in in-cylinder pressure at
each loading condition as RPM increases. However, there is a more pronounced increase in in-
cylinder pressure from low load to part load than from part load to full load. Similarly, there is a
greater increase in in-cylinder pressure at each loading condition from 4250 RPM to 6700 RPM
than from 6700 RPM to 9100 RPM. The more pronounced increase in in-cylinder pressure at
lower engine speeds and loading is likely because in a two-stroke engine, at lower engine speeds,
the cylinder filling efficiency and blowdown phase efficiency are low resulting in a higher
concentration of diluent exhaust species remaining in the combustion chamber from cycle to
cycle [92-94]. Moreover, because the port timing and duration are not optimized for low engine
speed operation, the scavenging efficiency is lower at low engine speeds which results in higher
levels of trapped exhaust gas in the combustion chamber [92-94]. The increase in trapped
exhaust gas dilutes the fuel/air mixture and reduces pressure rise.

As engine speed and throttle openings increase, there is a pronounced increase in-
cylinder filling and blowdown efficiency, in part due to the port timing and duration being

optimized at these conditions. As a result, there is a lower concentration of diluent species at

109



higher RPM operation. Moreover, at higher engine speeds, the effects of charge dilution are
lower. The lower concentration of diluents can result in higher peak pressure and pressure rise.
It is also observed that, for each loading condition, the in-cylinder pressure curve for
4275 RPM is more gradual and exhibits less of a peak than that of 6700 RPM and 9100 RPM.
Again, this is likely the result of high concentrations of exhaust gas at lower engine RPMs as a
result of poor gas exchange at low engine speeds. The greater concentrations of diluent exhaust

gas can encourage the in-cylinder pressure rise to be more gradual [45].
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Figure 4.3: In-Cylinder Pressure Comparison
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The in-cylinder pressure measurements were utilized to derive the heat release rate
(HRR) of the fuel in the following analysis. Investigating the heat release rate is important in
understanding the combustion dynamics within an internal combustion engine. This analytical
approach yields important insights into combustion behavior, fuel economy, engine performance,
and emissions [70]. Additionally, the heat release rate analysis provides a comparative
assessment of the combustion characteristics between loading conditions. Similarly to in-
cylinder pressure, the heat release rate is plotted against crank angle. The examination of heat
release rate in relation to the crank angle provides details about the combustion event during its
duration. Furthermore, assessing the temperature evolution of heat release offers a more
empirical perspective on combustion dynamics. In this chapter, the heat release rate was
calculated by using the first law heat release model proposed by Heywood [70]. This model
calculates the heat release rate from in-cylinder pressure based on the volume of the cylinder at
varying crank angles. For these calculations, the contents of the combustion chamber are
modeled as an ideal gas with R held constant. A constant specific heat ratio (y) of 1.325 as
suggested by Heywood was used as the discrete values for y during combustion are not well

defined [70]. Equation 4.1 provides the heat release rate model.
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From Figure 4.4, it can be seen that in general, the heat release rate increases with
increased loading conditions. Similarly to in-cylinder pressure, the heat release rate also
increases with RPM at each loading condition. It is also observed that there is a larger increase in
heat release rate from low load condition to part load condition and a more subtle increase in
heat release rate from part load to full load condition, further analogous to in-cylinder pressure.
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In addition, the increase in HRR between 4275 RPM and 6700 RPM is more substantial than
from 6700 RPM to 9100 RPM at each loading condition. The full load operating condition

showed the greatest heat release rate.
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Figure 4.4: Heat Release Rate Comparison
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The in-cylinder pressure is an important input variable when calculating the heat release
rate. The parameters specific to the engine that affect in-cylinder pressure in essence likely affect
the heat release rate. It is therefore theorized that differences in heat release rate are a result of
the differences in gas exchange efficiencies at different loading and RPM operating conditions.
In another aspect, the fuel burning rate may influence the measured HRR at each loading
condition and RPM. In general, the fuel burning rate increases with increased in-cylinder
turbulence [116]. The in-cylinder turbulence of the fuel charge in most engines increases with
RPM. Two-stroke engines in particular experience highly turbulent flow at high RPMs because
of fixed transfer port geometry [92-94]. The increase in HRR as engine speed increases may also
be a result of increased turbulence.

The cumulative heat release is the sum of the heat release rate throughout the cycle.
Cumulative heat release generally represents the total heat generated inside the cylinder per
cycle. Cumulative heat release is also an important parameter in providing a comparison between
loading and engine speed experiments. The heat release rate data was used to calculate the

cumulative heat release at the specified loading conditions.
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Figure 4.5: Cumulative Heat Release Rate Comparison
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Figure 4.5 shows the cumulative heat release rate results for different engine loads. From
Figure 4.5, it is clear that a similar trend to heat release rate can be identified between loading
conditions wherein the cumulative heat release increases with increasing loading conditions.
What’s more, there is a greater increase in cumulative heat release between low load and part
load conditions than between part load and full load conditions, likely as a result of the reasons
discussed above. In continuation, full load conditions exhibited the greatest cumulative heat
release. When compared to gasoline operation, methanol showed slightly higher cumulative heat

release.

4.3.3 Efficiency Analysis

Examining the thermal efficiency of the prototype is important for understanding its
effectiveness. Thermal efficiency serves as a practical metric to gauge various efficiency aspects,
including fuel efficiency and mechanical conversion efficiency, consolidating them into a single
measure. It is defined as the ratio of work performed to absorbed heat [70].

The indicated thermal efficiency was calculated from the pressure data taken from the in-
cylinder pressure sensor. Indicated thermal efficiency is the ratio of indicated power to fuel
power. Indicated thermal efficiency is important as it provides a measure of how well the engine
converts the heat energy from fuel into mechanical work. Further, indicated thermal efficiency
ignores the losses in the system and provides an idealized efficiency value. Table 4.2 displays the
calculated indicated thermal efficiency of the engine. For this work, the indicated thermal

efficiency is defined in Equation 4.2 provided from Heywood [70].
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Table 4.2: Calculated Indicated Thermal Efficiency

4275 6700 9100
RPM RPM RPM

Low load 12.45% 14.54% 16.21%

Part Load 13.20% 15.15% 18.25%
Full Load 13.74% 16.24% 21.02%

Loading

From Table 4.2, it can be seen there is an increase in indicated thermal efficiency as
engine speed increases. Further, as loading increases, the indicated thermal efficiency also
increases. In one aspect heat transfer likely controls the indicated thermal efficiency; the
indicated efficiency can increase with increased RPM because there is less time for heat transfer
to take place. Higher rates of heat transfer can lower the thermal efficiency of the engine because
energy that could be converted to mechanical work escapes as heat. Because the operating
temperatures of the engine are generally hotter at higher loading and RPM, the thermal gradient
is lower which can further limit heat transfer and increase thermal efficiency. The engine of this
work utilizes air cooling to control engine temperatures. For this application, air cooling is
preferred because of its simplicity and ruggedness. However, air-cooled engines are often
subjected to uneven temperature distribution across the engine and fluctuating operating
temperatures [70]. It is theorized that, if the engine were switched to liquid cooling, the indicated
thermal efficiency would increase. It has been shown that liquid-cooled engines generally have
greater thermal efficiency than air-cooled engines [92-95]. It is important to note that the
indicated thermal efficiency is an idealized value that calculates the work done inside the
cylinder and does not account for various losses that are present in a real engine, such as friction,
heat losses, and pumping and powertrain losses. Brake thermal efficiency is used to account for

these losses and can provide an idea of the useful work, such as crankshaft work.
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The brake thermal efficiency is the measured efficiency of the engine at the crankshaft.
Brake thermal efficiency can be more useful in certain aspects because it indicates the
mechanical efficiency of the engine. More generally, brake thermal efficiency takes into
consideration the mechanical losses that burden the engine. The brake thermal efficiency is the
ratio of mechanical power measured at the crankshaft to fuel power. Figure 4.6 lists the brake
thermal efficiency of the prototype generator at varying loads and engine speeds (shown in
RPM). For this work, the indicated thermal efficiency is defined in Equation 4.3 provided from

Heywood [70].

Wep
Nep = : 4.3
f.b mex QLHV ( )
18 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
| I 4275RPM .
_ 15{ [ 6700RPM =
s\; [ 19100RPM
Qo
&
[}
© 12 4 o
g ——
[0}
£ 10 -
2
i
m 8 - -
6 -
Low Load Part Load Full Load

Figure 4.6: Brake Thermal Efficiency Comparison
From Figure 4.6 it is shown that for each loading condition, as engine speed increases,
the brake thermal efficiency increases. More particularly, as engine loading increases the

difference between the brake thermal efficiency as engine speed increases also increases. The
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increase in efficiency is likely because as engine speed increases, volumetric efficiency
increases. This is because on a two-stroke engine certain tuning parameters, such as the port
shape and timing, are tuned to operate most efficiently at a certain RPM range, and as the engine
speed approaches this RPM, the efficiency increases [70]. Many two-stroke engines have narrow
RPM ranges at which they operate most efficiently [95]. For the KT100, a marked increase in
thermal efficiency and power output is observed as the engine approaches and operates in its
tuned highest efficiency RPM range, at around 9k RPM. When the engine is operating in its
RPM of highest efficiency, cylinder filling, and combustion efficiency increases while fuel
charge dilution decreases [92-94].

High load, high speed operation shows the greatest power and efficiency while low load,
low speed shows the worst power and efficiency. Apart from the engine operating far outside its
optimum tuning window at these speeds, the dynamo may contribute to poor performance low
speed low load performance because the effects of uneven coil loading become more
pronounced. Considering the data contained in Figure 4.6, it can be concluded that the generator
should be operated at the highest possible engine speed during operation. The engine is capable
of engine speeds in excess of 16k RPM. Such high engine speeds were not explored as they
showed a decrease in efficiency and an increase in undesirable noise, harshness, and vibration.

The brake thermal efficiency is relatively high because of the simplicity of the drive line.
Without a complex transmission, drivetrain, or other components to introduce sources of
mechanical loss, the generator can minimize power lost to friction and maintain relatively higher
brake thermal efficiency. Other tuning parameters encourage the efficiency of the engine to
increase with engine speed and throttle opening, such as the port geometry, duration, and timing.

Many two-stroke engines, when compared to other engine types, have a narrower range of RPM
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in which they operate efficiently [92-94]. It is common for two-stroke engines to be tuned to
operate most efficiently at high RPM and wide-open throttle conditions, which is the case for the
KT-100 [95]. In a steady-state application, such as the generator of this work, this can be a
particular advantage.

The mechanical efficiency of an engine is the ratio of brake power to indicated power.
Mechanical efficiency is affected by the friction and pumping losses that reduce the useful work.
The friction can result from the piston-to-cylinder interaction, bearing drag, and other friction
introduced by various mechanical components. Table 4.3 calculates the mechanical efficiency of

the engine at each loading condition. Equation 4.4 provides the mechanical efficiency.

ngp

Table 4.3: Calculated Mechanical Efficiency in Percent (%)

Loading 4275 6700 9100
RPM RPM RPM
Low load 86.6 89.7 915
Part Load 80.7 83.4 87.9
Full Load 80.8 83.8 87.1

Friction power depends largely on throttle position and engine speed. As the throttle is
opened, fewer pumping losses occur. Friction increases as engine speed increases because
friction is proportional to the square of engine speed. In addition, as engine power increases, the
forces that act on the ring and piston can cause higher rubbing forces that result in more friction
losses. It can be seen that mechanical efficiency increases with engine speed. This is likely

because there are lower pumping losses. Mechanical efficiency also decreases with engine
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loading. This is likely a result of the higher combustion forces increasing the force that the ring
and piston engage the cylinder wall with, which creates more friction [94].

In addition to evaluating the engine efficiency, the dynamo efficiency was analyzed. The
efficiency of the dynamo can be calculated by comparing the output power supplied to the
dynamo to the electrical power produced. Higher dynamo efficiency means that there is less
wasted energy and more available power to the application. The dynamo efficiency can also be
called conversion efficiency as it is a measure of how efficiently the dynamo can convert
mechanical power into electrical power. Specifically, the dynamo efficiency is the ratio of
mechanical power supplied to electrical power produced. The efficiency of the dynamo was
calculated and plotted as a function of efficiency vs output power. It should be noted that the
electrical efficiency is shown as a curve because the dynamo efficiency is constant across engine

loading. Figure 4.7 shows the measured dynamo efficiency.
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Figure 4.7: Calculated Dynamo Efficiency
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From Figure 4.7, it can be seen that as the power output increases, the dynamo conversion

efficiency increases. This is because at lower speeds, a larger proportion of the power supplied to

the dynamo is used to energize the coils and overcome friction and losses. The power consumed

to energize the coils is fixed and does not increase with increased speed or loading. Therefore,

the proportion of power lost to energize the coil diminished and the dynamao efficiency increased

with RPM and loading. Advantageously, high conversion efficiency occurs around the maximum

power output and target operation speed of the generator system. Table 4.4 lists the discrete

dynamo efficiency at each loading condition and engine speed.

Table 4.4: Electrical Efficiency at Discrete Loading and Engine Speeds

Loading Electrical

Condition RPM Efficiency (%)
4250

Low load 6700 62.5
9100
4250 70.6

Part Load 6700 85.3
9100 90.0
4250 97.3

Full Load 6700 97.0
9100 96.1

In view of the engine and dynamo performance, it can be concluded that the generator

should operate at a relatively steady high RPM and high loading conditions to achieve maximum

efficiency and power. Table 4.5 lists the measured parameters of engine performance of the

prototype generator at 9100 RPM.
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Table 4.5: Generator Performance at 9100 RPM

. Brake Brake Electrical
L901a(;1 (;nlfPM Torque Power Power
( ) (Nm) (kW) (kW)
Low load 1.24 1.25 75
Part Load 3.75 3.61 3.18
Full Load 8.95 8.65 8.5

The electrical power of the system was measured at the loads based on the voltage and
current draw of each heating element. The measured power at low load is the measured electrical
power to energize the coil and does not include measured electrical power at the load bank of
heating elements. Part load and full load include the power measured at the load bank and the
coil energizing power. For each loading condition, three engine speeds were tested and kept
constant. The throttle openings were limited to 10% for low load, 50% for part load, and wide
open throttle for full load. The loads were measured at the point of stall for each condition. The
electrical load was increased at each loading condition until stall. From Table 4.5, it is shown
that the prototype produced a maximum of 8.5 kW of electrical power at full loading and high
RPM conditions. Given that the generator has a proposed weight of 21 kg, the power density of
the prototype range extender on gasoline is calculated at .405 kW/kg, it can be concluded that, in
many scenarios, the generator’s performance is sufficient to function as a hybrid generator or

range extender.

4.3.4 Emissions Analysis
In this study, the exhaust emissions from the prototype generator were sampled and tested
for the purpose of understanding engine emissions performance and combustion characteristics.

An exhaust gas analyzer was incorporated in the exhaust stream to measure unburnt
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hydrocarbons (HC), carbon monoxide (CO), carbon dioxide (CO3), and oxides of nitrogen

(NOx). For comparison, all values are presented in units of grams per kilowatt hour (g/kW-h).

Unburnt Hydrocarbons
Figure 4.8 shows the HC emissions for different loading conditions and operating RPMs.
From Figure 4.8, The results indicate that HC emissions are reduced considerably with an

increase in engine RPM. Further, HC emissions decrease with an increase in engine load.
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Figure 4.8: Unburnt Hydrocarbon Emissions
In two-stroke engines, HC emissions are arguably the most concerning emissions species.
In a crankcase compression two-stroke engine, such as the engine KT-100, a significant amount
of the fuel may short-circuit during the scavenging and blowdown process resulting in fresh
charge escaping through the exhaust port. Fuel short-circuiting in two-stroke engines refers to the
tendency for a portion of the fuel/air charge to escape through the exhaust port during the

scavenging phase after exhaust blowdown [92]. This happens because, in a two-stroke when the
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piston is at BTC, the transfer port and exhaust port are open at the same time. A substantial
portion of the measured HC emissions are likely a result of fresh fuel-air escaping through the
exhaust port during the scavenging phase. Additionally, there are often regions in the combustion
chamber where fuel can be trapped during the normal combustion process and escape burning
[92]. These effects are greatly exaggerated under light load operation when conditions for
combustion are poor and when flame propagation may be incomplete and under low engine
speed operation when port timing is not optimized to prevent short-circuiting events from
dominating. The effect of the foregoing is apparent in the HC emissions measured during
operation, where peak HC emissions occurred at low load/low rpm operation. It can be seen that
as engine RPM and loading increase, the concentration of HC decreases. The concentration of
HC emissions is the highest at low load, low speed operation where the gas exchange is the least
efficient. This is likely because, under these conditions, the portion of the fuel that is subject to
short-circuiting is the highest. Unburnt hydrocarbon emissions are also influenced by incomplete
combustion. When the fuel is not completely consumed during the combustion event, it is
emitted at HC emissions [74]. Incomplete combustion often occurs at lower loads, smaller
throttle openings, and lower engine speeds as a result of lower in-cylinder and combustion
temperatures. In a two-stroke engine, the larger concentration of trapped exhaust gases at lower
engine speeds and loading conditions can lower combustion temperatures and promote
incomplete combustion. As loading and engine speed increase, the combustion temperatures
increase which decreases the occurrence of incomplete combustion. As a result, the
concentration of unburnt fuel decreases.

In addition, a potentially significant component of HC emissions in crankcase-scavenged

two-stroke engines is the lubricating oil mixed that is mixed with the fuel. At lower engine
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speeds and loads, the lubricating oil carried by the scavenged air stream may escape the cylinder
unburned and be exhausted. At higher loading, a substantially larger portion of the lubricating oil
is combusted resulting in a decrease in HC emissions with increasing loading and engine speed
[74]. Overall, a large portion of the HC emissions are generated from lubricating oil that is
partially combusted and expelled from the exhaust; this exhausted oil is measured with and adds

to the total concentration of HC emissions.

Carbon Monoxide

Figure 4.9 shows the CO emissions for different engine speeds and loading conditions. A
similar trend can be observed to HC emissions, where CO concentration decreases with engine
speed and loading conditions. However, the change in concentration is much less pronounced
with the CO species in comparison to HC. In two-stroke engines, the gas exchange and therefore
volumetric efficiency is linearly related to engine speed. As previously discussed, because the
engine porting and timing is optimized for high RPM operation, low-speed gas exchange is
relatively inefficient. The poor gas exchange at lower engine speeds results in a higher
concentration of trapped exhaust gas from cycle to cycle [92-94]. It is likely that the higher
concentration of diluent species lowers combustion temperature and increases the likelihood of
incomplete combustion. As engine speed is increased the gas exchange becomes more efficient
and the concentration of diluents is lower resulting in more complete combustion [75]. At lower
engine speeds and loading conditions, there can be areas of the cylinder wall that are locally
cooler. These regions can cause locally rich conditions. The rich regions resulting from deviation
from stoichiometric mixtures and poor trapping efficiency may contribute to the increase of CO

emissions at lower loads and engine speeds as rich regions also promote incomplete combustion.
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Figure 4.9: Carbon Monoxide Emissions

Carbon Dioxide

Figure 4.10 shows the relative amount of CO> from each loading condition and engine
RPM. Similar to HC and CO, there is a decrease in the concentration of CO, emissions with
increasing engine speed, but in contrast, there is a relatively constant concentration of CO2 across
different loading conditions. In general, the concentration of CO; increases as the A/F ratio
approaches stoichiometric conditions, while fuel-rich mixtures show a decrease in COa.
emissions [76]. The Walbro carburetor used in this work operates with a low-speed and high-
speed jet. To prevent the engine from overheating during high power operation, the high-speed
jet was set slightly richer than the low-speed jet. The extra fuel from the rich conditions helps to

control engine temperatures by increasing the latent heat of vaporization of the fuel in the
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combustion chamber. As engine RPM increased, the engine transitioned from the close to
stoichiometric low speed jet to the fuel-rich high-speed jet. As the fuel/air mixture is richened,
there is a noticeable decrease in CO2 concentration. The fuel-rich conditions likely result in

incomplete combustion and limit the formation of CO..
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Figure 4.10: Carbon Dioxide Emissions

Oxides of Nitrogen

Figure 4.11 shows the relative amounts of NOx emissions present during the operation of
the generator. Unlike the previous species, NOx shows an increasing concentration with an
increase in engine speed and loading. In some aspects, NOyx formation is a function of cylinder
temperature. Further, the formation of nitrogen emissions generally follows the Zel’dovich

mechanism which posits that the reaction rate and resulting concentration of NOx is a function of
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engine temperature [117]. Generally, at higher loads and power outputs, there is an increase in
combustion temperature [92-94]. This increase in combustion temperature likely encourages the
formation of NOy. It is therefore reasonable to expect an increase in NOx emissions as engine
RPM and loading increase, as shown by Figure 4.11 Additionally, extensive data from four-
stroke Sl engines has established that other critical engine variables that affect NOx emissions are
the amount of burned gas in the in-cylinder mixture of fuel and air, residual gas such as EGR,
and relative air/fuel ratio [92,95]. As discussed, in a two-stroke engine, as engine load and RPM
decrease, the cylinder filling efficiency and gas exchange rate also decrease. As a result, there is
a higher concentration of burned residual gas in the combustion chamber that dilutes the fuel
charge and lowers flame temperature. This natural EGR effect may influence the decrease in

NOx emissions at lower engine loading and RPM.
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Figure 4.11: Oxides of Nitrogen Emissions
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4.4 Conclusions

The high-performance portable generator that has the potential to function as a range
extender for an EV or a component in a hybrid powertrain that was designed in Chapter 3 was
tested in this chapter. The test of the design was intended to characterize the combustion,
performance, and emissions, as well as to evaluate the viability of the generator. It was found
that the prototype generator produced 8.5 kW of electrical power while having a weight of only
21 kg. As a result, the generator yields sufficient power density to function in the intended
functions. It was found that the thermal efficiency, mechanical efficiency, and power output of
the generator increased with increasing RPM, most likely as a result of the state of tune of the
engine. Further, the generator demonstrated a reduction in HC and CO emissions with increasing
load. However, as load increases, there is an increase in NOx emissions. It was shown that the
generator may be suitable for the intended applications but may be hamstrung because of the
high overall emissions. In the next chapter, methods to reduce emissions and increase

performance are investigated.
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CHAPTER 5: Experimental Validation. METHANOL

5.1 Introduction

As the automotive industry continues to move toward electrification, the increased cost
and limited vehicle range EVs and hybrid vehicles continue to burden consumers. In some
countries, the future sales of internal combustion engine-based vehicles have been restricted.
While electric vehicles and hybrid vehicles have certain benefits related to sustainability, they
also have disadvantages. A novel high power density electric generator that can function as a
range extender for EVs or as a component in a series hybrid powertrain has been presented in
previous chapters of this dissertation. In previous chapters, the prototype was designed,
constructed, and evaluated. Because of the high specific power demonstrated by the prototype, it
may have the potential to fill a not yet met vacancy in the state of the art. The generator is
particularly useful in scenarios where high specific power, portability, compactness, and small
size are appreciated. For example, the prototype generator of this dissertation may be
incorporated as a portable EV range extender, as a component in a UAV or drone powertrain, or
as a component in a series hybrid powertrain where power density is critical, such as in
motorcycles, ATVs, dirt bikes, small vehicles, ultralight aircraft, or marine applications [118-
119]

One of the key components to the high power density of the generator presented in this
dissertation is the two-stroke engine. The two-stroke engine is able to accomplish a combustion
cycle in only one revolution of the crankshaft. The simplicity of the two-stroke allows it to be
cheaper, lighter, and more power-dense than four-stroke engines. Although it is almost never the

case, from a theoretical standpoint, two-stroke engines are inherently more efficient than four-
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stroke engines because they do not have the friction and heat losses associated with non-power
strokes, or parasitic pumping losses from the valve train [120]. Most importantly, the increased
specific power of the two-stroke is the main advantage over four-stroke engines. The high
specific power of the engine used in the prototype contributed to the overall power density of the
prototype.

However, in some aspects, the use of two-stroke engines is controversial because of their
high emissions [121]. Two-stroke engines can emit higher levels of unburnt hydrocarbons and
carbon monoxide when compared to four-stroke engines. Even a small handheld two-stroke
engine can emit more specific pollution than four-stroke automobile engines [123-124]. On
larger engines, emissions control can be accomplished, for example, by lean burn control
schemes, catalytic converters, exhaust gas recirculation, lean burn technology, fuel injection, and
selective catalytic reduction. Although the emissions of two-stroke engines can be improved
through these means, the incorporation of such would increase the cost, weight, and complexity
and decrease the reliability of the engine [92, 125]. Clearly, the incorporation of these
technologies would decrease the advantages provided by the engines and thus are not an option.
Further, these solutions provide limited usefulness when applied to smaller engines [126-127]

The reduction of carbon emissions is vital for the viability and continued use of two-
stroke engines. Without the availability of large scale emissions reduction methods, other
strategies must be explored. Moreover, methods such as fuel injection, catalytic converters, and
exhaust after treatment are otherwise impractical for use with small engines. The use of
alternative fuels has been shown to be a promising solution to reducing carbon emissions in
automobile engines. The use of alternative fuels does not require major overhauls to the engine

architecture to achieve emissions reduction [128-129]. Many types of alternative fuels have been
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presented as replacements for gasoline, including for example compressed natural gas (CNG),
liquefied petroleum gas (LPG), ethanol, and hydrogen [130-132]. While these fuels are
promising, there is a vacancy in the state of the art for the evaluation of performance and
emissions reduction on small scale two-stroke engines. Moreover, there exists a vacancy in the
state of the art for high power density generators that operate on renewable fuel. The work in the
following chapter details the adaptation of the generator to function on methanol fuel. In

addition, the performance and emissions characteristics of methanol combustion are examined.

5.2 Methanol Fuel
5.2.1 Methanol as a Fuel

Methanol was chosen for use as an alternative fuel for the engine in pursuit of lowering
emissions and potentially increasing performance. Methanol (CH3OH) is a simple oxygenated
hydrocarbon that is among the top five most widely traded chemicals in the world and is an
attractive option as a fuel for use in internal combustion engines for a variety of reasons [133].
The scalability of methanol is one of the main advantages of methanol as a fuel. The efficiency at
which methanol can be synthesized coupled with its viability for use in an internal combustion
engine make methanol a promising candidate [134-135]. Most internal combustion engines can
be readily adapted to operate on methanol. In addition, methanol is a liquid fuel and is relatively
safe to store and dispense [136]. Thus, it would require little modification of existing fuel station
infrastructure to provide methanol fuel. In general, methanol also has the potential to offer
increased thermal efficiency and increased power output than gasoline [137]. Methanol has many
desirable attributes in view of its use as a fuel, such as high heat of vaporization or latent heat,

low stoichiometric fuel/air ratio (6.42:1 as compared to 14:7:1 for gasoline), higher laminar
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flame speed, high molar expansion ratio, low combustion temperature, and high hydrogen-to-
carbon ratio [138-140]. However, the energy density of methanol compared to gasoline is much
lower (43.4 MJ/Kkg for gasoline and 20.1 MJ/kg for methanol). Methanol also has a lower in-
cylinder combustion rate than gasoline [137]. The properties of methanol make it a highly
desirable fuel for use in internal combustion engines. Methanol is an alcohol and is a colorless
flammable liquid. One attribute in particular associated with methanol that makes it an excellent
candidate for use as an internal combustion engine fuel is its high octane rating (109 RON)
[141]. Methanol has a superior octane rating when compared to gasoline and exhibits a greater
heat of vaporization [141-142]. As a result, methanol is a suitable fuel for high compression high
output engines because the higher-octane rating permits a significant increase in compression
ratio while the high latent heat of vaporization cools the combustion chamber which together
increases the volumetric and thermodynamic efficiency and power output of the engine [143].
Notably, methanol has a lower volumetric energy density than gasoline or diesel [143].

In some aspects, methanol can be considered a net carbon zero fuel or “E-fuel.” Although
methanol is traditionally produced from fossil fuels, it can be produced from biomass, such as
wood, biomass, organic waste, or other organic sources that remove carbon from the atmosphere,
or man-made carbon-capturing techniques that actively remove carbon from the atmosphere
[144]. When methanol is produced from organic material or from carbon-capturing techniques, it
is often referred to as “bio-methanol” or “e-methanol” [145]. Bio-methanol is chemically
identical to the methanol produced from fossil fuels and can function as an internal combustion
engine fuel in a similar way [146]. Bio-methanol has been shown to give rise to significantly
lower greenhouse gas emissions during its lifecycle than fossil fuels [147-150]. The increase in

popularity of bio-methanol is a direct result of efforts to decrease emissions from internal
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combustion engines. The production of methanol from biomass or carbon-capturing techniques
does not involve experimental technology and can be commercially available. Further, the
sources used to produce bio-methanol are generally considered to be sustainable and readily
available [151].

The energy required to synthesize methanol can be sourced from either fossil fuel based
sources or renewable sources. For example, the energy required for the hydrogenation of
methane during methanol synthesis can be sourced from a renewable energy source, such as
wind or solar [152]. In an example aspect, methanol could be created by sourcing carbon from
renewable biomass or by absorbing carbon from the atmosphere. The energy required to
synthesize the methanol could be sourced from green energy. The carbon that is released from
combustion would be roughly equivalent to the carbon absorbed during methanol synthesis and
would not include the release of sequestered carbon [152]. Therefore, the use of methanol can in
many aspects be a net zero carbon fuel. Methanol was chosen for use as an alternative fuel in the
following work. It should be noted that the castor premix oil that was mixed with the methanol
fuel is a vegetable oil pressed from castor beans and is biodegradable and renewable.

One important consideration with methanol as a fuel is methanol’s toxicity and the
potential for toxic exhaust emissions. Although there are toxic exhaust emissions associated with
petroleum combustion, methanol combustion can introduce toxic exhaust emissions species that
are not associated with conventional fuel. Amongst these, formaldehyde and formic acid are
most notable. Both formaldehyde and formic acid can be formed at very low concentrations as a
product of incomplete combustion of methanol [152]. Formaldehyde can interact with molecules
on cell membranes and in body tissue and fluid, such as proteins and DNA. High concentrations

of formaldehyde can result in cell death. Importantly, it should be noted that methanol
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experiences less incomplete combustion than conventional fuels and that an individual would
have to inhale a substantial about of methanol exhaust to be damaging. Moreover, methanol itself
is a highly toxic substance and should be handled carefully. Methanol can be toxic if inhaled or
ingested and has a potentially lethal dose of 1 gram per kilogram of bodyweight. The same
products of incomplete combustion are formed in the body when methanol is ingested which can
cause blindless and cellular death. The hazards associated with methanol can be reduced or
eliminated with proper combustion chamber design, exhaust aftertreatment, and fuel injection
schemes to lower toxic methanol emissions as well as safe storage and transport of methanol fuel

to lower methanol exposure.

5.2.2 KT-100 Methanol Conversion

There were several modifications that had to be made to the engine to convert it from
gasoline combustion to methanol combustion. The differences between alcohol fuel and
hydrocarbon fuels are such that the fueling and ignition schemes for both are incompatible. As a
first matter, the engine was completely disassembled for inspection after the gasoline
experiments and cleaned. On a two-stroke crankcase scavenged engine, residual gas and oil can
linger in the crankcase, which could potentially interfere with the methanol data. The engine was
cleaned and reassembled. The gas tank and fuel lines were similarly drained and flushed with
methanol to ensure no cross-contamination of fuels.

The major step to convert the engine was replacing the Walboro carburetor with a
methanol carburetor. In its stock configuration, the Walboro carburetor is not sufficient for
methanol operation. Because stochiometric methanol combustion requires a richer A/F ratio

(6.46:1 as compared to 14.7:1 for gasoline), the carburetor must feed more fuel to the engine
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than the Walboro operable on gasoline. The Walboro carburetor is not suitable for this for
because of at least two reasons: the diaphragm lacks the capacity to move the fuel from the tank
to the engine, and the jets are not large enough to provide the proper fuel flow. In lieu of
modifying the Walboro, a carburetor configured for methanol operation was sourced and
installed. A small spacer was made to adapt the carburetor to the engine intake.

The Buller Atomizer carburetor, made by Buller Race Engines, is commonly used in kart
racing and other applications for methanol engines [153]. The Buller Atomizer carburetor is
similar in function and design to the Walboro but is structured for methanol fuel. The Atomizer
is a bolt on replacement for the stock carburetor and works with the existing controls. The
Atomizer has a dual-stage diaphragm pump, increased pilot and main jet dimensions, and a
larger venturi with a more exaggerated vacuum. According to their website, “This alcohol carb
begins as a WB3A but has the entire venturi area machined out and a CNC machined insert
installed. The insert atomizes the alcohol with 10 equally placed outlets around the venturi.”

[153]. Figure 5.1 is an image of the Bullet Atomizer carburetor.
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Figure 5.1: Image of Buller Atomizer Methanol Carburetor [153]

In addition to the carburetor, the sparkplug was exchanged with a colder heat range plug
which had a recessed electrode to prevent detonation, as is commonly recommended with
methanol kart engines. The spark plug was upgraded from an NGK BR9EIX to an NGK BU8H
model. Methanol engines require spark plugs with lower heat ranges to prevent pre-ignition,
larger electrode diameters to produce a more reliable spark, and recessed electrodes and grounds
in case engine compression is increased. The methanol plug is also adapted to withstand the
corrosive effects of methanol fuel. In general, alcohol fuels, such as methanol as used in this
work, have more ignition delay than gasoline. Often, the ignition on alcohol engines is advanced
to account for the greater ignition delay. For this application, the ignition timing was advanced
by two degrees from gasoline settings [95]. Importantly, the type of oil had to be changed for
methanol operation. During gasoline operation, a synthetic petroleum based two-stroke premix

oil was used. Because alcohol fuels are hygroscopic and highly polar, petroleum two-stroke
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premix oils are not miscible in alcohol fuels and therefore are incompatible; petroleum based
two-stroke premix oils can cause lubrication failures in alcohol engines. Therefore, the methanol
fuel was mixed with a castor based two-stroke premix oil. Castor based two-stroke oils are bio-
based oils that come from castor bean plants and are miscible in gasoline and alcohol fuels. The
highly polar fatty acids of castor oils readily form hydrogen bonds with and are dissolved by the
polar OH groups in alcohols [95]. These castor based oils often comprise fatty triglycerides,
specifically triester of glycerol and ricinoleic acid, and are characterized by their excellent film
strength and lubricity. Castor oils, such as the Klotz BeNol used in this work, are excellent
lubricating oils and have a higher wetting ability than synthetic, petroleum, or ester-based oils.
Moreover, Castor oils have an increased tendency to migrate toward locally hotter areas of the
cylinder and in many cases provide enhanced lubrication over other oil types [95]. Castor oils are
not as widely used as synthetic oils because they tend to leave carbon deposits behind. This
carbon formation is a result of low engine temperatures and poor oil mitigation. Carbon buildup
that results from oil residue is problematic for two-stroke engines that incorporate power valves.
The KT-100 is a good candidate for castor oils because of its higher operating temperature which
results from air cooling, and because it does not have a power valve [95].

After the engine was configured with methanol equipment, it was re-tuned to realize
optimal performance. The same tuning procedures that were used in the preceding chapters were
repeated with the methanol setup. However, the tuning parameters were slightly different with
methanol. As a first matter, the low speed needle was tuned fuel lean to promote easy starting.
Alcohol fuels can tend to foul plugs and can be hard to start with fuel rich conditions at low
speeds. The high speed needle was set fuel rich to prevent overheating. The extra fuel at higher

loads and RPMs can prevent overheating due to the increased latent heat cooling effects. With
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the engine converted and tuned for methanol, the investigation of methanol as an alternative fuel
could begin. Figure 5.2 is a collage of the methanol conversion on the engine during the tuning

process.

Figure 5.2: Methanol Conversion Collage

5.3 Experimental Procedure

The prototype was prepared on the test stand for experimentation and performance
testing. A series of heating elements, who’s current and voltage could be measured, were adapted
to provide a constant load to the engine. To simulate this operational load, these electric heating
elements were connected to the generator. Large iron castings were placed on the heaters to

absorb the heat produced to ensure they could continuously provide load to the engine. The

141



electrical power was measured at the generator. To cool the engine, an industrial blower was
mounted adjacent to the engine to force air across the air fins of the cylinder and cylinder head.

The system was instrumented to record the parameters of the engine and dynamo during
operation. K-type thermocouples were installed on the cylinder head and exhaust to measure
temperatures. The Bosch mass airflow sensor was included in the intake to measure air mass
flow rate. The cylinder head was modified to accept the Kistler model 6052A piezoelectric
pressure sensor to monitor the in-cylinder pressure. An Infrared Industries FGA 4000XDS
exhaust gas analyzer was used in the exhaust stream. The exhaust analyzer used NDIR (non-
dispersive infrared) to measure HC, CO, and CO; species. The analyzer also used an
electrochemical cell to measure the NOx emissions with a 1% full-scale accuracy. An ATO
digital rotary in-line dynamic torque sensor was installed between the engine and dynamo to
measure brake power, torque, and engine speed in rpm. Data from each sensor was collected
with a bespoke LabVIEW program; the program was used to record the data and synchronize the
signals. The collected data was post-processed and analyzed with MATLAB. The system
delivers reliable measurement results with an error of less than 5% based on the least accurate
instrument. A series of experiments were conducted at varying engine speeds and throttle
conditions. Each experiment at each condition was repeated five times to evaluate repeatability
and eliminate errors.

The loading was provided by the heating element connected to the dynamo. For all the
discussions below, full load is defined as the maximum electrical power measured before the
engine stalls. Low load is defined as the electrical power consumed to energize the coils and
measured only while freewheeling the generator with no electrical load connected. The low load

power is kept constant between the RPMs tested. Part load is approximately in the middle
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between low load and full load. The engine speeds were kept constant and throttle openings were
limited to up to 10% for low load, up to 50% for part load, and wide open throttle for full load.
The loads were measured at the point of stall for each condition. There are some variations in the
low load and part load as the generator does not allow for very fine control of loading. Low load,
part load, and full load loading condition experiments were conducted at three discrete and
constant RPMs, while the data was recorded. The load power is the power at each loading

condition measured at the load bank. Table 5.1 describes the loading conditions during testing.

Table 5.1: Loading Conditions During Testing

Loading Load Power

Condition RPM (kW)
4250

Low load 6700 .78
9100
4250 1.88

Part Load 6700 3.02
9100 6.12
4250 434

Full Load 6700 5.98
9100 9.80

5.4 Results and Discussion
5.4.1 Brake Power & Torque Analysis

The dynamic torque sensor which was configured to measure brake torque and brake
power was installed in between the engine and the dynamo allowing the brake power produced
by the engine to be measured. The torque sensor was coupled to the engine via the Lovejoy
coupling and to the dynamo via the drive belt. Figure 5.3 shows the brake power measured at the
crankshaft at three discrete engine speeds at low load, part load, and full load.
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Figure 5.3: Brake Power at Varying Loads and Engine Speeds

From Figure 5.3, It can be seen that brake power is relatively constant at low loads at
various engine speeds. At low loads, the engine is only producing enough power to rotate the
assembly and energize the coils of the dynamo. As loading increases, the brake power produced
by the engine shows an increase at each engine speed. At full load conditions, engine speed has a
profound effect on increasing engine power. Further, the highest brake power can be observed at
full throttle, which is full engine RPM, and full load conditions. It is theorized that friction and
throttling losses are predominant at lower engine speeds. Moreover, it is likely that at low load
high-speed operations, mechanical and pumping losses dramatically affect the brake power
produced by the engine. In a two-stroke engine, there is a dramatic increase in volumetric
efficiency with increasing engine speed, which can explain the sharp increase in brake power

with increased engine RPM [92-94].
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In another aspect, and as previously discussed in Chapter 4, the port timing and duration
likely have a profound effect on the performance of the prototype at different engine speeds.
Because the KT-100 is a piston port two-stroke, the port timing, duration, and shape are limited
to being optimized in a narrower range of operating speeds. Because of the limited tuning
window and in view of the KT-100 being a competition engine, the porting is tuned for high
RPM efficiency and high RPM output. This is an advantage for high RPM operation and a
disadvantage for low RPM operation. The brake power measurements in Figure 5.3 reflect the
state of tune of the engine; it can be seen that the engine produces more peak power at higher
engine speeds.

When compared to gasoline operation, the engine on methanol produced greater power
throughout each loading condition. More specifically, through the use of methanol fuel, peak
power was increased from 8.5 kW to 9.8 kW, which is an observed 15.3% more peak power at
full-throttle operation. Even though methanol has a lower energy density than gasoline, its
operating air/fuel ratio is much lower. As a result, there is much more methanol in the fuel
charge, and therefore the total energy of the fuel charge can be greater. The higher heat of
vaporization can increase the density of the incoming air charge [135]. In addition, the extra
oxygen that is introduced by the fuel can increase power. The engine may also be producing
more power as a result of greater ignition advance. In addition, the premix oil used during
methanol operation was castor-based, which unlike the synthetic premix oil used during gasoline
operation, contributes a measurable amount of energy to the combustion event [92-94].

Figure 5.4 shows the brake torque produced by the engine measured at the torque sensor.
Because power is a function of torque and engine speed, the torque produced at each discrete

loading condition and engine speed is related to the power at each loading condition and engine
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speed. More specifically, because loading is fixed, and power is a function of torque and RPM,
as RPM increases at a fixed loading condition the torque decreases and power increases. It can
be observed that maximum torque occurs at full load and low engine speeds where engine
efficiency is the greatest. Because the engine was power limited, and power is a function of

torque and RPM, maximum torque occurs at full throttle at the lowest engine speed.
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Figure 5.4: Brake Torque at Varying Loads and Engine Speeds

The torque produced increases with engine speed for likely the same reason power
increases with engine speed. As the engine speed is increased, the volumetric efficiency
increases and the fuel charge dilution decreases [92-94]. Unlike other engine architectures which
can use valves or forced induction, two-stroke engines rely heavily on the momentum of the
incoming fuel/air charge to breathe. As a result, two-stroke engines benefit from high RPM
operation and generally produce greater power and torque at higher RPM operation. Further,

there is a decrease in throttling losses as the loading is increased which results. The port timing
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and duration also could affect the brake torque. As stated, because the port timing and duration
are optimized for high engine speed operation, the increase in gas exchange efficiency at higher
engine speed could contribute to the increased torque at higher engine speeds.

When compared to gasoline operation, the prototype when operated on methanol
produced greater torque across each loading condition. Specifically, the engine operable on
methanol produced 21.7% more peak torque than the engine operable on gasoline. Similarly to
gasoline, the increase in torque is likely a result of the higher total energy in the combustion
charge with methanol combustion, resulting in slightly higher BMEP. Similarly to peak power,
the advanced ignition timing likely increased peak torque. The castor oil necessary for methanol
operation also adds a small but measurable amount of energy to the combustion event, whereas

the synthetic oil used during gasoline experimentation does not [98].

5.4.2 In-Cylinder Pressure

The cylinder head of the engine was machined to accept an in-cylinder pressure
transducer to provide the transient combustion pressure measurements during the operation of
the engine. Because two-stroke engines do not require valves in the cylinder head, the pressure
sensor could be ideally placed proximal to the spark plug. The data collected was synced to the
crankshaft position of the engine to provide pressure data as a function of crank angle.

Figure 5.5 shows the in-cylinder combustion pressure vs. crank angle at three discrete
loading conditions. From Figure 5.5, it is clear that as the load increases, the peak in-cylinder
pressure increases with each loading condition. In addition, there is an increase in in-cylinder
pressure at each loading condition as RPM increases. However, there is a greater increase in in-

cylinder pressure from low load to part load than from part load to full load. There is likewise a
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greater increase in in-cylinder pressure at each loading condition from 4250 RPM to 6700 RPM
than from 6700 RPM to 9100 RPM. The greater increase in in-cylinder pressure at lower engine
speeds and loading is likely because in a two-stroke engine, at lower engine speeds, the cylinder
filling efficiency and blowdown phase efficiency are low resulting in a higher concentration of
diluent exhaust species remaining in the combustion chamber from cycle to cycle [92-94].
Moreover, because the port timing and duration are not optimized for low engine speed
operation, the scavenging efficiency is lower at low engine speeds which results in higher levels
of trapped exhaust gas in the combustion chamber [92-94].

More generally, at lower engine speeds and partial throttle openings, there is a greater
concentration of exhaust gas that remains trapped in the cylinder from cycle to cycle. The high
concentration of trapped exhaust gas can lower the in-cylinder pressure rise. As engine speed and
throttle openings increase, there is a dramatic increase in-cylinder filling and blowdown
efficiency, in part due to the port timing and duration being optimized at these conditions. As a
result, there is a lower concentration of diluent species at higher RPM operation. Moreover, at
higher engine speeds, the effects of charge dilution are lower. The lower concentration of
diluents can result in higher peak pressure and pressure rise.

It is also observed that, for each loading condition, the in-cylinder pressure curve for
4275 RPM is more gradual and exhibits less of a peak than that of 6700 RPM and 9100 RPM.
Again, this is likely the result of high concentrations of exhaust gas at lower engine RPMs as a
result of poor gas exchange at low engine speeds. The greater concentrations of diluent exhaust

gas can encourage the in-cylinder pressure rise to be more gradual [30].
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Figure 5.5: In-Cylinder Pressure Comparison
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When compared to gasoline operation, there is a more pronounced rise in peak pressure
from part load to full load. In addition, the peak pressure values for methanol operation are
slightly higher than for gasoline operation. Methanol can operate at much lower air/fuel ratios
than gasoline. In other words, a larger quantity of fuel can be combusted during the combustion
event. Despite its lower energy density, the methanol fuel charge can contain a higher total
energy and produce a greater pressure rise [135]. More generally, methanol and gasoline
experience similar pressure curves. Further, methanol experiences a slightly earlier peak pressure
during the stroke for each loading condition and RPM when compared to gasoline. This is likely
a result of the timing being advanced slightly more than what is required to compensate for the
slower burning rate and ignition delay.

The data collected from the in-cylinder pressure measurements was next used to calculate
the heat release rate (HRR) of the methanol fuel. The heat release rate is an important approach
in examining the combustion process of an internal combustion engine. The HRR analysis
provides valuable information on the combustion behavior that can affect fuel economy, engine
performance, and emissions [154]. The HRR analysis can also provide a comparison of the
combustion behavior of methanol and gasoline. A further understanding of methanol fuel
performance and prototype performance was gathered by comparing the heat release rate to the
crank angle. Moreover, by evaluating the evolution of heat release per unit of time, a more
empirical view of combustion dynamics can be provided. In this chapter, the heat release rate
was calculated by using the first law heat release model proposed by Heywood [70]. This model
calculates the heat release rate from in-cylinder pressure based on the volume of the cylinder at
varying crank angles. For these calculations, the contents of the combustion chamber are

modeled as an ideal gas with R held constant. A constant specific heat ratio (y) of 1.325 as
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suggested by Heywood was used as the discrete values for y during combustion are not well

defined [70]. Equation 5.1 provides the heat release rate model.
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In a similar way to in-cylinder pressure, the heat release rate between the discrete loading
conditions at varying RPMs was compared. Figure 8 shows the comparison between heat release
rate at varying loading and RPM conditions.

From Figure 5.6, it can be seen that in general, the heat release rate increases with
increased loading conditions. The heat release rate also increases with RPM at each loading
condition. It is also observed that there is a larger increase in heat release rate from low load
condition to part load condition and a more subtle increase in heat release rate from part load to
full load condition, similar to in-cylinder pressure. In addition, the increase in HRR between
4275 RPM and 6700 RPM is more substantial than from 6700 RPM to 9100 RPM at each

loading condition. The full load operating condition showed the greatest heat release rate.

151



HRR (J/CAD)

HRR (J/CAD)

HRR (J/CAD)

20 1 1
HRR @ 4275 RPM
—— Low load
—— Part load
—— High load
15
10 1
5
0 feanr ——— . ‘\ - :
320 330 340 350 360 370 380 390 400
CAD (deg)
20—t
HRR @ 6700 RPM
—— Low load
—— Part load
—— High load
15
10
5
0 — T - - — —_ o
320 330 340 350 360 370 380 390 400
CAD (deg)
20 T
HRR @ 9100 RPM
—— Low load
—— Part load
—— High load
15
10 l
5
0 : . — e ——
320 330 340 350 360 370 380 390 400
CAD (deq)

Figure 5.6: Heat Release Rate Comparison
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The in-cylinder pressure is an important input variable when calculating the heat release
rate. The parameters specific to the engine that affect in-cylinder pressure in essence likely affect
the heat release rate. It is therefore theorized that differences in heat release rate are a result of
the differences in gas exchange efficiencies at different loading and RPM operating conditions.
In another aspect, the fuel burning rate may influence the measured HRR at each loading
condition and RPM. In general, the fuel burning rate increases with increased in-cylinder
turbulence [70]. The in-cylinder turbulence of the fuel charge in most engines increases with
RPM. Two-stroke engines in particular experience highly turbulent flow at high RPMs because
of fixed transfer port geometry [92-94]. The increase in HRR as engine speed increases may also
be a result of increased turbulence.

When compared to gasoline operation, the engine on methanol exhibited a slightly higher
peak heat release rate. This is likely a result of the extra oxygen (OH radicals) that participate in
combustion. It has been shown that OH radicals are able to increase the reaction rate of premixed
combustion [117]. In addition, methanol experiences a slightly earlier peak heat release rate than
gasoline, a likely result of the advanced ignition timing. However, gasoline experienced a greater
total heat release rate. It should be noted that the heat release rate of these fuels may be
influenced in part by the premix oil and oil ratio used in the fuel; methanol fuel requires an
alcohol-solvable castor-based oil which, unlike synthetic two-stroke oils, participates in the
combustion event [92-94]. Methanol operation also requires slightly different jetting than
gasoline, which could further influence the heat release rate [95]. Specifically, methanol engines
must operate fuel-rich at high load high RPM conditions to prevent overheating. These rich

operating conditions could affect the measured heat release rate. It was also found that methanol
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experiences a slightly later peak in heat release rate in crank angle than gasoline, likely because
of the slower combustion of methanol.

The cumulative heat release is the sum of the heat release rate throughout the cycle.
Cumulative heat release generally represents the total heat generated inside the cylinder per
cycle. Cumulative heat release is also an important parameter in providing a comparison between
gasoline and methanol. The heat release rate data was used to calculate the cumulative heat
release at the specified loading conditions.

Figure 5.7 shows the cumulative heat release rate results for different engine loads. From
Figure 5.7, it is clear that a similar trend to heat release rate can be identified between loading
conditions wherein the cumulative heat release increases with increasing loading conditions.
What’s more, there is a greater increase in cumulative heat release between low load and part
load conditions than between part load and full load conditions, likely as a result of the reasons
discussed above. In continuation, full load conditions exhibited the greatest cumulative heat
release. When compared to gasoline operation, methanol showed slightly higher cumulative heat

release, likely a result of the greater total energy content of the methanol fuel charge.
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5.4.3 Efficiency Analysis

It is important to consider the thermal efficiency of the system to understand its overall
effectiveness. Thermal efficiency is a reasonable way to understand a variety of efficiency
parameters, such as fuel efficiency, mechanical conversion efficiency, etc. with one metric.
Thermal efficiency can be defined as the ratio between work done to heat absorbed [27].

The indicated thermal efficiency was calculated from the pressure data taken from the in-
cylinder pressure sensor. Indicated thermal efficiency is the ratio of indicated power to fuel
power provided. Indicated thermal efficiency is important as it provides a measure of how well
the engine converts the heat energy from fuel into mechanical work. Further, indicated thermal
efficiency ignores the losses in the system and provides an idealized efficiency value. Table 5.2
displays the calculated indicated thermal efficiency of the engine. For this work, the thermal

energy is defined in Equation 5.2 provided from Heywood [70].

We,i

nf,i = (52)

mge* QLHY

Table 5.2: Calculated Indicated Thermal Efficiency

4275 6700 9100
RPM RPM RPM
Low load 9.99% 10.90% 11.45%
Part Load 11.75% 12.95% 13.09%
Full Load 12.14% 13.9% 16.81%

Loading

From Table 5.2, it can be seen that as RPM increases, the indicated thermal efficiency
increases. Further, as loading increases, the indicated thermal efficiency also increases. In one

aspect, the indicated efficiency can increase with increased RPM because there is less time for
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heat transfer to take place. More heat transfer can lower the thermal efficiency of the engine
because the heat energy is lost. Continuing, the engine is generally hotter at higher loading and
RPM which can further limit heat transfer and increase thermal efficiency. It is important to note
that the indicated thermal efficiency is an idealized value that calculates the work done inside the
cylinder and does not account for various losses that are present in a real engine, such as friction,
heat losses, and pumping and powertrain losses. Brake thermal efficiency is used to account for
these losses and can provide an idea of the useful work, such as crankshaft work.

When compared to gasoline, the prototype experiences slightly lower indicated thermal
efficiency. Specifically, the prototype experiences a roughly 20% decrease in peak indicated
thermal efficiency. Methanol likely has a lower thermal efficiency for a few reasons. First,
because the rate of combustion is lower for methanol, there is more time for heat transfer to take
place, which results in more heat losses. Because methanol is a single-component fuel, water
forms earlier during the combustion process [137]. Because water exists for a longer duration
with methanol combustion than with gasoline, it can absorb more heat and lower the in-cylinder
temperature and pressure rise. In addition, there are about 1.75 times as many moles of water per
unit of energy in methanol combustion as in gasoline combustion; the extra water content when
compared to gasoline can absorb heat and lower efficiency. It is likely that the combination of
the increased concentration of water during the combustion event in addition with the water
forming earlier during the combustion event may absorb more heat and lower the indicated
thermal efficiency. The latent heat of methanol is about 3 times greater than gasoline [137]. The
increased latent heat could further absorb some of the heat from the combustion event [137]. The
engine was tuned richer during methanol combustion when compared to gasoline. Heywood

suggests that fuel rich conditions, such as those present during methanol operation, can decrease
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the combustion efficiency, and lower the indicated thermal efficiency [92]. The stock cylinder
head was designed for gasoline combustion and is not optimized for methanol; it is likely the
cylinder head design could have lowered combustion efficiency which could affect thermal
efficiency. Methanol, as a result of being highly hygroscopic, could introduce water into the
combustion process. The additional introduced water could lower indicated thermal efficiency. It
is important to note that methanol fuel has a much higher octane than gasoline fuel [137]. The
higher octane of methanol allows it to function in engines with much higher compression ratios
than what would be possible with gasoline. If the compression ratio was increased, the indicated
thermal efficiency would likely be increased above that of gasoline [137]. It should be further
noted that utilizing liquid cooling may increase the indicated thermal efficiency because it can
decrease the heat lost through the cylinder [94].

The brake thermal efficiency is the measured efficiency of the engine at the crankshaft.
Brake thermal efficiency can be more useful in certain aspects because it indicates the
mechanical efficiency of the engine. More generally, brake thermal efficiency takes into
consideration the mechanical losses that burden the engine. The brake thermal efficiency is the
ratio of brake power measured at the crankshaft to fuel power. Figure 5.8 lists the brake thermal
efficiency of the prototype generator at varying loads and engine speeds (shown in RPM). For
this work, the indicated thermal efficiency is defined in Equation 5.3 provided from Heywood

[70].
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Figure 5.8: Brake Thermal Efficiency Comparison

From Figure 5.8, it is shown that similar to indicated efficiency, for each loading
condition, as engine speed increases, the brake thermal efficiency increases. Further, the brake
thermal efficiency increases with an increase in RPM. There is an increase in both indicated and
thermal efficiency as both engine RPM and loading increase. In another aspect, as engine loading
increases the difference between the brake thermal efficiency at increasing engine speed also
increases; the difference between low load and full load efficiency at 9100 RPM is much more
exaggerated than the difference between the same at 4275 RPM. The increase in brake thermal
efficiency likely results from the same parameters that affect indicated thermal efficiency. The
friction and mechanical losses that decrease brake thermal efficiency are generally constant
across engine RPM [92].

When compared to other powertrains, the brake thermal efficiency is close to the
indicated thermal efficiency as a result of few mechanical losses due to of the simplicity of the

drive line. Without a complex drivetrain to introduce sources of mechanical loss, the generator
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can minimize power lost to friction and maintain relatively higher brake thermal efficiency.
Other tuning parameters encourage the efficiency of the engine to increase with engine speed and
throttle opening, such as the port geometry, duration, and timing. Most two-stroke engines are
tuned to operate most efficiently at a certain RPM range, and as the engine speed approaches this
RPM, the efficiency increases [92-94]. Many two-stroke engines are also tuned to operate most
efficiently at high RPM and wide-open throttle conditions [94]. As a result, their efficiency is the
greatest in these conditions. In a steady-state application, such as the generator of this work, this
can be a particular advantage. It should be noted that, similar to indicated thermal efficiency, the
brake thermal efficiency could be increased by increasing the compression ratio [94].

Similarly to the indicated thermal efficiency, when compared to gasoline operation, the
prototype operating on methanol experiences slightly lower brake thermal efficiency.
Specifically, the prototype generator experienced 18% lower thermal efficiency on methanol.
The decrease in brake thermal efficiency is a result of the same parameters that decrease
indicated thermal efficiency. The brake thermal efficiency of methanol is lower than that of
gasoline due to the properties of combustion of methanol. The slower combustion and extra
water content as a byproduct of methanol combustion lower the combustion efficiency which
affects thermal efficiency. Once again, it should be noted that, because of methanol's superior
octane rating to gasoline, the thermal efficiency of the generator on methanol could likely be
increased above that of gasoline by increasing the compression ratio. The generator could also
experience an increase in indicated power and torque with further ignition advance. It is
contemplated that the thermal efficiency could be increased with the introduction of water
cooling, which would limit the heat lost to the air fins from a more constant operating

temperature.
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The mechanical efficiency of an engine is the ratio of brake power to indicated power.
Mechanical efficiency is affected by the friction and pumping losses that reduce the useful work
an engine can provide. The friction can result from the piston-to-cylinder interaction, bearing
drag, and other friction introduced by various mechanical components. Table 5.3 calculates the
mechanical efficiency of the engine at each loading condition in percentage (%). Equation 5.4

provides the mechanical efficiency.

ngp

Table 5.3: Calculated Mechanical Efficiency in Percent (%)

Loading 4275 6700 9100
RPM RPM RPM
Low load 89.1 924 94.0
Part Load 83.2 85.9 90.4
Full Load 83.3 86.3 89.6

Friction power depends largely on throttle position and engine speed. As the throttle is
opened, fewer pumping losses occur. Friction increases as engine speed increases because
friction is proportional to the square of engine speed. In addition, as engine power increases, the
forces that act on the ring and piston can cause higher rubbing forces that result in more friction
losses. It can be seen that mechanical efficiency increases with engine speed. This is likely
because there are lower pumping losses. Mechanical efficiency also decreases with engine
loading. This is likely a result of the higher combustion forces increasing the force that the ring
and piston engage the cylinder wall with, which creates more friction [94]. Specifically, higher
gas pressures can act on the ring through the ring end gap and force it to expand, which increases

the normal force between the ring and the cylinder [92]. When compared to gasoline, there is a
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slightly greater average mechanical efficiency of about 2.5%. This is likely a result of the extra
lubricity of the oil; castor oils tend to have a higher film strength than petroleum-based oils
which can reduce the friction between the piston and cylinder [94].

Considering the data from the power and efficiency analysis, it can be concluded that the
generator should be operated at the highest possible engine speed during operation. The engine is
capable of engine speeds of more than 16,000 RPM. However, such high engine speeds were not
explored as they showed negligible increase in efficiency and an increase in undesirable noise,
harshness, and vibration (NHV).

In addition to evaluating the engine efficiency, the dynamo efficiency was analyzed.
Similarly to in Chapter 4, The efficiency of the dynamo can be calculated by comparing the
output power supplied to the dynamo to the electrical power produced. Higher dynamo
efficiency means that there is less wasted energy and more available power to the application.
The dynamo efficiency can also be called conversion efficiency as it is a measure of how
efficiently the dynamo can convert mechanical power into electrical power. Specifically, the
dynamo efficiency is the ratio of mechanical power supplied to electrical power produced. The
efficiency of the dynamo was calculated and plotted as a function of efficiency vs output power.
It should be noted that the electrical efficiency is shown as a curve because the dynamo
efficiency is constant across engine loading. It should also be noted that the dynamao efficiency is
unchanged from what was measured in Chapter 4 because the only modifications were to the

engine. Figure 5.9 shows the measured dynamo efficiency.
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Figure 5.9: Calculated Dynamo Efficiency

From Figure 5.9, it can be seen that, similarly to the dynamo efficiency reported in
Chapter 4, the power output increases, the dynamo conversion efficiency increases. This is
because at lower speeds, a larger proportion of the power supplied to the dynamo is used to
energize the coils and overcome friction and losses. The power consumed to energize the coils is
fixed and does not increase with increased speed or loading. Therefore, the proportion of power
lost to energize the coil diminished and the dynamo efficiency increased with RPM and loading.
Advantageously, high conversion efficiency occurs around the maximum power output and
target operation speed of the generator system. When compared to gasoline, the electrical
conversion efficiency was slightly greater. This is a result of the generator providing more
mechanical input power to the generator. Table 5.4 provides the electrical conversion efficiency

at discrete loading conditions and engine speeds.
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Table 5.4: Electrical Efficiency at Discrete Loading and Engine Speeds

Loading Electrical

Condition RPM Efficiency (%)
4250

Low load 6700 63.2
9100
4250 71.6

Part Load 6700 86.5
9100 90.8
4250 97.4

Full Load 6700 97.1
9100 96.4

In view of the engine and dynamo performance, a similar conclusion to that presented in

Chapter 4 can be drawn, where it can be concluded that the generator should operate at a

relatively steady high RPM and high loading conditions to achieve maximum efficiency and

power. Table 5.5 lists the measured parameters of engine performance of the prototype generator

at 9100 RPM.

Table 5.5: Generator Performance at 9100 RPM

Loading ];iizje
9100 RPM
( )

Electrical
Power
(kW)

Low load 1.50

Part Load 6.55
Full Load 9.55

78
6.12
9.8

From Table 5.5, it is shown that the prototype produced a maximum of 9.8 kW of

electrical power at full loading and high RPM conditions. When compared to gasoline operation,

the methanol engine produced 15.3% more electrical power. This is a direct result of the engine

producing more power through the use of methanol fuel. Importantly, the generator weight did

not change between gasoline and methanol operation. Therefore, the use of methanol increased
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the power density of the generator. The increase in power density is a certain benefit as it
increases the usefulness of the generator. Given that the generator has a proposed weight of 21
kg and provides 9.8 kW of electrical power, the power density of the prototype range extender
with methanol is calculated at .466 kW/kg, which exceeds the prototype’s power density when
using gasoline of .405 kW/kg. The generator, when operable on methanol fuel, showed a 15.3%
increase in power density. This increase in power density further exemplifies that the prototype
of this work would be suitable for use as a generator where high specific power is required, such
as for use as a range extender for EVs or a component in a high-performance series hybrid
powertrain. It can be concluded that, in many scenarios, the generator’s performance is sufficient
to function as a hybrid drive or range extender [15]. Importantly, the performance of the
generator could be further increased by reconfiguring the engine architecture for methanol
combustion, for example by increasing the compression ratio or modifying the combustion
chamber for methanol combustion [95].

To understand the usefulness of the generator, its performance can be compared to a pure
battery range extender system to define a breakeven point. The breakeven point exists where a
pure battery range extender maintains a higher power density than the generator system. To
perform this calculation, the following assumptions must be made. First, no additional weight,
such as battery structures, thermal management, fuel tanks, control systems, etc., will be
included in the weight assumptions of the battery or generator. Second, the battery and generator
will power the same traction motor; the only parameter to be analyzed will be specific power of
the architecture. Currently, the average lithium-ion battery maintains a specific power of about
.72 MJ/kg [15]. Assuming the battery was equivalent in weight to the generator, Equation 5.5

shows that a battery equal in weight to the generator would provide 15.12 MJ of energy.
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(21 kg) * ( 72 f—é) = 15.12 MJ (5.5)

Given that the generator yields a brake thermal efficiency of about 15%, and that the specific
energy of methanol is about 22 MJ/kg, Equation 5.6 provides that the generator would need to

carry 4.58 kg of methanol to provide equivalent energy to a pure battery range extender.

15.12 M]battery _

e = 458 kg (5.6)

22 E* .15

Assuming that methanol has a density of .7918 g/cc, Equation 5.7 shows that the generator
would need carry 1.52 gallons of methanol to have equivalent energy to a pure battery range

extender of the same weight.

4.58 kg N 11
.7918 kg/1 3,3,785L
gal

= 1.524 gal (5.7)

From equations 5.6 and 5.7, it is shown that if the generator is supplied with less than about 1.5
gallons of fuel it is more practical to utilize a pure battery to supply power to the drive motor.
Likewise, if the generator is supplied with more than about 1.5 gallons of fuel, it is more
practical to utilize the generator of this work. Given that a user would likely carry more than 1.5
gallons of fuel, and that refueling is accomplished at a fraction of the rate of recharging, it is
suggested that the generator considered in this work maintains a practical advantage over a pure

battery configuration.

5.4.4 Emissions Analysis

In this study, the exhaust emissions from the prototype generator were sampled and tested
for the purpose of understanding engine emissions performance and combustion characteristics.
An exhaust gas analyzer was incorporated in the exhaust stream to measure unburnt

hydrocarbons (HC), carbon monoxide (CO), carbon dioxide (CO2), and oxides of nitrogen
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(NOx). For comparison, all values are presented in units of grams per kilowatt hour (g/kW-h). A

comparison between gasoline emissions and methanol emissions is provided.

Unburnt Hydrocarbons

Figure 5.10 shows the HC emissions for different loading conditions and operating
RPMs. From Figure 5.10, it can be seen that as engine loading increases, HC emissions decrease.

It can also be seen that HC emissions decrease at each loading condition with increased engine

speed.
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Figure 5.10: Unburnt Hydrocarbon Emissions
From Figure 5.10, it can be seen that there is a decrease in HC emissions as loading
increases. There is also a decrease at each loading condition as engine speed is increased. As
previously stated, in two-stroke engines, HC emissions are arguably the most problematic
emissions species. High levels of HC emissions burden many two-stroke engines and limit their
usefulness. In a premixed crankcase scavenged two-stroke engine, such as the engine

incorporated for this prototype, a significant amount of the fuel may short circuit. Short-
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circuiting refers to the fuel charge escaping the combustion chamber through the exhaust port
during the scavenging phase after blowdown [92]. When a two-stroke engine is at the bottom of
its stroke, the transfer port and exhaust port are simultaneously open. A portion of the incoming
fuel charge may escape the combustion chamber during this stage. Further, there are often places
where fuel can escape the flame front during the normal combustion process and escape burning
[92]. These effects are greatly exaggerated under low throttle openings when conditions for
combustion are poor and when flame propagation may be incomplete and under low engine
speed operation when port timing is not adequate to prevent short-circuiting events from
dominating. The effect of the foregoing is apparent in the HC emissions measured during
operation, where peak HC emissions occurred at low load/low rpm operation. It should be noted
that there is a pronounced difference in HC emissions between low load low speed operation and
full load high speed operation. This substantial decrease in HC emissions is a result of the
decrease in fuel short circuiting and further encourages high RPM high load operation of the
generator. The highest concentration of HC emissions can be seen at low speed low load
conditions where the effects of fuel short-circuiting are the most pronounced. As engine speed
and loading increase, the amount of fuel that is subject to fuel short-circuiting is decreased which
results in lower concentrations of HC emissions.

As previously discussed, unburnt hydrocarbon emissions are also influenced by
incomplete combustion. When the fuel is not completely consumed during the combustion event,
it is emitted as HC emissions [74]. Incomplete combustion often occurs at lower loads, smaller
throttle openings, and lower engine speeds as a result of lower in-cylinder and combustion
temperatures. In a two-stroke engine, the larger concentration of trapped exhaust gases at lower

engine speeds and loading conditions can lower combustion temperatures and promote
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incomplete combustion. As loading and engine speed increase, the combustion temperatures
increase which decreases the occurrence of incomplete combustion. As a result, the
concentration of unburnt fuel decreases.

In addition, a potentially significant component of HC emissions in crankcase-scavenged
two-stroke engines is the lubricating oil mixed that is mixed with the fuel. The lubricating oil
that escapes through the exhaust is often partially combusted and is emitted as blue smoke. In a
two-stroke engine, as the fuel charge enters the crankcase, the oil in the fuel separates from the
fuel charge and migrates through the engine [92]. At lower engine speeds and loads, there is less
heat to fully combust the oil, and the lubricating oil carried by the air stream may escape the
cylinder unburned and be exhausted as smoke or oil droplets. At higher loading, a substantially
larger fraction of the lubricating oil is combusted. This likely contributes to the decrease in HC
emissions with increasing loading and engine speed [74]. Overall, it is theorized that a large
portion of the HC emissions are generated from lubricating oil that is partially combusted and
expelled from the exhaust; this exhausted oil is measured with and adds to the total concentration
of HC emissions.

When compared to gasoline operation, the engine operable on methanol produced
significantly lower unburnt hydrocarbon emissions. HC emissions are often a result of
incomplete combustion [95]. Methanol is a more simple, single-component molecule than
gasoline and often experiences more complete combustion. In addition, the extra oxygen content
of methanol may further promote complete combustion. HC emissions are also correlated with
richer A/F ratios. The engine was tuned fuel lean on the low-speed setting on the carburetor
which resulted in lean A/F ratios in the low engine speed, low loading conditions where the HC

emissions are the highest. This leaner low speed A/F ratio with methanol likely participated in
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the reduction of HC emissions. It is theorized that most of the HC emissions from the generator
on methanol are a result of short-circuiting and not incomplete combustion, whereas with

gasoline incomplete fuel combustion contributed to HC emissions.

Carbon Monoxide

Figure 5.11 shows the CO emissions for different engine speeds and loading conditions.
A similar trend can be observed in HC emissions, where CO concentration decreases with engine
speed and loading conditions. However, the change in concentration is much less pronounced
with the CO species. As previously discussed, in two-stroke engines, the gas exchange and
therefore volumetric efficiency are linearly related to engine speed. As previously discussed,
because the engine porting and timing is optimized for high RPM operation, low-speed gas
exchange is relatively inefficient. The poor gas exchange at lower engine speeds results in a
higher concentration of trapped exhaust gas from cycle to cycle [70]. It is likely that the higher
concentration of diluent species lowers combustion temperature and increases the likelihood of
incomplete combustion. As engine speed is increased the gas exchange becomes more efficient
and the concentration of diluents is lower resulting in more complete combustion [92]. In another
aspect, the rich regions that form in the cylinder resulting from deviation from stoichiometric
mixtures and poor trapping efficiency may contribute to the increase of CO emissions at lower

loads and engine speeds as richer fuel mixtures encourage incomplete combustion.
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Figure 5.11: Carbon Monoxide Emissions

When compared to gasoline, methanol produces slightly less CO. CO emissions
essentially depend on air/fuel ratio. With methanol, CO emission is reduced due to oxygen
enrichment resulting from methanol. In some respects, the higher hydrogen to carbon ratio of
methanol combustion may influence the presence of CO. The greater concentration of hydrogen
atoms lowers the formation potential of CO [75]. Methanol is an oxygenated fuel and can
introduce extra oxygen in the form of OH radicals which also encourage the oxidation of CO to
COs.. The formation of CO is similar to HC, which often results from incomplete combustion of
fuel. Similar to the measured HC emissions, methanol may provide a decrease in CO emissions

because it achieves more complete combustion as a result of its chemical simplicity and carried

oxygen content.
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Carbon Dioxide

Figure 5.12 shows the measured amount of CO> from each loading condition at discrete engine
RPMs. Similar to HC and CO, there is a decrease in the concentration of CO2 emissions with
increasing engine speed, but in contrast, there is a relatively constant concentration of CO2 across
different loading conditions. In general, the concentration of CO; increases as the A/F ratio
approaches stoichiometric conditions [70]. The Buller Atomizer carburetor used in this work
operates with a low-speed and high-speed jet. To prevent the engine from overheating, the high-
speed jet was set slightly richer than the low-speed jet. As engine RPM increased, the engine
transitioned from the close to stoich low-speed jet to the slightly richer high-speed jet. It is likely
that, as engine RPM increased, the fuel mixture became richer resulting in a decreased
concentration of CO2. Engines that operate on methanol or other alcohol fuels are often tuned
with fuel lean low speed A/F ratios to reduce the difficulty of starting the engine [95]. The
engine of this work was likewise tuned fuel lean on the low-speed jet. These lean low speed fuel

ratios could have exaggerated the transition from lean to rich with increasing RPM.
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Figure 5.12: Carbon Dioxide Emissions
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Importantly, depending on the method of production, methanol can be a net-zero carbon
fuel. Certain carbon capturing techniques could be utilized in the production of methanol fuel.
The CO2 emissions generated during operation of the engine can be balanced by an equivalent
amount of CO2 removed or sequestrated during the production of the fuel. With the use of net-
zero carbon fuel, the engine has the potential to provide a net-zero impact on atmospheric CO-

levels and thus the measured CO: levels are moot.

Oxides of Nitrogen

Figure 5.13 shows the measured amounts of NOx emissions during the operation of the
generator. Unlike the previous species, NOx shows an increasing concentration with an increase
in engine speed and loading. In addition, for each loading condition, NOx levels increase with

increased engine RPM.
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Figure 5.13: Oxides of Nitrogen Emissions
Extensive data from four-stroke Sl engines has established that the critical engine

variables that affect NOx emissions are combustion temperatures. Several parameters that can
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affect in-cylinder combustion temperatures include the mass fraction of burned exhaust gas in
the in-cylinder mixture of fuel and air, residual gas such as EGR, and relative air/fuel ratio
[45,70]. As discussed, in a two-stroke engine, at lower engine loads and speeds, the cylinder
filling efficiency and gas exchange rate is low. As a result, there is a higher concentration of
burned residual gas in the combustion chamber that dilutes the fuel charge and lowers the flame
temperature. The result of the foregoing generates similar in-cylinder conditions to an engine
equipped with an exhaust gas recirculation (EGR) system. EGR systems are structured to lower
NOx emissions by increasing the dilution ratio of the fuel charge and lower in-cylinder
temperatures. This natural EGR effect may influence the decrease in NOx emissions at lower
engine loading and RPM. As shown above, during low load, low RPM operation where the fuel
charge may be more diluted by trapped exhaust gas, there are lower measured levels of NOx.
Additionally, the lower flame temperature resulting from the cooler combustion and high latent
heat of hydrogen reduces the formation of thermal NOx when compared to gasoline [77].

When compared to gasoline operation, the prototype on methanol, the NOx emissions
were slightly lower. This is most likely because the maximum temperature of the thermodynamic
cycle is lower with methanol as a fuel than gasoline. The adiabatic flame temperature of
methanol combustion is lower because of the lower specific energy of methanol and because of
the higher latent heat of vaporization [137]. NOx emissions increase in positive correlation with
increasing combustion temperature due to their formation mechanism. NOy emissions could
potentially be lowered further in a methanol engine by leaning the fuel mixture. This is made
especially feasible with methanol fuel due to its wider flammability range when compared to
gasoline. Because the A/F ratio of methanol is lower than gasoline, there is less air and therefore

less nitrogen in the combustion chamber to form NOx. It should be noted that the NOx emissions
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an engine produces are not associated with the fuel used because the nitrogen source is the air.
Rather, the NOx emissions are often a result of in-cylinder combustion conditions and are

otherwise outside the scope of control with alternative fuels, such as methanol.

Emissions Reduction Through Methanol

Due to their high-power density, small footprint, simplistic constriction, and low cost,
two-stroke engines may remain the most suitable choice for high power density generators like
the prototype discussed in this work. However, due to their high specific emissions, it is difficult
for gasoline-powered crankcase scavenged two-strokes to meet emission requirements in most
jurisdictions. In many applications, it is not practical to outfit these often small engines with
common emissions reduction technology, such as fuel injection or exhaust after treatment. A
potential solution to this is to adapt the engine to operate on a renewable fuel that provides lower
carbon emissions. For this work, the engine of the prototype generator was modified to operate
on methanol, which is a net carbon-zero renewable fuel. In view of other emission reduction
methods such as exhaust catalytic aftertreatment, fuel injection, lean burn techniques, etc.,
alternative fuels are favorable because they require little to no modification and do not add
complexity and weight to the powertrain.

In summary, when comparing the gasoline operated prototype and methanol operated
prototype, it was found that peak NOx emissions from the methanol experiments were 26.3%
lower than the gasoline experiments. Further, peak CO emissions were approximately 53.2%
lower and peak HC emissions were approximately 42.6% lower with methanol than with
gasoline. The average CO> emissions were reduced by 40.3%. In general, CO and HC emissions

form during incomplete combustion during the combustion event. Because methanol experiences
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more complete and perfect combustion, CO, and HC emissions are generally lower. However,
because the engine utilizes a fuel oil blend where the oil is composed of fatty triglycerides, it is
likely the combustion is less ideal than pure methanol combustion. It should be noted that certain
elements of HC emissions are a result of short circuiting and would not be affected by the
combustion chemistry.

Further, though there is a significant reduction in HC emissions, some levels of HC
emissions are unavoidable regardless of the fuel with this engine architecture due to fuel short-
circuiting. As discussed, during the scavenging phase when the piston is at BDC, the transfer
ports and exhaust ports are open simultaneously which results in unburned fuel escaping from
the exhaust. There does, however, exist a plurality of solutions that could be incorporated to
reduce the quantity of HC escaping from the exhaust. Amongst these, the incorporation of a
tuned expansion chamber is the least costly and invasive and would potentially provide a
significant reduction in HC emissions while providing a boost in specific power. Tuned exhaust
pipes include an expansion chamber that are dimensioned to reverberate the exhaust pressure
wave back to the exhaust port. When this happens, the exhaust port is substantially sealed, and
fuel short-circuiting is limited. In addition to decreasing the emissions of the engine, tuned pipes
are often operable to provide significant increases in volumetric efficiency and cylinder filling of
two-stroke engines, which would further increase the output power, efficiency, and energy

density of the prototype.

5.5 Conclusions
The high-performance prototype electric generator that has the potential to function as a

range extender for an EV, hybrid vehicle generator for powersports or power equipment, UAV
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propulsion or the like from the previous chapters was converted to operate on renewable fuel in
pursuit of emissions reduction is presented in this chapter. The prototype electric generator from
the previous chapters was modified to function with methanol fuel and the experiments from
Chapter 4 were repeated to characterize the combustion, performance, and emissions of the
prototype while using methanol fuel. It was found that the prototype electric generator produced
9.8 KW of electrical power while having a proposed weight of only 21 kg. Further, the prototype
demonstrated certain increases in power while simultaneously demonstrating a decrease in
certain emissions species when compared to gasoline operation. As a result, the power density
and effectiveness of the prototype generator was increased over gasoline. The prototype operable
on methanol exceeded the power density when operated on gasoline. Further, the generator
demonstrated a reduction in HC, NOy, and CO emissions when compared to gasoline operation.
It was shown that the generator may be suitable for applications where high specific power, low
cost, and low weight are critical. In addition, there still remain avenues for increased power,
thermal efficiency, and emissions reduction. The generator may additionally be suitable for
applications with strict emissions requirements, in particular, if used in combination with net-

zero emissions methanol fuel.
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CHAPTER 6: Conclusions & Future Work

6.1 Conclusions

The major objective in this dissertation is to explore the experimental development and
performance of a prototype high power density electric generator, and more generally, explore
the protentional to source energy from alternative fuels. The high power density electric
generator of this work can be used in a variety of applications, for example as a range extender
for electric vehicles, as a component in a hybrid powertrain for powersports and off road
equipment, and a UAV range extender [155]. To achieve this goal, the state of the art for high
power density electric generator was investigated and contemplated. Preliminary experiments
were conducted with a gasoline generator where the generator was modified to operate on a
synthetic gaseous alternative fuel. The fuel in the preliminary experiments comprised inert and
flammable components. The performance and emissions of the generator operable on alternative
was measured and evaluated.

With the knowledge and techniques from this preliminary work and literature review, a
prototype high power density generator was constructed and arranged in a test stand. The test
stand was operated and optimized and prepared for experimentation. The first series of
experiments were conducted with the generator operable on conventional gasoline fuel. The
performance and emissions data during gasoline operation was collected and analyzed. After the
gasoline experiments were conducted, the engine of the test stand was modified to operate on
renewable methanol fuel. The experiments were then repeated, and the data was recollected. The
performance and emissions data from methanol operation was analyzed and compared with

gasoline. It was found that the prototype high power density generator would theoretically yield
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the highest power density of any similar generator both known and theoretical. Moreover, there
was a substantial reduction in major emissions species as well as slight performance increases
when the generator was converted to methanol fuel. A final design of the prototype was proposed
and submitted in this work. At the completion of this dissertation, the following major
contributions to the field have been made and corresponding conclusions are summarized as
follows (more detailed findings should be found in the conclusions of each chapter):

New fundamental insights have been obtained into the viability of gaseous fuels which
comprise high levels of diluent species have been obtained. Many engines are currently equipped
with exhaust gas recirculation devices that reintroduce the inert products of combustion back into
the engine in an attempt to reduce certain exhaust emissions. However, these systems often only
introduce small quantities of diluent gas into the fuel charge. This work provides insights to
possibility of adapting modern engines to operate on fuels that are almost 50% diluent exhaust
gas. This work provides techniques and lessons for the adaptation of existing engines to use fuels
of this type and provides experimental validation of the same. Specifically, it was found that
through light to moderate modification, existing engines can become adapted to use gaseous
fuels with a high diluent charge. In addition, this work provides data that suggests that similar
levels of performance can be achieved in addition to the reduction of certain exhaust emissions.

A new fundamental design for a high power density electric generator that can be used in
a variety of applications, such as a range extender or in combination with a hybrid powertrain
was presented. The design and development of the generator is provided in this dissertation as
well as experimental techniques and data. Further, this work demonstrates that the prototype
generator has one of the highest power densities of any known generator that is available. It was

concluded that the prototype has the potential to function as a range extender for an EV, a hybrid
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powertrain for power equipment and small vehicles such as motorcycles, ATVs, or PWCs, and
UAYV range extenders. A prototype based on the design was constructed to characterize the
combustion, performance, and emissions, as well as to evaluate the viability of the generators. It
was found that the prototype generator produced 8.5 kW of electrical power while having a
weight of only 21 kg. It was found that the thermal efficiency, mechanical efficiency, and power
output of the generator increased with increasing RPM. Further, the generator demonstrated a
reduction in HC and CO emissions with increasing load. However, as load increases, there is an
increase in NOx emissions.

The last focus of this dissertation involves the modification and operation of the engine
on renewable fuels. This dissertation submits new techniques and findings and enhances the state
of the art of engines and power generation for hybrid powertrains and high power generators
using renewable fuel. The engine was modified to operate on methanol, which is a potentially net
carbon zero fuel. The engine was then returned and optimized for methanol fuel, and the
experiments of the previous section were repeated to characterize the combustion, performance,
and emissions of the prototype while using methanol fuel. It was found that the prototype electric
generator produced 9.8 kW of electrical power, showing a 15.3% increase in power when
compared to gasoline operation. As a result, the generator yields the highest power density of
any theoretically proposed or commercially available generator considered in this work. It was
found that the power output and peak torque of the generator increased with increasing RPM.
Further, the generator demonstrated global reduction in measured emissions, including a
reduction in HC, NOx and CO emissions when compared to gasoline operation. It was shown
that the generator may be suitable for applications where high specific power, low cost, and low

weight are critical. In addition, there still remain avenues for increased power, thermal
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efficiency, and emissions reduction. The generator may additionally be suitable for applications

with strict emissions requirements.

6.2 Future Work

Based on the findings of the work of this dissertation, it can be concluded, through the
efforts of this dissertation, the prototype satisfied the scope of this work. However, there are
several technologies and modifications that can and should be made to continue to improve the
performance of the prototype.

The first action that should be taken to advance this work is to complete a commercially
viable final design of the generator. The prototype of this work demonstrated that it is feasible to
produce a high power density electric generator for use in, for example, a hybrid powertrain or
range extender. The components that would be included in the final design have been validated
on the test stand and can be incorporated into a consumer-ready package. Thus, it is envisioned
that the final design would incorporate the essential elements demonstrated on the test stand. It
should be emphasized that the final design should focus on minimizing the size and weight of the
generator. In one aspect, the final design can remove some of the weight associated with the
stand as the aluminum used to build the dynamo was not optimized for weight. A planetary
gearbox or other gear reduction could be used in the place of the belt drive to lower weight and
reduce the final size. Cooling could be achieved by way of a small cooling fan in unity with a
cooling duct to direct cooling air around the cylinder head. A polymer casing could be included
to house the components. Figure 6.1 is a collage of CAD models of one embodiment of a

potential final design.
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Figure 6.1: CAD Model of Proposed Final Desing

It has been shown in this work that conventional some conventional engines can be
modified to operate on alternative renewable fuels to gasoline or diesel. It is contemplated that
future work could include the use of other alternative fuels to operate the generator. Some
alternative fuels, either gaseous or liquid, may further decrease certain emissions species or
improve performance in some aspects. Ammonia (NHs) has been shown to be a promising
alternative to gasoline as an alternative fuel [156]. While ammonia is mainly used for fertilizer
production, it stands as a promising alternative to hydrocarbon fuels due to its high energy
density and ease of storage. Ammonia can be affordably produced from fossil fuels, such as
natural gas or coal, or biomass similar to methanol. As a result, ammonia stands to be another
potentially net zero carbon fuel if carbon capturing techniques are incorporated. Moreover,
ammonia delivers an energy density comparable to fossil fuels, around 22.5 MJ/kg [157]. It is

theorized that similar techniques to those used in this work could be applied to the generator or
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other engines to convert them to ammonia combustion. Ammonia’s properties allow it to be used
in internal combustion engines with minor engine modifications. Moreover, similarly to
methanol, fuel stations would require little conversion to dispense ammonia fuel [158]. The
nature of nitrogen based fuels is such that ammonia can be used within a dual-fuel concept, for
example in combination with gasoline, diesel, methanol, ethanol, and others while handing over
promising results in terms of emissions and performance [160]. Thus, the consideration of
ammonia as a fuel for this engine and others is encouraged.

In one aspect, the dynamo could be improved or replaced with a smaller more powerful
dynamo. The commercially available dynamos are either prohibitively expensive or have a
power density that is too low. In some of the works considered in this dissertation, custom
dynamos were made and coupled to the engine which increased the global power density of the
generator. Therefore, the potential to increase the performance, power density, and decrease the
size and weight of the generator by way of alternative or custom generators should be explored.

In another aspect, modifications to the engine can be made that could dramatically
increase the performance both on methanol and gasoline. The engine could be blueprinted, which
refers correcting the manufacturing tolerances which are relatively loose to lower costs [95]. The
compression ratio on the stock KT-100 is relatively low as a result of Karting rules which govern
the manufacture of the engine. The compression ratio could be increased which would increase
MEP and thermodynamic efficiency. Increasing the compression ratio is especially useful for
methanol operation; because of methanol’s high octane rating (109 RON), the compression ratio
can be increased above what would be possible with gasoline which can further increase
thermodynamic efficiency and power. This can be achieved by milling the cylinder head.

Further, the squish band of the engine, which refers to the geometry of the combustion chamber,
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could be optimized for methanol operation which would further increase the performance of the
engine. Finally, the operational RPM of the prototype could be increased past 9100 RPM. The
power an engine produces is in many ways a function of RPM. This engine was restricted to
9100 RPM for NHV considerations. The prototype could be outfitted with sound and vibration
dampening equipment that would allow the engine to operate at a higher RPM. It is theorized
that higher RPM operation may also increase thermodynamic efficiency as evidenced by the
thermodynamic efficiency trend from this work.

There are several technologies, some simple and some complex, that could be configured
with the engine to increase performance. In a first aspect, the exhaust could be upgraded on the
engine from a can style silencer to an expansion chamber. Expansion chambers are commonly
equipped on two-stroke engines to increase their volumetric efficiency [92,95]. As previously
stated, it is a common misconception that two-stroke engines emit higher levels of emissions
because they utilize a total loss lubrication system where the oil is mixed with the fuel and
combusted in the cylinder. However, most of the increased levels of emissions result from the
transfer port and exhaust port being open at the same time when the piston is at the bottom of the
stroke. An expansion chamber is a tuned exhaust pipe comprising a series of cones and nozzles
that optimize the Cadence effect to reflect the exhaust pulse wave back towards the exhaust port,
effectively sealing the port and preventing fuel short circuiting [92]. Once the piston falls and
uncovers the exhaust port, the exhaust pulse travels down the expansion chamber. Once the
exhaust pule reaches the expansion chamber, it is then reflected by the expansion chamber and
returns back to the exhaust port where it meets the escaping fresh fuel charge and substantially
prevents fresh fuel from bypassing the combustion chamber. Figure 6.2 is a schematic of the

operation of a two-stroke expansion chamber.
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Figure 6.2: Two-Stroke Expansion Chamber Schematic [92]

Expansion chambers exhausts can increase the volumetric efficiency of a two-stroke
engine past 100% and in some applications increase the specific power by up to 100%,
commonly 50%. One particular advantage to a tuned expansion chamber is that they can
decrease HC emissions by preventing fuel short circuiting. Expansion chambers prevent the fresh
fuel charge from escaping the engine [92]. Moreover, expansion chambers can be tuned to
increase the power at specific RPM ranges or broaden the powerband of the engine; the
prototype generator of this work could benefit from a tuned exhaust pipe in terms of increased
power output and lowered HC emissions. Figure 6.3 is an image of a two-stroke expansion
chamber on a Yamaha Yz250. Figure 6.4 is an example of a tuned pipe for a karting engine
similar to the KT-100. It is theorized that a tuned pipe could be constructed that is similar in

design to the exhaust pipes presented in Figures 6.3 and 6.4.
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Figure 6.3: Yamaha Yz250 Two-Stroke Expansion Chamber

Figure 6.4: Example of a Tuned Pipe [97]

There are a few other technologies that should be explored in future works to increase the
performance of the prototype that would be less invasive than those previously presented. Firstly,
the engine could be equipped with a power valve. A two-stroke power valve is a mechanical
valve that is in the exhaust port and is structured to alter the exhaust valve timing, and in some

cases, tuned length of the exhaust. These devices are often governed by the RPM of the engine
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and function similarly to variable valve timing in four-stroke engines. These valves a can
increase the power output of the engine over a greater RPM range and have the protentional to
reduce certain emissions species. Future iterations of the prototype of this should consider the

use of a power valve. Figure 6.5 is an image of a two-stroke power valve.

-

Figure 6.5: Schematic of Two-Stroke Power Valve [161]

Certain electrics can be included in the engine to further increase power and reduce
emissions. It is theorized that catalytic aftertreatment could be incorporated into the exhaust to
further increase certain exhaust species, such as HCs. These catalytic aftertreatment systems
have been successfully scaled down and incorporated into small engines, such as chainsaws with
good success in reducing HC emissions. In addition, lean burn strategies could be incorporated to
reduce nitrogen and carbon emissions. There are several outboard manufactures who produce
two-stroke power heads which incorporate these lean burn strategies. The engine could be

outfitted with a separate oil pump to inject lubricating oil directly into the engine which removes
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the need to mix fuel and oil. This technology could reduce oil consumption and emissions by
reducing the amount of oil injected during low load and low RPM operation where excess oil is
not required. Each of these technologies should be investigated as future improvements to the
generator of this work.

Fuel injection techniques are increasingly common with two-stroke engines and have
shown great potential in reduction of emissions. KTM, an Austrian motorcycle manufacturer, has
shown that fuel injected two-stroke engines have the potential to decrease certain exhaust
emissions to that of comparably sized four-stroke units [162]. KTM offers a variety of models
with throttle body fuel injection and transfer port fuel injection. Transfer port fuel injection is of
particular interest as it has shown that locating fuel injectors in the transfer ports of the cylinder
can reduce the amount of fuel that is lost in short circuiting. Further, the use of transfer port fuel
injection has been shown to work well with lean burn strategies and should be investigated in

future works. Figure 6.6 is a schematic of a Transfer Port Injection (TPI) scheme.

Figure 6.6: KTM Transfer Port Fuel Injection Schematic [162]
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However, these fuel injection schemes fail to completely solve issues of fuel short
circuiting. Regardless of the injection technique, combustion scheme, or exhaust apparatus, there
is always the potential for some fuel to escape through the exhaust port with these methods.
Direct injection, which refers to locating a fuel injector directly in the cylinder poses to
completely solve fuel short circuiting in two-strokes. Figure 6.7 is a schematic of a direct

injected two-stroke cylinder.
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Figure 6.7: Schematic of Direct Injected Two-Stroke [163]

With direct injection, the fuel injection event can take place after the exhaust port is
sealed by the piston, which means that only fresh air and products of combustion are expelled
through the exhaust port when both ports are simultaneously open. Bombardier Recreational
Products, or BRP has shown through their E-TEC direct injection technology that direct injection
schemes can be successfully applied to two-strokes with high levels of emissions reduction
[163]. The E-TEC engines are used extensively in their snowmobile and outboard engines and
have shown that the direct injected two-stroke can meet or exceed emissions standards and

actually offer lower emissions than comparable four-stroke engines. Moreover, direct injection
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opens up the potential for forced induction on crankcase scavenged two-stroke engines because
of the elimination of fuel short circuiting. Figure 6.8 is an image of an E-TEC 800cc parallel

twin direct injection two-stroke engine.

Figure 6.8: Image of BRP E-TEC Direct Injected Two-Stroke [126]

It is evident that there is a bright future for two-stroke engines. The lightweight,
simplistic design, and high specific power are advantages that cannot be matched by alternative
engine configurations in certain applications. The two-stroke engine is a key element in the
success of this work, and continues to play a crucial role in powersports, power equipment, off
highway equipment, and a variety of other applications. It, therefore, should continue to be
researched and developed at least until an alternative to internal combustion engines is viable.

Long live the two-stroke engine.
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Appendix A

A-1: KT-100 Heat Transfer Analysis

The following is a preliminary analysis of the heat transfer expected from the KT-100 during
operation. This analysis was performed to estimate the total heating capacity needed during
experimentation. Because the engine was air cooled, a large fraction of the engine cooling took
place via natural convection. However, the blower was used to ensure that the engine did not
overheat. It should be noted that methanol operation required less cooling. Methanol has a much
higher cooling effect due to the high latent heat of vaporization. Further, it should be noted that
the final prototype of this work is envisioned to remain air cooled. Although less efficient, air
cooling permits the system to function without a radiator and save weight. If the generator were
to be used in a UAV application where loading is expected to be high, air from the rotors could
be directed over the engine. In addition, if the generator were to be used in a powersport
application, the natural convection cooling effects would be enhanced by forced convection from

the generator moving through the air.
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A-2: KT-100 Port Map, Ignition Timing, Tuned Exhaust [95]

As mentioned throughout this work, the engine porting of the KT100 heavily influenced the
performance. The porting map with this particular engine comes from the factory to facilitate
high RPM operation. To improve the discussion of the porting, a port map has been included in
this appendix. The ignition timing was further modified to optimize the engine for methanol. A

copy of the ignition timing parameters is also included.

Ports
| Yamaha KT100S e

995" max. z A85" max
(2 plom) < 1551 max. > (zm:n)
D l I'.llfnu 0

s 140' mln.
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A-3: Post Experiment Methanol Evaluation

After the methanol experiments were conducted, the engine was disassembled and inspected to
gauge the mechanical health in an objective manner. Due to the qualitative the nature of this
analysis it was not included in the body of the dissertation. However, the author feels like a
qualitative analysis of this nature should be performed. Below is a collage of images taken after

the engine was disassembled.
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A-4: Pulley Ratios
During the tuning phase the variety of pulley ratios was explored. These ratios who created from
a combination of the pulleys that were available. Below is a list of available ratio combinations

that were considered.

at engine 9500 rpm at engine 4500 rpm
new sproket |ratio percent difference |new rotor rpm |new torque new rotorrpm _|new torque
28.00 2.00 0.14] 4750.00 14.00 2250.00 10.00
30.00] 2.14] 0.20 4433.33 15.00 2100.00 10.71
32.00] 2.29 0.25 4156.25 16.00 1968.75 11.43
36.00| 2.57, 0.33 3694.44 18.00 1750.00 12.86
40.00] 2.86) 0.40 3325.00 20.00| 1575.00 14.29
48.00 3.43 0.50 2770.83 24.00| 1312.50 17.14

A-5: Image of testing
The following is an image of the testing during testing. This image is included to demonstrate the

hardware, including the cooling fan starter motor and load plates.
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