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ANALYSIS OF BIO-ALCOHOLS WITH MIE-SCATTERING AND LTC FOR LOWERED
EMISSIONS IN PCCI
by
CESAR EULISES CARAPIA
(Under the Direction of Valentin Soloiu)
ABSTRACT
An investigation was conducted on the optimal engine parameters for facilitating lower NOX and
soot emissions of PCCI combustion with either ethanol or n-butanol. The PFI fuels selected were
tested at loads of 3, 4, and 5 Bar IMEP for a total of 28 total combustion tests with variations made
to the EGR% and boost pressure for each test in order to find the optimal emissions strategy. A
Mie-scattering spray fuel analysis was also conducted on the three fuels to gain insight on their
influence on combustion/emissions characteristics. It was found that ethanol had a greater average
Sauter Mean Diameter than n-butanol by 5 μm. This indicated that if the intake temperature is not
sufficiently high, ethanol may not form a complete homogenous air-fuel mixture compared to nbutanol. Although ethanol had a lower reactivity than n-butanol it was found that the PPRR and
subsequent AHRR was dramatically increased at loads of 4 and 5 bar IMEP. At 4 bar IMEP, PCCI
with ethanol had an increased PPRR of 39% to PCCI with n-butanol and an increase of 39.67%
for max AHRR. At 5 bar IMEP, PCCI with ethanol had an increased PPRR from PCCI with nbutanol of 38.94% and an increase of max AHRR of 50.98%. In concerns to the emissions, it was
found that PCCI with n-butanol had greater reductions of NOX emissions than PCCI with ethanol
while ethanol was found to greatly reduce soot emissions. At a load of 5 bar IMEP, PCCI with nbutanol had a simultaneous reduction of NOX and soot emissions of 53.2% and 36.7% respectively
from CDC while PCCI with ethanol had emissions reductions of 21.3% and 72.28% respectively
from CDC. In addition to this, the environmental impact of PCCI with either ethanol or n-butanol
was shown to be considerably reduced by as much as 58.9% as indicated by the lower renewable
carbon index. PCCI with n-butanol if incorporated at higher loads and a proper EGR/boost
strategy, is a greater method of choice for reducing both NOX and soot emissions while reducing
the environmental impact.
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INTRODUCTION
Purpose of Research
Society today has become more concerned about climate change and the impact of nonrenewable carbon on the environment. As a result, governments worldwide have begun to enact
policies for the reduction of Green House Gasses (GHG) through either passing even stricter
emissions regulations or the outright banning of Internal Combustion Engine (ICE) powered
passenger vehicles. With this recent shift, attention has been drawn on how to meet these stricter
emissions and how to reduce ICE impact on the environment while simultaneously meeting energy
demands. Currently as it stands, energy demands for the consumer and commercial transportation
sector require a multi-faceted solution as electric powertrains are not yet suitable for all sectors of
the market.
With this in mind, research is well underway on minimizing the impact ICE powered
vehicles have on the environment with the utilization of advanced combustion techniques, exhaust
after treatment systems, renewable biofuels, hydrogen combustion, and synthetic drop-in fuel
replacements. As a result of which, promising solutions have emerged for future and past ICE
platforms to tackle society’s ever-increasing energy demands while overcoming the environmental
challenges set before it. As such, for the foreseeable future ICE powered powertrains will remain
an integral part of the transportation sector specifically in rural communities and the commercial
sector.
Emissions Effect on the Environment/Human Health
Over the last couple of decades, concerns have been growing on the impact various gaseous
emissions from ICE have on both the environment and human health. As a result, various studies
have been conducted not only on how to mitigate these emissions but also their impact in general.
The primary emissions of concern from Compression Ignition (CI) engines apart from Carbon
Dioxide (CO2), are Nitrogen Oxide (NOX) and soot emissions. NOX emissions from combustion
primarily end up in the lower troposphere where they are broken down by UV rays and form ozone
as seen in Figure 1. As a result of this, smog develops in highly industrious/urban areas and has
been shown to negatively affect human health particularly those with respiratory issues (Price et
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al. 1997). In addition, N2O has been shown to reduce stratospheric ozone as it is broken down by
UV rays into nitric oxide and nitrogen which then reacts with ozone to form NO2.

Figure 1: NOX Emissions Transformation into Ozone (NOAA 2016)

In addition to effecting human health and the formation of tropospheric ozone, NOX
emissions have been shown to effect acid rain events due to the increase in hydroxyl-radicals
formed in the troposphere (Lawrence and Crutzen 1999). However, acid rain events are
predominately governed by the sulfur released into the atmosphere, this once was a major concern
prior to the introduction of Ultra-Low Sulfur Diesel (ULSD) in 2006 (EPA 2021b). As a direct
result of this, the quantity of sulfate deposition in bodies of water were shown to decrease from
the high levels previously seen between 1989-1991 as shown in Figure 2.
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Figure 2: Annual Wet Sulfate Deposition Prior to ULSD and After (EPA 2021a)

Although soot emissions have a relatively low environmental impact when compared to
other gaseous emissions emitted from combustion processes, they do however negatively impact
human health, particularly those who have respiratory conditions (EPA 2021c). As a result of this
investigations were done and continue to this day on how to mitigate their effect and how different
particulate matter shape/sizes effect their impact on human health (H. Bockhorn 2009). It was
found in investigations from Frampton et al. that when exposed to ultrafine carbon particles in
concentration 10-100 times greater than most urban environment for prolonged periods of time,
tests subjects exhibited minimal to no airway inflammation (Frampton et al. 2004). This study
indicates that pure soot by itself may not negatively impact health although contaminants that are
attached to the soot particles may cause issues (H. Bockhorn 2009). In addition, it was found that
soot from bio-diesel combustion was less mutagenic than soot from ULSD combustion due to the
reduction of poly aromatic hydrocarbons (PAH), indicating that apart from bio-diesels lesser
impact on the environment it may also have lesser impact on human health (H. Bockhorn 2009).

Conventional Emissions Mitigation Strategies
One of the first methods of mitigating emissions from CI engines was Exhaust Gas
Recirculation (EGR) introduced in the 1970s and grew more prevalent starting in the 2000’s
(Hawley et al. 1999) an example of which can be seen in Figure 3. This method was primarily
introduced for the reduction of NOX emissions, however often at the cost of soot and UHC
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emissions. EGR is able to reduce NOX emissions due to its effect on increasing the specific heat
of the intake air, lower peak Apparent Heat Release Rate (AHRR), and increasing the Ignition
Delay (ID) thereby reducing combustion temperatures (Maiboom, Tauzia, and Hétet 2008).

Figure 3: EGR System (Hannu Jääskeläinen 2020)

However, EGR’s negative effect on soot emissions and Brake Specific Fuel Consumption
(BSFC) can be mitigated by employing a constant Air Fuel Ratio (AFR) strategy while
simultaneously lowering NOX emissions (Kouremenos, Hountalas, and Binder 2001).
Introduced soon after EGR, diesel exhaust aftertreatment systems began to be introduced
into on-highway diesel engines starting in 2001 with Diesel Oxidative Catalysts (DOC) being the
first (Hannu Jääskeläinen 2020). This was done in order to meet more stringent NOX, CO, soot,
and UHC emissions regulations that could not be met with either injection strategy’s or EGR.
Unlike in their Spark Ignition (SI) counterparts, CI aftertreatment systems require multiple
components with different materials, with each component targeting a specific exhaust component
as seen in Figure 4.
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Figure 4: Tier 4 CI Exhaust Aftertreatment System (Deere 2022)

This is due to the fact of CI combustion typically having both a leaner AFR and lower
exhaust temperatures than in SI combustion makes SI catalyst ineffective on reducing emissions
on a CI platform (Majewski 2016). In addition to this CI engines typically have higher NOX and
soot emissions than SI engines, thus increasing the complexity of the aftertreatment system needed
as seen in Figure 5 where the combustion characteristics of each are visualized.
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Figure 5: CI vs SI Emissions Charecteristics (Maurya 2019, Pitz JW 2011)

Although these methods have been adequate for meeting current and near-term emissions
standards, it is however not without its draw backs. Primary of which is the added cost of these
systems (primarily that of the exhaust after treatment system) to the overall cost of the vehicle. In
addition to this, it adds another fluid that must be regularly replenished by the user for the system
to function optimally.
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Electric Powertrains Progress and Hurdles
Electric vehicles have been gaining popularity in recent years as an alternative platform for
the transportation sector. This in part is due to both advancements in battery tech, charging
infrastructure, and increasing incentives by government bodies within consumer level vehicle
platforms (Morgan 2019). However, for many particularly those not located in urban centers
electric vehicles and their supporting infrastructure have not yet reached the maturity level wanted
by these consumers (Altun et al. 2019).
Battery technology has made great advancements in recent years with decreasing costs of
battery packs as well as increased range. Over the last 12 years the $ per kWh of battery packs
have decreased from $1200 to just under $200 per kWh as seen in Figure 6 (Richter 2021). This
has dramatically reduced the costs of electric vehicles and as a result lowered the threshold at
which consumers can obtain one with the price being brought lower by government incentives.
Although the price of battery packs has lowered tremendously over the last decade, it appears in
recent years to have leveled out indicating that the current battery technology (lithium-ion based)
has reached its limits.

Figure 6: Battery Pack Costs Since 2010 (Richter 2021)
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As much progress as battery technology has made over the last decade, more progress is
needed to not only further reduce the cost per kWh of the battery packs used in vehicles but also
the reduction of their environmental impact. Although from an end user perspective, electric cars
in themselves are cleaner than their ICE powered counterparts. Be that as it may electric vehicles
still have environmental concerns that must be addressed, primarily that of the sustainability of
their batteries during the manufacturing stage and after their useful cycle life. Particularly the
heavy metals required for the making of most electric vehicle battery packs, primarily lithium and
cobalt.
Lithium is a vital component that forms the backbone of modern-day rechargeable batteries
due to its energy density and life cycle compared to other battery technologies available in the
market (Nickel cadmium, lead acid, etc.). Lithium although present in trace amounts throughout
the world in most rocks and soils, is rarely found in concentrations necessary for industrial level
extraction processes. This is due in no short part by the reactivity of lithium causing it to bind with
other elements reducing its concentrations. Currently few locations in the world have the
abundance of lithium necessary for industrial level extraction, the majority of which are located in
Argentina, Bolivia, and Chile (DC Bradley 2018). Although other geological viable locations exist
in the United States, China, and Australia, the vast majority of these deposits are in lower
concentrations than the deposits found in South America.
However, the process in which lithium is obtained is highly damaging to the environment
in both its extraction from the ground and the refinement of its ore (Kaunda 2020). As is the case
with most mining operations, the extraction of the ore from the earth tends to be heavily destructive
to the local environment with practices such as the usage of separation ponds as shown in Figure
7. The usage of this mining process can negatively impact the enviroment by not only
contaminating the local watertable with various heavy metals that severely degrade biological
functions but also uses a great quantity of water inorder to mine the mineral (DC Bradley 2018).
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Figure 7: SQM Lithium Mine in the Atacama Desert Chile (Ellsmoor 2019)

In addition to this, cobalt another vital component of most modern-day battery
technology has various issues related to not only its environmental impact but also the ethics
associated with the extraction practices of most mining operations. Over the last two decades
demand for cobalt has been increasing at an exuberant rate as consumers demand more potent
portable devices in conjunction with the increased production of EVs as seen in Figure 8 below.

Figure 8: Cobalt demand from 2000 to 2015 with projections to 2025 (Frankel 2016)
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Cobalt similar to lithium, is not widely available at high concentrations throughout the
world except for a few locations primarily located in the Democratic Republic of the Congo. As a
result of economic pressures, most mining operations in the DRC do not adhere to environmental
or worker safety regulations typically seen in other countries in order to keep up with the increasing
demand on the global market. Due to the lack of regulations and a system where only upon
successful recovery of minerals are the miners paid, miners are forced to use artisanal mining
practices as seen in Figure 9. All too often this leads to severe injuries or even fatalities, due to the
lack of oversight of these operations most families are left paying the medical bills on their own.

Figure 9: Artisinal Mining Used in the Extraction of Cobalt (Frankel 2016)

With all of this in mind, research on solid state batteries is poised to help alleviate most of
these issues while simultaneously increasing the versatility and energy density of rechargeable
batteries (Albertus et al. 2021). Unlike lithium-ion batteries, solid state batteries utilize a solid
electrolyte layer (primarily composed of either ceramics or polymers) rather than a liquid
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electrolyte and as a result reduces the reliance upon metals like cobalt or lithium and increases the
resilience of the battery cell. However, the manufacturing process of incorporating the solid
electrolytes with the electrodes has been a major hurdle for mass production of this battery tech.
Nevertheless, researchers from MIT have developed a sintering methodology for joining these
materials together in a manner that can be scaled up to levels necessary for mass production
(Chandler 2022). In recent years this technology has begun to mature to the point where major
companies such as Toyota have begun to develop plans to mass produce them by the mid 2020’s
for their products (Miller 2022) as seen in their roadmap presentation in Figure 10.

Figure 10: Toyota's Plan for Solid State Batteries (VISNIC 2021)

Internal Combustion Engines Future
Although fierce competition has begun over the powertrain technology utilized in the
passenger vehicle portion of the automobile industry, ICE will remain an integral solution for
solving societies energy demands particularly in the commercial/industrial markets.
Advancements on the reduction of emissions emitted from ICE have been made not only through
research in advance combustion techniques but also the usage of alternative fuels either synthetic
or biofuels. One advancement that has been gaining traction in recent years is the usage of

25
hydrogen as either a dual fuel or single fuel solution for reducing and/or eliminating CO2
emissions and reduce NOx emissions in ICE mostly intended for commercial/industrial sectors
(Hosseini and Wahid 2016). For example, studies have been conducted on the utilization of
hydrogen for fueling gas turbines for providing quick electrical supply for the PowerGrid’s
instantaneous demand spikes. A study by Beita et al. investigated the usage of either
natural/hydrogen gas mixtures and pure hydrogen gas for utilization in a gas turbine for
minimizing the thermoacoustic instability characteristics and NOx emissions of the various
mixtures (Beita et al. 2021). With the findings of this investigation and others related to this
subject, hydrogen gas has a promising future for in the power generation industry as not only is its
cleaner burning than natural gas but also simultaneously helps solves the power generation issues
associated with renewables.
In conjunction with this, hydrogen has also been investigated for usage in CI engines in the
commercial sector. The benefits seen in hydrogen combustion in gas turbines are also prevalent in
CI engines, however work is underway for optimizing CI for utilization of hydrogen gas. Primarily
the research is focused on optimizing the injection strategy and other various emission control
methods (EGR and boost) for not only minimizing NOx emissions but also maintain a cycle-bycycle combustion stability as seen in various studies (Gao et al. 2022, Babayev et al. 2021). As
seen in Figure 11 below, a direct injection strategy is optimal for maintain stability of the
combustion process as a PFI strategy has issues with backfire and/or pre-ignition.
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Figure 11: PFI Injection of H2 vs DI of H2 (Gao et al. 2022, Babayev et al. 2021)

In addition to hydrogen combustion, alternative synthetic fuels have been developed as
drop-in replacements for fossil fuels utilized in either SI, CI, or aerospace jet engines (Styring,
Dowson, and Tozer 2021, Boehm, Scholla, and Heyne 2021). This henceforth is meant to be
utilized in existing ICE platforms as the transition is made to newer platforms that can utilize other
alternative fuels. These synthetic fuels have similar combustion characteristics to their intended
replacements, as of yet research is underway for increasing the production scale of these fuels.
Though progress has been made on utilizing various catalysts for increasing efficiency in
production of these fuels from various sources (Goh et al. 2022). A figure detailing the criteria
utilized for measuring the feasibility of a synthetic fuel can be seen in Figure 12.
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Figure 12: Criteria for Feasability of a Synthetic Fuel (Styring, Dowson, and Tozer 2021)

Purpose of Study
This study was conducted in order to gain insight on the optimal EGR and boost strategy
necessary for lower NOx and soot emissions using PCCI with either 45% PFI of ethanol or nbutanol over various loads.

Statement of Hypothesis
With an optimal EGR and boost strategy, PCCI can obtain a NOx and soot emissions
reduction of at least 10% for 2 out of the 3 loads without the need of a non-neat ULSD#2 DI fuel.
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LITERATURE REVIEW
Bio-alcohols
Kasmuri et al. (2017) conducted a study on the generation of bio-alcohols utilizing various
pyrolysis methods. It was observed that in order for bio-alcohols production conducted in this
manner to be more profitable heavier considerations have to be made on the utilization of byproducts created by pyrolysis in addition to what method is utilized. Of the three methods of
pyrolysis (Conventional, Fast, and Flash), Flash pyrolysis is optimal for creating bio-alcohols.
However, Flash pyrolysis requires higher heating rates (>1000 °C/s) than conventional pyrolysis
(0.1-10 °C/s) and thus is more difficult to achieve, this however leads to an increase in produced
bio-alcohol of 50% over conventional pyrolysis.
Weber et al. (2010) investigated on the production of second-generation bio-alcohols
utilizing Lignocellulosic biomass rather than feedstock as is the case with first generation bioalcohols (primarily ethanol). It was found that although bioethanol production has an established
production infrastructure, more progress has been made on the production of second-generation
bio-alcohols such as butanol for its potential for increased utilization of otherwise wasted
biomaterials. As of 2010, production of second-generation bio-alcohols such as butanol are limited
by the ability for micro-organisms to survive environments containing more than 7-8% butanol.
As such, this study suggests for further feasibility of lignocellulosic bio-alcohol production, more
efficient methods for extracting the butanol from the bio-mass reactor are needed in order to
increase the mass-production of said bio-alcohols.
Hergueta et al. (2018) investigated the effect bio-alcohols have on morphology of
particulate matter emitted from combustion in comparison to gasoline. It was found that ethanol
and n-butanol fuel mixtures decreased the overall size of particulate matter emitted in comparison
to gasoline. However, ethanol and n-butanol have differing particulate matter structures, ethanol
fuel blends had particulate matter form in more chain like structures while as n-butanol fuel blends
had more of a clump shape.
Han et al. (2019) conducted a study on the usage of bio-alcohols for the production of jet
fuels via multiple processes. This study was conducted to counteract the carbon dioxide emissions
associated with the aviation industries increasing output with carbon neutral sources. The
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production of carbon neutral jet fuel was produced via several methods utilizing bio-alcohols and
or their sourced biomass, these processes utilize the Sugar To Jet (STJ) method by catalytic
upgrading and the conversion of either sugar or starches to hydrocarbons. In addition to this,
biological organisms converting biomass directly to jet fuel with the addition of catalysts to
convert the produced bio-alcohols (ethanol, n-butanol, methanol) into jet fuels via the Direct Sugar
to Hydrocarbon (DSHC) process.
Kang et al. (2014) investigated the yields of second-generation methods for the production
of bioethanol. Currently, commercially viable bio-ethanol production is limited to first generation
methods (derived from food stock biomass) due to second generation bio-ethanol production
(derived from non-food biomass, lignocellulosic) relatively low yields of 30%-50% ethanol from
supplied biomass. However, it was found with the introduction of genetically modified S.
cerevisiae and Z. mobilis and the reduction of steps involved in production, yields increased to
92% of the theoretical limit of bio-mass conversion to ethanol.
Yoshimoto et al. (2018) investigated the effects various bio-alcohol isomers (iso-butanol,
n-butanol, iso-pentanol, n-pentanol) diesel fuel blends had on combustion properties in a
supercharged diesel engine. It was found that regardless of the engine’s operation with or without
EGR or boost, all the tested bio-alcohol fuel blends where able to reduce NOX and smoke emissions
in comparison to conventional diesel combustion. The fuel blends consisting of either n-butanol
or iso-butanol had the greatest reduction in smoke emissions when compared to iso-pentanol or npentanol due to the higher oxygen content of butanol. However, the bio-alcohol fuel blends where
unable to make a considerable difference to emissions utilizing conventional combustion
techniques.
Doustdar et al. (2021) conducted a study on the wear characteristics of various bio-alcohols
either in neat fluids or as mixtures with diesel. It was found that all bio alcohols tested (butanol,
pentanol, cyclopentanol, cyclopentanone) in their neat forms had lower roughness in their wear
tracks than neat diesel. In addition to this, all the bio-alcohol diesel fuel blends (especially
cyclopentanone) where shown to have lower wear scars than their neat counterparts due to the
oxygenated fuels forming a protective lubricative layer between moving parts. This indicates that
the longevity of high-pressure fuel systems could be extended with the usage of bio-alcohols.
Xiao et al. (2019) investigated the effects various n-butanol fuel blends would have on the
emissions and combustion characteristics of a 4-cylinder engine under various loads. It was
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observed that an increase in n-butanol lead to the reduction of soot formation as well as a decrease
in combustion duration. Ignition delay was increased as n-butanol was added to the primary fuel.
CO, UHC, and NOX emissions also increased as the concentration of n-butanol in the primary fuel
was increased. This led to the conclusion that n-butanol should be added to ULSD in moderate
quantities as not to increase harmful emissions too much.
Huang et al. (2019) researched alternative ways of producing n-butanol from low-cost
sources. Cassava bagasse was utilized as the main biomass for the fermentation process for the
production of n-butanol. It was observed that with selective breeding of a Clostridium bacteria
strain that the production of n-butanol was increased by a considerable amount and if used properly
within a bio-reactor setup, can lead to a viable industrial production of n-butanol from low-cost
produce.
Liang et al. (2019) utilized a constant volume combustion chamber to analyze the
reactivity of n-butanol and a diesel surrogate n-heptane at various combustion chamber
temperatures. It was observed that n-butanol had a two-stage heat release associated with its
combustion regardless of the temperature of the combustion chamber. It was also discovered that
as the equivalence ratio of the air within the combustion chamber increased, so did the pressure
and heat release rates by a substantial amount.
Tian et al. (2020) investigated the effects n-butanol would have on a Port Fuel Injected
(PFI) Spark Ignition (SI) engine under various engine speeds. It was discovered that n-butanol
increases engine power and torque considerably at low engine speeds but faces an inverse reaction
as the speed is increased. However, the decrease in performance is not substantial and if used
effectively, increases the thermal efficiency of the engine. This is done in conjunction with the
reduction of CO and NOX emissions, however at the cost of increasing Hydrocarbon emissions.
It was determined in this investigation that n-butanol can serve as a viable alternative to ethanol as
a additive to gasoline for the desired performance.
Raganati et al. (2020) studied a viable process for the absorption of butanol from a
fermentation process to reduce the die-off of bacteria within a solution to maintain the production
at a steady state. It was observed that an amberlite material; mat was able to safely remove excess
butanol from the system at a lowered energy process in comparison to traditional means. This
study potentially revealed key steppingstone for the industrial scaled production of butanol needed
to make it a marketable biofuel.
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Green House Gas Emissions
A study conducted by Roser (2020) analyzed the greenhouse gasses and other pollutants
emitted from various countries from the begging of the industrial era (1800) to the present (data
available as of 2019). It was shown that although the United States had historically been a major
contributor to worldwide CO2 emissions, major strides have been made since 2006 for the
reduction of CO2 emissions emitted as seen in Figure 13. This observation is due in no short part
to the investment in multiple carbon neutral energy sources (biofuels, nuclear, solar, wind, hydro,
etc.) throughout various economic sectors.

Figure 13. Annual CO2 emissions per country (Roser 2020)

However, it can be observed that although the Unites States, Germany, United Kingdom,
and France have reduced annual CO2 emissions year by year, CO2 emissions worldwide have
continued to grow due to the exponential growth of CO2 emitted by China. The growth in CO2
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emissions by China has been shown to be on the rise since 2001 with only minimal changes to the
rise in emissions seen between 2013-2017. This indicates that although great strides have been
made in reducing CO2 emissions from various countries worldwide, greater efforts have to be
made for other countries to comply with this need otherwise CO2 emissions will continue to rise
despite the actions by most to reduce annual emissions levels.
A review conducted by Johnson et al. (2007) argued that although the agricultural sector
contributed a sizable portion of GHG emissions, efforts can be made to not only reduce the impact
agriculture has on GHG emissions but also reduce the GHG emitted by the energy sector. This can
be accomplished by harnessing the waste products from various agricultural sectors for the
production of biofuels. The utilization of otherwise discarded materials has been shown to have a
positive impact for GHG reductions efforts as the biomass utilized for fuel production is a carbon
neutral source.
Davis et al. (2012) conducted an investigation on the usage of second-generation biofuels
for the reduction of both GHG emissions and nitrogen leeching instead of first-generation corn
derived biofuels in the Midwest. It was found that second generation biofuels derived from
perennial cellulosic feedstock had the potential for not only reducing GHG emissions by 29%473% but also reduced nitrogen leeching by 15%-22%. The investigation also found that despite
land use being diverted from corn growth to perennial cellulosic feedstock, a 4% growth in food
grain occurred while increasing ethanol production by 82%. The findings of this investigation
thereby conclude that if production methods where to switch from corn-based ethanol to perennial
cellulosic feedstocks ethanol production, agricultural lands in the Midwest would benefit from
greater nitrogen retention and lower land used diverted for fuel production per the same size of
land.
Dwivedi et al. (2015) investigated the GHG impact of cellulosic ethanol production from
corn stover, switchgrass, and miscanthus in various soil qualities found in the Eastern United
States. It was discovered that the highest GHG reduction yields where derived from miscanthus
and switchgrass derived bioethanol throughout most soil types in comparison to corn. It was shown
that GHG emissions had the potential to be reduced by as much as 130%-156% with the utilization
of miscanthus while switchgrass shown a reduction of GHG of 97%-135%. This study concluded
that with the usage of second-generation bioethanol, GHG emissions can be reduced despite the
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varying soil grades found in the east coast and can serve as a viable option for transitioning fuel
consumption from gasoline to ethanol.
In a study conducted by Maity et al. (2014), an analysis was done on the effect third
generation biofuels would have on GHG emissions. Third generation biofuels when compared to
second- and first-generation biofuels are shown to not only require less farming area than previous
generations but also provide greater energy yields per volume of feedstock. However, unlike firstand second-generation biofuel production, third generation biofuels are produced from the
harvesting of algae in bioreactors. It was shown in this study that biofuel production yields were
as high as 91% of the biomass utilized thus making it a more efficient pathway for GHG emissions
reduction with the additional benefit of treating wastewater further reducing GHG emissions by
reducing energy required in other sectors of society as seen in Figure 14.

Figure 14. Third Generation Biofuel Production Process (Maity et al. 2014)

Ho et al. (2011) conducted an analysis of utilizing microalgae systems for CO2
sequestration systems. It was found that the utilization of microalgae bioreactors not only was
more economical from a land usage perspective but also from its versatility in providing multiple
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products from its biomass such as medicinal products, food additive production, animal nutrition
products, cosmetics, and various biofuels. The investigation found for further improvements of the
system careful considerations have to be made for the species to be utilized in the bioreactors as
the optimal specimen will have higher growth rate, high CO2 sequestration, and low contamination
risk.
Low Temperature Combustion Methods
Soloiu, Moncada, Gaubert, Knowles, et al. (2018) investigated RCCI combustion with
Methyl-oleate and n-butanol for the reduction of harmful emissions. It was observed that RCCI
with the usage of these two alternative fuels was capable of reducing NOX and soot emissions of
an engine at a low load to almost non-existent levels. It was also observed that the ringing intensity
was severely reduced by 70% and has the potential for increasing the longevity of the engine with
the reduction of stresses to the engine components. The efficiency of the engine improved with the
higher usage of methyl-oleate due to its unsaturated components.
Liu et al. (2019) did a detailed investigation on the kinetics of RCCI combustion utilizing
an optical engine. It was observed that combustion occurred in multiple stages of low temperature
heat release and high temperature heat release. The initial flame front observed in the optical
engine was located at the edge of the piston at the location of quench and lead to the dual
combustion phasing typically observed in RCCI.
Raut, Irdmousa, and Shahbakhti (2018) conducted a study on creating a dynamic model
capable of predicting RCCI’s performance under various transient engine conditions. This
modeling was done to better understand how RCCI performs under non-steady state conditions to
rate the viability of the combustion strategy for transportation usage. It was found that RCCI is
capable of running under various conditions but struggles under extreme loading conditions.
Ansari, Shahbakhti, and Naber (2018) investigated the viability of implementing a dual
fuel combustion strategy into a production vehicle. It was observed that RCCI was best for
stationary operations but is cable of being implemented on mobile platforms. This outcome was
found that if the RCCI process is well optimized for a particular application, that it can be viable
as a future transportation propulsion method.
Li et al. (2018) investigated the effect initial fuel properties have on the performance of
RCCI. It was found that for methanol ULSD applications of RCCI, boost is not a viable parameter
to obtain higher efficiency as the combustion process becomes unstable. The only way of
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controlling RCCI with these selected fuels is to control the injection timing and EGR % used for
combustion.
Cao et al. (2020) investigated the effect of injection pressure on NOx and PM emissions of
PCCI combustion. It was found that higher injection pressures increased the engine performance
and increased combustion stability while lowering NOx and PM emissions.
Hoang (2020) conducted a study on the optimization of PCCI combustion with the usage
of a modified DI narrower injection spray pattern. This was done so in order to inject the fuel
within the piston bowl for advanced injection timing combustion strategies and reduce the wall
wetting that occurs from a non-optimized spray pattern. It was found that the narrow angle DI
spray was able to reduce PM, UHC, and CO emissions from PCCI/PPC combustion.
Singh, Kumar, and Agarwal (2020) investigated RCCI and PCCI combustion versus CDC
utilizing mineral diesel and methanol (for RCCI LRF) as their fuel source. It was found that RCCI
and PCCI were able to reduce NOx emissions and smoke opacity in comparison to CDC at both
low and high loads. However as can be seen in Figure 15 below, RCCI combustion is also able to
reduce PPRR and BSFC.

Figure 15: CDC vs PCCI vs RCCI combustion at 1 and 4 bar BMEP (Singh, Kumar, and
Agarwal 2020)

Shim, Park, and Bae (2020) conducted a study on HCCI, PCCI, and DF-PCCI
combustion/emission characteristics in comparison to CDC. It was seen in this investigation that
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DF-PCCI had superior thermal efficiencies than the other LTC methods. In addition to this NOx
and PM emissions where able to meet EU-VI regulations without the usage of an aftertreatment
system, however CO and THC emissions where higher than CDC. Further studies are needed for
optimizing the engine parameters in order to increase the combustion efficiency of PCCI, the
performance characteristics of these LTC methods can be seen in Figure 16.

Figure 16: Single Fuel vs Dual Fuel LTC Methods Performance Charecteristics (Shim, Park, and
Bae 2020)

Pan et al. (2020) investigated a novel technique of employing a neural network for the
optimization of PCCI combustion. It was found that the neural network was successful in
predicting the non-linear relationship between various engine parameters and the emissions of
PCCI. This model was trained on previously existing data sets of PCCI, and the results of which
were experimentally verified within a high confidence. This technique is an indication of a future
trend of LTC research and development being optimized with neural networks in order to achieve
the desired results of lowered emissions and combustion efficiencies comparable to CDC.
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METHODS
Overview
The methods for the analyses’ utilized to determine the properties relevant to combustion
of the chosen fuels are included within this section. The lower heating value, viscosity, thermal
gravimetric analysis, differential thermal analysis, fuel spray development, derived cetane number,
and apparent heat release rate is used in this study.

Development of an Improved Electrically Driven Centrifugal Supercharger System
An electronically controlled supercharger system was previously developed for providing
the desired quantity of boost to the engine regardless of the load and/or speed of the engine.
However, the previous design did not achieve the desired boost necessary for more advanced
control over various LTC methods investigated in the single cylinder CI engine. This was a result
of the previous system not having the necessary transmission ratio in order to achieve the desired
rpm at the supercharger pulley. In Figure 17, the previous transmission system can be seen where
(A) is the pulley that is mounted on the electric motor, (B) is the intermediate shaft that transfers
power from (A) to (D) pulleys, (C) is the belt tensioner for the supercharger belt, and (D) is the
supercharger pulley.
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Figure 17: Previous Supercharger Pulley System

The system shown in Figure 17 had a transmission ratio from the supercharger pulley to
the electric motor of 7.37:1 and produced 0.339 bar of boost at a peak motor speed of 1800 RPM.
In-order to achieve greater boost pressures, a new system was developed to increase the
transmission ratio sufficient enough in order to obtain greater boost pressures from the
supercharger. The schematic of the system is shown in Figure 18 were the variables used for the
calculation of the new transmission operating speeds from the newly installed pulleys. The pulleys
that were changed are θ1 at the electric motor and θ2 of the intermediate shaft.
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Figure 18: Supercharger Transmission System Schematic

The diameter of the new pulleys that were chosen with the criteria of maximizing the
diameter of the motor pulley, minimizing the diameter of the intermediate shaft pulley, the
compatibility of the new pulleys with the current hardware, and the availability of the chosen parts
and belt from authorized vendors. The equations for calculating the speed of the intermediate shaft
Equation 1, and the supercharger pulley Equation 2 based off the chosen diameters can be seen
below. The diameters of all the pulleys chosen/used, the maximum calculated speed, and
maximum boost of the system can be seen in Table 1.
𝜔2 = (𝜃1 × 𝜔1 ) ÷ 𝜃2

Equation 1

𝜔3 = (𝜃3 × 𝜔2 ) ÷ 𝜃4

Equation 2
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Table 1: Specifications and Diameters of the Supercharger Transmission
Old System

New System

θ1

6.810 (in)

10.000 (in)

θ2

2.900 (in)

2.640 (in)

θ3

7.500 (in)

7.500 (in)

θ4

2.625 (in)

7.500 (in)

Max Supercharger RPM

18250.00 (RPM)

18250.00 (RPM)

Max ω1

1800.00 (RPM)

1800.00 (RPM)

Max ω2

4643.18 (RPM)

6206.90 (RPM)

Max ω3

13266.23 (RPM)

17734.00 (RPM)

Pulley Ratio

7.37:1

9.85:1

Max Boost

0.339 (bar)

0.829 (bar)

With the selection of the new pulleys, calculations on the tension required by the belt for
maintaining adequate contact with the pulleys were done in order to ensure the longevity of the
system and minimize downtime. A free body diagram of the newly selected pulleys is shown in
Figure 19, were the forces that are acting on the system can be observed. Equation 3 - Equation 8
were utilized for calculating the required tension necessary for the belt to maintain grip on the
pulleys with the maximum torque (MT) of the motor applied to the system.

Equation 3

Equation 4
Equation 5
Equation 6

Equation 7
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Equation 8

Raft

TMax

Rbft
Figure 19: Free Body Diagram of The Electric Motor to Intermediate Pulleys

The new transmission system for the electrically driven supercharger system shown in
Figure 20, had a 25% increase in RPM at any given motor speed as the transmission ratio was
increased to 9.85.
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Figure 20: CAD Model of New Supercharger Transmission System

Although the speed of the pulleys was increased by 25%, the maximum achievable boost
of the system increased by 59%. This is due to the exponential relationship between a centrifugal
superchargers rotational speed and the quantity of boost that is produced as seen in Figure 21.
Although the new system can achieve a higher quantity of boost compared to the old system,
precaution is needed for operating the electric motor at speeds past 1350 RPM as the gearbox of
the centrifugal supercharger begins to climb above safe operational temperatures. With this in
mind it was noted that the usage of the system should not exceed 50 seconds at speeds greater than
1350RPM. In addition, the maximum speed of the electric motor should not exceed 1650 RPM as
this exponentially increases the chance of catastrophic failure of the centrifugal supercharger
gearbox.
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Figure 21: Old vs New Supercharger System Boost

Fuel Analysis
Multiple studies were conducted on the thermo-physical properties of ULSD #2, n-butanol,
and ethanol (represented as E98) in order to ensure safe operation of PCCI with the proper selection
of engine operating parameter. These investigations also provided insight into the
emissions/combustion characteristics of the chosen fuels prior to any fired engine analysis. The
lower heating value, viscosity, low temperature oxidation, thermal stability, and spray
development properties of the fuels were investigated within the scope of this study as will be seen
in future sections.
The thermo-physical properties of ULSD#2, n-butanol, and ethanol that were not
investigated inhouse but were deemed pertinent to the operation of PCCI were gathered from
various sources and can be seen in Table 2. An attempt to investigate the reactivity of ethanol (at
a 98% concentration) was deemed inconclusive as the ethanol was not able to combust in the PAC
CID 510 Constant Volume Combustion Chamber (CVCC) while adhering to ASTM- D7668-14a
protocol. However, this indicated that E-98 had an adequate low reactivity for PCCI combustion
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however combustion efficiency may be affected at lower loads without the addition of boost. The
greater oxygen content of ethanol in comparison to n-butanol should be favorable for reducing
soot emissions which will be seen in a future section.

Table 2: Thermo-physical Properties of Research Fuels (Elfasakhany and Mahrous 2016, Zheng
et al. 2018, VP-Racing-Fuels 2019)
DCN
Octane
Density [g/mL]
% O2

ULSD #2
47.4
0.85
-

n-butanol
16.4
96
0.81
21.6%

E98
8
111.5
0.79
34.7%

Lower Heating Value
The Parr 1341 constant volume calorimeter, as seen below in Figure 22, was used to
determine the lower heating value of the selected fuels. A Ni-alloy fuse wire was strung across
two electrodes and was used to ignite a 0.5 g sample of research fuel in the crucible below. The
stainless-steel chamber was filled with 25 atm of O2 before being submerged in a jacket containing
2 kg of deionized water. A stirrer was utilized for mixing the water in the water jacket and a ktype thermocouple was submerged in the jacket in order to determine the change of temperature
of the water. The rise in temperature during combustion and was used to determine the gross
heating value of the fuel.
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Figure 22. Parr Calorimeter Assembly Cross-Sectional View Source: (Parr Instrument Company,
Series 1341 Plain Jacket Oxygen Combustion calorimeters n.d.)

Equation 9 is utilized for calculating the heat release of combustion with the measured
increase in jacket water temperature. This temperature rise typically occurs within the first 20
seconds after combustion as can be observed within Figure 23.

𝐻𝑛𝑒𝑡 = 1.8𝐻𝐶 − 91.23𝐻

Equation 9
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Figure 23. Parr Calorimeter Temperature Rise Curve Source: (Parr Instrument Company, Series
1341 Plain Jacket Oxygen Combustion calorimeters n.d)

Viscosity
A Brookfield DV-II Pro Type Viscometer was used to measure the viscosity of the selected
fuels over a temperature range typically observed within fuel systems from 26°C – 90°C as seen
in Figure 24. The viscosity of a fuel is an important physical property that dictates the
compatibility/performance of a fuel delivery/injection system and partially influences how well
the fuel atomizes. Viscosity measurements were taken at 2°C increments utilizing a spindle
rotating at 200 RPM with a 7.0 ml sample size. The temperature of the sample was controlled
externally via a PID controlled liquid to liquid heat exchanger system.

Figure 24. Brookfield DV-II +Pro Rotational Viscometer (Brookfield)
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TGA-DTA
A Shimadzu DTG-60 was utilized to conduct a Thermal Gravimetric Analysis (TGA) as
well as a Differential Thermal Analysis (DTA) to obtain the energy release and rate of vaporization
characteristics of the selected fuels. The research apparatus, as shown in Figure 25 below, consists
of a high precision balance (measuring 0.01 mg) introduced into a furnace that heats the sample
from 20 ℃ to 600 ℃ at a rate of 20 ℃/min. As the sample was heated, the chamber was constantly
purged with compressed air at a rate of 5 ml/min. Inside the furnace there are two stems mounted
to a scale, one stem was reserved for an inert baseline powder, while the other was for the fuel
sample. During the testing, the mass of the fuel sample was constantly monitored as the sample
increased in temperature.

Figure 25. Shimadzu FTG-60 (Oceania)

The TGA is utilized for determining the fuel’s thermal stability and the vaporization
characteristics of the fuel post injection. This is penitent to determining a fuel’s performance in
regard to its wall wetting characteristics and penetration into the cylinder. In addition, the DTA
study reveals the quantity of heat absorption that occurs from the vaporization of the fuel and the
energy given off with oxidation.
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Fuel Spray Analysis
A Spraytec Mie Scattering He-Ne Laser apparatus was used to analyze the spray
development of the fuels by measuring the Sauter Mean Diameter (SMD) of the sprays droplets
over time as shown in Figure 26. A single orifice pintle injector is placed 150 mm away from the
laser beam, the injection event is then initiated via a pneumatic system that pressurizes the fuel rail
pressure to 180 bar at the time of injection.

Figure 26. Mie Scattering Spray Analysis Test Bed (Soloiu et al. 2019)

The Malvern Spraytech records the diffraction of the spray droplets utilizing a He-Ne laser
shot across a collimating optic lens and focusing lens onto a 32-detector array. The data is collected
between 0.1 ms to 5 ms after injection at a sampling rate of 10 kHz, where it is then interpreted
utilizing the Fraunhofer Diffraction theory.
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Engine Testing and Instrumentation
A 1.1L single cylinder experimental CI engine was instrumented in order to conduct an
optimization study of PCCI combustion emissions utilizing either n-butanol or ethanol. This study
was conducted at 3 loads of 3 bar, 4 bar, and 5 bar IMEP. A common rail piezo injection system
has been outfitted on to the engine to enable greater flexibility on quantity of injection events and
injection timing. The specifications of the engine and fuel injection DI and PFI systems are shown
in Table 3.

Table 3: Engine Specifications
Parameter
Peak Power

Value
17kW @ 2200RPM

Peak Torque
Rated Power
Bore X Stroke
Displacement

77.5 Nm @ 1400 RPM
17 kW
112 mm x 115 mm
1.1L

Number of Cylinders

1

Valves per Cylinder

2

Compression Ratio

16:1

Number of Strokes
Injector nozzle
Common Rail Pressure Range

4
7x 0.115 mm
800 bar – 1200 bar

PFI Pressure

2.8 bar
20 CAD (after intake
starts)
1500 RPM

PFI Timing
Speed

An NI Drivven ECU was selected to control the engine speed, DI injection timing, common
rail pressure, PFI % by fuel mass. The speed and rotational position of the crankshaft was measured
with a 3600 pulse Omron rotary encoder and was used by the ECU, AVL Indicom, and Yokogawa
DL850 high-speed data acquisition system. The engine speed was set at 1500 RPM and was
maintained by the Proportional Integral Derivative (PID) speed controller of the ECU by
controlling the pulse width of the primary DI event.
A Kistler 6053cc pressure transducer with a 5010B Dual Mode Amplifier system
was utilized to measure in-cylinder pressure and recorded by a Yokogawa DL850 high speed data
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acquisition system for post processing. In addition, the pressure signal was utilized by an AVL
Indicom for real time monitoring of pressure, AHRR, PPRR, and COV. An AVL Model 483 Micro
Soot analyzer was used to measure soot emissions for each trial along with a AVL SESAM FTIR
30 species emissions analyzer for the gaseous emissions of the trials conducted. Mass flow rate for
the intake air, DI system, and PFI system were measured with a Meriam Z50MC2-c Laminar Flow
meter, 213 Maxx flow meter, P001 Maxx flow meter respectively, Table 4 includes the accuracy
of the measurement devices utilized. A schematic of the experimental engine setup is shown in
Figure 27 as well.

Table 4: Selected Measurment Accuracy
Instrument
TQ513 Torque Sensor
Meriam Z50MC2-2 Laminar Flow
Meter

Measured Parameter
Torque

Accuracy
±0.06 %

Air Mass Flow Rate

±0.72 %

Common Rail Fuel Flow
Rate

±0.2 %

PFI Fuel Flow Rate

±0.2 %

Kulite-175-190 M Intake Pressure
Transducer

Intake Pressure

±0.1 %

Kistler 6053cc Piezoelectric Pressure
Transducer

In-Cylinder Pressure

±0.19 %

Soot Concentration
NOX Concentration
UHC Concentration
CO Concentration
CO2 Concentration
Formaldehyde
Concentration

±3.8 %

213 Maxx Flow Meter
P001 Maxx Flow Meter

AVL 483 Micro Soot Sensor

AVL SESAM FTIR V4

±2.0 % of PPM Auto
range
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Figure 27: Experimental Engine Setup

Engine Parameters for Operating Test Points
A preliminary analysis was conducted over several operating points per load and PFI fuel
in order to obtain the optimal test points for the greatest reduction of NOX, soot, and UHC
emissions in PCCI combustion. The results of the preliminary study were compiled into multiple
contour maps that were utilized for determining the 27 operating points to be conducted at 3, 4,
and 5 bar IMEP as seen in Table 5. An additional test point was conducted at 3 bar IMEP for PCCI
45ET as it was found during the investigation that adding greater EGR% and boost led to a
simultaneous reduction of both NOX and soot.
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Table 5: Operating test points at a load of 3, 4, & 5 bar IMEP
Load

3 Bar

4 Bar

5 Bar

Optimization
Parameter
NOX
Soot
UHC
NOX
Soot
UHC
NOX
Soot
UHC
NOX/Soot
NOX
Soot
UHC
NOX
Soot
UHC
NOX
Soot
UHC
NOX
Soot
UHC
NOX
Soot
UHC
NOX
Soot
UHC

Combustion
Method
CDC
CDC
CDC
PCCI 45BU
PCCI 45BU
PCCI 45BU
PCCI 45ET
PCCI 45ET
PCCI 45ET
PCCI 45ET
CDC
CDC
CDC
PCCI 45BU
PCCI 45BU
PCCI 45BU
PCCI 45ET
PCCI 45ET
PCCI 45ET
CDC
CDC
CDC
PCCI 45BU
PCCI 45BU
PCCI 45BU
PCCI 45ET
PCCI 45ET
PCCI 45ET

Boost [bar]

EGR [%]

0.160
0.160
0.265
0.328
0.265
0.265
0.328
0.265
0.328
0.328
0.160
0.234
0.214
0.265
0.378
0.378
0.328
0.214
0.378
0.328
0.328
0.328
0.265
0.265
0.265
0.328
0.265
0.265

17.5
20
15
15
20
10
15
20
10
25
15
15
15
20
15
10
20
15
115
25
20
15
20
10
15
15
15
5

The engine operational parameters and safety limits were adhered to for all the tests
conducted over the 3 loads tested and can be observed in Table 6. All of the test points were
conducted with an intake temperature of 65° C within a tolerance of ± 5°C. This was done in order
to maximize the vaporization of the PFI fuels and to promote a more homogenous air/fuel mixture
in order to further reduce UHC emissions. The other operating temperatures/limits seen in Table
6 were adhered to in order to ensure both the health of the engine and to ensure consistency
between the test points that were conducted.
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Table 6: Engine Operation Parameters/Limits
Parameter
COV
Oil Temperature
Engine Coolant
Temperature
Dyno Oil Temperature
Intake Temperature
PPRR Limit
Supercharger Gearbox Max
Temperature

Unit
%
°C

Value
0-5
70 ± 10°C

°C

75 ± 6°C

°C
°C
Bar/CAD

32 ± 2°C
65 ± 5°C
8.00

°C

65°C

Injection Parameters
The DI injection parameters for each test was determined experimentally in order to ensure
COV was beneath 5%, PPRR remained below 8 bar/CAD, and the indicated CA50 from the AVL
Indicom remained at 2 CAD ATDC. For 5 of the PCCI tests conducted at 3 bar IMEP, no pilot
injection was utilized in order to maintain COV beneath 5%. This adjustment was needed in order
to control the cycle per cycle combustion stability of the low reactivity PFI fuels as they were more
prone to misfiring at low loads. The CRDI system utilized an injection pressure of 800 bar for a
load of 3 bar IMEP and increased in increments of 200 bar per bar of increased IMEP load. The
PFI duration per PCCI test was selected for maintaining PFI at 45% fuel mass injected with a
tolerance of ±1.5%. The pilot injection event is denoted as SOI-1 and the second injection event is
denoted as SOI-2, the timing and duration of each per test conducted can be seen in Table 7 for a
load of 3 bar IMEP, Table 8 for a load of 4 bar IMEP, and Table 9 for a load of 5 bar IMEP.
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Table 7: Injection Parameters at 3 Bar IMEP

Test Name
CDC NOX
CDC Soot
CDC UHC
PCCI 45BU
NOX
PCCI 45BU
Soot
PCCI 45BU
UHC
PCCI 45ET
NOX
PCCI 45ET
Soot
PCCI 45ET
UHC
PCCI 45ET
NOX/Soot

SOI-1
SOI-2
PFI
Rail
Timing
SOI-1
Timing
SOI-2
Duration Pressure
[CAD] Duration[ms] [CAD] Duration[ms]
[ms]
[bar]
BTDC
BTDC
60
0.2
12
0.562
800
60
0.2
10
0.474
800
60
0.2
12
0.514
800
60

0.2

11

0.396

2.07

800

60

0.2

10

0.431

2.02

800

60

-

11

0.400

1.95

800

60

-

12

0.450

2.20

800

60

-

12

0.450

2.25

800

60

-

12

0.450

2.10

800

60

-

12

0.460

2.10

800

Table 8: Injection Parameters at 4 Bar IMEP

Test Name
CDC NOX
CDC Soot
CDC UHC
PCCI 45BU
NOX
PCCI 45BU
Soot
PCCI 45BU
UHC
PCCI 45ET
NOX
PCCI 45ET
Soot
PCCI 45ET
UHC

SOI-1
SOI-2
PFI
Rail
Timing
SOI-1
Timing
SOI-2
Duration Pressure
[CAD] Duration[ms] [CAD] Duration[ms]
[ms]
[bar]
BTDC
BTDC
60
0.2
11
0.561
1000
60
0.2
12
0.508
1000
60
0.2
12
0.507
1000
60

0.2

7

0.320

2.80

1000

60

0.2

7

0.360

2.80

1000

60

0.2

7

0.380

2.70

1000

60

0.2

11

0.400

3.10

1000

60

0.2

10

0.420

3.10

1000

60

0.2

11

0.390

3.10

1000
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Table 9: Injection Parameters at 5 Bar IMEP

Test Name
CDC NOX
CDC Soot
CDC UHC
PCCI 45BU
NOX
PCCI 45BU
Soot
PCCI 45BU
UHC
PCCI 45ET
NOX
PCCI 45ET
Soot
PCCI 45ET
UHC

SOI-1
SOI-2
PFI
Rail
Timing
SOI-1
Timing
SOI-2
Duration Pressure
[CAD] Duration[ms] [CAD] Duration[ms]
[ms]
[bar]
BTDC
BTDC
60
0.2
12
0.540
1200
60
0.2
12
0.530
1200
60
0.2
11
0.552
1200
60

0.2

6

0.350

3.45

1200

60

0.2

6

0.350

3.45

1200

60

0.2

6

0.350

3.46

1200

60

0.2

9

0.375

3.70

1200

60

0.2

9

0.370

3.60

1200

60

0.2

9

0.350

3.55

1200

Criteria for Success
The criteria for success of this study are for NOx and soot emissions to be reduced by at
least 30% for at least one PCCI test per load. An additional criteria for success is for a minimum
of 10% reduction of non-renewable carbon in all PCCI combustion when compared to CDC.
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DATA AND RESULTS ANALYSIS
Preliminary Results
Multiple investigations were conducted on the fuels utilized for CDC and PCCI
combustion to ascertain their performance, emissions indicators, and compatibility with the PFI
and CRDI fuel systems.

Low Temperature Oxidation and Thermal Stability Analysis
The TGA measures the volatility of the researched fuels by recording the change in mass
of the sample as the temperature is increased in the furnace chamber. As seen in Figure 28, E98
loses mass at a higher rate than both ULSD and n-butanol, this indicates that E98 when PFI would
create a more homogeneous air/fuel mixture than n-butanol due to its higher volatility.

Figure 28: Thermogravimetric Analysis
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In Table 10 the temperature at which 10 %, 50 %, and 90 % of the fuel mass was
vaporized can be found, denoted by TA(10), TA(50), and TA(90). The extreme volatility of E98
is apparent as the TA(90) of the fuel is approximately 18°C lower than n-butanol. This indicates
that E98 when compared to n-butanol more readily vaporizes when PFI into the intake manifold
of the engine creating a more homogeneous air/fuel mixture. While ULSD has a TA90 that is 32
°C higher than E98, its volatility is inefficient for a PFI process.

Table 10: Volatility of researched fuels
TA%
TA(10)
TA(50)
TA(90)

ULSD
110.0 ⁰C
180.0 ⁰C
240.0 ⁰C

n-butanol
54.3 ⁰C
80.8 ⁰C
95.4 ⁰C

E98
33.4 ⁰C
60.6 ⁰C
77.3 ⁰C

The DTA analysis, as seen in Figure 29, is a study of the endothermic and
exothermic reactions of the fuel during the vaporization and low temperature oxidation process.
The endothermic reaction was represented by the negative slope in the DTA curve while the
positive slope represents the exothermic reactions. As such, during the experiment the endothermic
reaction of the fuel increases until no more energy can be absorbed by the sample and begins to
oxidize. E98 was shown to have the steepest negative and positive slopes as well as the largest
endothermic reaction, thus emphasizing its higher volatility compared to that of n-butanol and
ULSD.
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Figure 29: Differential Thermal Analysis of the Researched Fuels.

The greater endothermic reaction of E98 indicates that when PFI, the intake air
temperature should decrease further than with n-butanol due to its greater latent heat of
vaporization and thus in-cylinder temperatures should subsequently decrease. This was confirmed
during fired engine research as will be seen in the next sections.

Viscosity Analysis
As the temperature of the fuel increased the shear stress between the water jacket and
spindle was seen to decrease, thus resulting in a lower viscosity. Figure 30 below shows the
viscosity curve for the researched fuels with respect to temperature.

59
3.5
ULSD
E98
n-Butanol
3

Viscosity [cP]

2.5

2

1.5

1

0.5
20

30

40

50

60

70

80

90

Temperature [°C]

Figure 30: Viscosity measurements for the researched fuels

During the viscosity test, E98 was unable to reach 90 °C due to the fuel completely
vaporizing before the test could be concluded. As seen in Table 11 below, ULSD was observed to
have the highest viscosity of the research fuels with 2.52 cP at 40 °C. N-butanol had the second
highest viscosity with 2.04 cP at 40 °C, followed by E98 with 1.15 cP at 40 °C.

Table 11: Viscosity of the researched fuels at 40 °C
Viscosity @ 40 °C (cP)

ULSD
2.52

n-butanol
2.04

E98
1.15

Lower Heating Value Analysis
The average lower heating value of the researched fuels can be seen in Table 12 below.
USLD was seen to have the highest lower heating value at 45.1 (MJ/kg), followed by n-butanol
with 32.0 (MJ/kg), and finally E98 at 24.7 (MJ/kg). The lower energy content of both n-butanol
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and E98 indicates that greater fuel consumption may occur for PCCI combustion than CDC due to
the increased fuel mass required for the same amount of work. As a result, increases in BSFC is
expected with the greatest changes occurring for PCCI with ethanol.

Table 12: Calorimeter Results
Fuel
ULSD
n-butanol
E98

Lower Heating Value (MJ/kg)
45.1
32.0
24.7
Mie-Scattering Fuel Spray Analysis

The Mie-scattering spray analysis was conducted for ULSD#2, n-butanol, and ethanol to
study the atomization characteristics of the three fuels and compare them to one another. Across
the three fuels, n-butanol had the smallest average SMD over time compared to the other fuels. It
was found that there was a correlation between n-butanol and ethanol’s lower viscosity to the
smaller droplet diameters measured in comparison to ULSD #2. The most frequently measured
droplet diameter for n-butanol sprays was 30 µm, which consisted of 7.6 % of the spray by volume.
By comparison, 8.5 % of ethanol’s spray by volume was composed of droplets with a diameter of
30 µm. The spray volume percentiles based on droplet SMD are displayed in Table 13 and the
results show that n-butanol has an average of 5 µm smaller SMD compared to ethanol for the same
injection parameters.

Table 13: Particle Size Distribution by Volume (µm)
DV (10)
DV (50)
DV (90)

ULSD
12.5
40.1
131.1

n-butanol
12.23
34.2
88.21

E98
24.8
65.3
91.0

DV (10) denotes the diameter that 10 % of the spray droplets by volume are less
than or equal to in size. DV (50) is the corresponding diameter for 50 % of the spray volume and
DV (90) denotes the same for 90 % of the spray volume. The ethanol sprays exhibited a droplet
size distribution that is noticeably more concentrated about the most frequent droplet diameter,
whereas n-butanol and diesel droplets are more distributed over different ranges of diameters as
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seen in Figure 31. Ethanol does however still contain droplets that are larger than that of n-butanol
for 90 % of the spray volume. This may be explained due to ethanol’s higher volatility at room
temperatures leading to smaller fuel droplets vaporizing prior to crossing the laser’s beam as was
observed in the TGA analysis.
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Figure 31: Spray SMD distribution and development

Preliminary Fired Engine Analysis
A fired engine preliminary study was conducted on identifying the optimal boost and EGR
parameters for reducing NOX, Soot, and UHC emissions while maintaining PPRR within
acceptable parameters for CDC and PCCI with either ethanol or n-butanol. During this
investigation DI timing/duration of the pilot and main injection event were changed accordingly
to maintain COV below 5% and achieve an indicated CA50 of 2 °ATDC, PCCI was conducted
with a PFI of 45% by fuel mass. During the execution of this study, the operating points were only
held for one minute to stabilize readings without inducing excessive operating hours and wear and
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tear of the experimental engine and emissions analysis equipment. As a result of this, an in-depth
combustion analysis was not done on the points utilized for constructing the 3D maps of the
preliminary analysis. However, the data gathered from this investigation was sufficient for
determining the 27 operating points to determine the optimal parameters for PCCI.

Preliminary NOX Emissions Results
EGR % and boost was changed simultaneously over several points in order to measure
NOX emissions at 3 bar IMEP for CDC, PCCI 45BU, and PCCI 45ET. This was done in order to
gain insight on the optimized studied parameters relation to NOX emissions as seen in Figure 32.
It was observed at 3 bar IMEP that CDC had less NOX emissions as boost was decreased to 0.16
bar. Simultaneously optimal EGR % was shown to be at 17.5% at a boost of 0.16 bar with a second
optimal point occurring at 25% EGR. However contrary to CDC, PCCI was observed to have
lower NOX emissions as boost was increased to 0.328 bar at 15 % EGR for both n-butanol and
ethanol. In addition, it was observed that PCCI 45ET had a secondary point in which NOX
emissions were reduced with 20% EGR and 0.265 bar of boost.
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Figure 32: NOX emissions at 3 bar IMEP, CDC (a), PCCI 45BU (b), PCCI 45ET (c)

The observations made for PCCI 45ET indicate that lower boost could be used for lower
NOX emissions than PCCI 45BU. However, due to ethanol’s lower reactivity than n-butanol this
may cause UHC to increase if less boost is utilized.
As the load was increased to 4 bar IMEP, it can be seen in Figure 33 that CDC had
lower NOX emissions at a lower EGR % than at 3 bar IMEP at 15% and that boost remained the
same at 0.16 bar. PCCI exhibited greater changes to the NOX emissions map than CDC as PCCI
45BU had its optimal point shift to 0.265 bar of boost and an EGR % of 20%. In addition to this,
PCCI 45ET had even greater changes to the map in comparison to 3 bar IMEP where NOX
emissions were seen to be greatly reduced throughout the operating points encompassing boost
from 0.15 – 0.378 bar and EGR % greater than 14% and less than 20%. PCCI 45ET had its lowest
NOX emissions occur at 0.328 bar of boost and 20% EGR. The trend indicated
that as the load was raised PCCI with n-butanol required less boost and more EGR to sustain the
NOX emissions reductions while PCCI with ethanol had less stringent requirements for reducing
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NOX emissions at 4 bar IMEP. This could be as a result of ethanol’s lower reactivity than n-butanol
reducing peak in-cylinder combustion temperatures so long as sufficient boost and EGR is supplied
to adequately control the combustion process. This observation however will be verified with the
combustion analysis that will be conducted in a future section.
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Figure 33: NOX emissions at 4 bar IMEP, CDC (a), PCCI 45BU (b), PCCI 45ET (c)

At a load of 5 bar IMEP, it was observed in Figure 34 that CDC, PCCI 45ET, and PCCI
45BU had considerable changes to the NOX emissions map when compared to tests conducted at
3 and 4 bar IMEP. At a load of 5 bar IMEP CDC was shown to require more EGR % and boost
than PCCI 45BU and more EGR% than PCCI 45ET to lower NOX emissions. It was observed that
PCCI with ethanol required more boost and less EGR % in order to reduce NOX emissions than
PCCI with n-butanol due to ethanol’s lower reactivity. However as was previously stated, ethanol’s
lower reactivity may lead to increased UHC emissions in comparison to n-butanol as will be
observed in a future section. The optimal points regarding NOX emissions for CDC was indicated
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to be at 0.328 bar of boost and 25% EGR while PCCI 45BU was at 0.265 bar of boost and 20%
EGR and PCCI 45ET at 0.328 bar of boost and 15% EGR.
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Figure 34: NOX emissions at 5 bar IMEP, CDC (a), PCCI 45BU (b), PCCI 45ET (c)

Preliminary Soot Emissions Results
Several operating points were conducted in order to construct a preliminary study on the
soot emissions map for CDC, PCCI 45BU, and PCCI 45ET at a load of 3 bar IMEP. The 3D maps
constructed on boost and EGRs effect on soot emissions for each of the combustion methods can
be observed in Figure 35. CDC had lower soot emissions with either low EGR % at any boost
pressure or at low boost pressure (0.16 bar) with EGR % ranging from 17.5% - 20%. Whereas
PCCI 45BU was shown to have lower soot emissions with higher boost pressure (0.328 bar) and
EGR % at 10% or 15% with an additional ideal operating point located at 0.265 bar of boost
pressure and 20% EGR. A similar trend was observed for PCCI 45ET where multiple points
exhibited lower soot emissions located at 15% EGR and 0.16 bar of boost, 0.328 bar of boost and
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15% EGR, and the greatest reductions occurring at 0.265 bar of boost and 20% EGR. The
preliminary results gathered from this analysis indicate that at a low load of 3 bar IMEP, PCCI
with either ethanol or n-butanol required higher boost and EGR than CDC for optimal soot
emissions reduction.
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Figure 35: Soot emissions at 3 bar IMEP, CDC (a), PCCI 45BU (b), PCCI 45ET (c)

The soot emissions measured for operating points conducted at 4 bar IMEP were compiled
into the contour maps seen in Figure 36. It was observed that PCCI 45BU had 3 ideal operating
points where soot emissions were minimized while CDC had one point and PCCI 45ET had only
one as well. This indicates that PCCI with n-butanol had less stringent requirements for minimizing
soot emissions while CDC and PCCI with ethanol had more localized areas on the map where soot
was minimized. CDC had soot emissions minimized as boost was increased to 0.234 bar of boost
and was minimal at 15% EGR. PCCI 45ET had a larger area of the map where soot emissions
where minimized encompassing operating points between 0.16 bar to 0.214 bar of boost and EGR
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between 14% and 17.5%. PCCI 45BU on the other hand, had the largest area of lower soot
emissions of the three combustion methods tested. This indicates that although PCCI with ethanol
has lower soot emissions than n-butanol, PCCI with n-butanol has less rigorous conditions for soot
reduction optimization.
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Figure 36: Soot emissions at 4 bar IMEP, CDC (a), PCCI 45BU (b), PCCI 45ET (c)

As the load was increased to 5 bar IMEP, it was observed in Figure 37 that CDC’s soot
emission map had minimally changed with the peak reduction point occurring at 0.328 bar of boost
and 20% EGR. Inverse of the trend observed at 4 bar IMEP, PCCI 45BU had a larger portion of
the map with lowered soot emissions indicating that PCCI with n-butanol has less stringent
conditions for lowered soot emissions with the optimal point at 0.265 bar of boost and 10% EGR.
However, PCCI 45ET had the opposite effect where a small area of the map had the lowest soot
emissions at 15% EGR and 0.265 bar of boost. In addition, although a smaller portion of the map
had optimal emissions, overall ethanol had lower soot emissions than either n-butanol or CDC.
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Figure 37: Soot emissions at 5 bar IMEP, CDC (a), PCCI 45BU (b), PCCI 45ET (c)

Preliminary Unburnt Hydrocarbon (UHC) Emissions Results
Unburnt hydrocarbons emissions are an important concern for alternative combustion
techniques/bio-alcohols as they are typically elevated when compared to CDC. However, this can
be mitigated through the optimization of several engine operating parameters primarily boost and
EGR. With this in mind, a preliminary investigation was conducted on the UHC emitted from
PCCI 45BU and PCCI 45ET over several operating points of differing boost pressures and EGR%
in order to gain insight on what parameters are needed for less UHC emissions.
At a load of 3 bar IMEP, it was observed in Figure 38 that UHC were lower for a
greater area of the map for PCCI 45BU at boost pressures greater than 0.24 bar and throughout the
EGR range of 10% - 20%. Within this range there were 3 optimal operating points at 0.265 bar of
boost and 10% EGR, 0.328 bar of boost and 15% EGR, and 0.265 bar of boost and 20% EGR. In
contrast, PCCI 45ET had a much smaller are of the map where UHC were lowered and only one
optimal operating point at 10% EGR and 0.328 bar of boost. The observation obtained from this
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preliminary investigation indicate that n-butanol’s higher reactivity led to less stringent operating
parameters necessary for reducing UHC when compared to ethanol’s lower reactivity. PCCI with
ethanol however, at a low load required boost and low EGR to achieve lower UHC.
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Boost [Bar]

Boost [Bar]

Figure 38: UHC emissions at 3 bar IMEP PCCI 45BU (a) and PCCI 45ET (b)

At a load of 5 bar IMEP, the behaviors previously observed at 3 bar IMEP were reversed
as PCCI with n-butanol had a diminished area of the map where UHC emissions were reduced as
seen in Figure 39. As for PCCI 45ET, the area of the map with greater UHC emissions reductions
had expanded predominately at lower EGR%. However, for both PCCI 45BU and PCCI 45ET
only one optimal operating point existed for the reduction of UHC emissions. As is the case, PCCI
45 BU had lower UHC emissions at 15% EGR and 0.378 bar of boost while PCCI 45ET had lower
UHC emissions at 10% EGR and 0.378 bar of boost. The observations made at the load of 4 bar
IMEP indicate that PCCI with either ethanol or n-butanol requires higher boost pressures to sustain
lower UHC emissions with the reactivity of the PFI fuel of choice influencing the quantity of
EGR% needed.
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Figure 39: UHC emissions at 4 bar IMEP PCCI 45BU (a) and PCCI 45ET (b)

As the load of the engine was increased to 5 bar IMEP, it was observed in Figure 40 that
lower boost pressures were needed for sustaining lower UHC emissions for both PCCI 45BU and
PCCI 45ET. In addition, less EGR % was required for ethanol with optimal UHC emissions
occurring at 5% EGR and 0.265 bar of boost while n-butanol needed the same boost pressure but
at the same EGR% as the load 4 bar IMEP at 15% EGR. The trend observed at 5 bar IMEP reveals
that at a higher load less boost pressure is needed for lower UHC emissions and that in particular
ethanol requires minimal EGR% in order for this to occur.
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Figure 40: UHC emissions at 5 bar IMEP PCCI 45BU (a) and PCCI 45ET (b)

When comparing PCCI 45BU to PCCI 45ET, PCCI with n-butanol has lower UHC
emissions than ethanol due to its lower reactivity, this could prove to be advantageous for
increasing PCCI’s combustion efficiency. Moreover, during the course of this investigation, the
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general trend for PCCI 45BU was that as load was increased EGR% needed for lower UHC
emissions increased from 10% - 15% while boost remained the same for 3 and 5 bar IMEP at 0.265
bar and only rose to 0.328 bar at 4 bar IMEP. PCCI 45ET UHC emissions on the other hand, had
the opposite occur for EGR% as it lowered from 10% to 5% as load was increased. Concurrently
the boost pressure needed for lower UHC emissions had a similar trend to PCCI 45BU where
additional boost was needed for lower loads and less was required at a higher load of 5 bar IMEP.

Fired Engine Analysis
Multiple studies were conducted on the combustion/emission characteristics of the 28 trials
conducted over the loads 3 bar, 4 bar, and 5 bar IMEP. The names for each of the tests points is
denoted by the combustion method, the PFI% by mass, the PFI fuel initials, and the emissions
parameter of which it was optimized for. For each one of the loads studied, the optimal test point
for CDC, PCCI 45ET, and PCCI 45BU where then further discussed for each one of the studies
conducted. These test points were determined based off of their performance in NOX, soot, UHC,
and combustion efficiency.
The studies conducted on the combustion characteristics of the tests conducted were done
so utilizing the in-cylinder pressure, DI and PFI fuel flow rate, boost pressure, EGR, and intake
manifold temperature in order to calculate the various engine performance metrics in this study.
As for the emissions studies, an AVL Microsoot 483 was used for measuring the soot while the
other gaseous emissions were measured with an AVL SESAM FTIR v4.

Fired Engine Tests Lambda
The Lambda’s for all of the combustion tests conducted in this study can be seen in Table
14, where a general trend was spotted of PCCI with ethanol having leaner global air-fuel ratios
than all of the other tests conducted per their perspective load. Followed by this, PCCI with nbutanol had a leaner air-fuel mixture in comparison to CDC, PCCI leaner global lambda is
attributed to the molecular oxygen provided by the PFI fuels. As is the case, generally as the %
oxygen content of the fuel is raised so to will the lambda increase per given load. This is a strong
indicator of diminished soot emissions which will be further discussed in future sections.
Table 14: Global Lambda for All Combustion Tests Conducted
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Test Name

Lambda at 3 Bar

Lambda at 4 Bar

Lambda at 5 Bar

IMEP

IMEP

IMEP

CDC NOX

8.04

5.10

6.22

CDC Soot

6.41

5.61

4.51

CDC UHC

6.87

5.31

5.07

PCCI 45BU NOX

8.51

6.68

5.00

PCCI 45BU Soot

8.31

7.06

4.44

PCCI 45BU UHC

8.09

7.48

4.94

PCCI 45ET NOX

9.31

6.77

5.79

PCCI 45ET Soot

8.60

6.07

5.48

PCCI 45ET UHC

8.60

7.04

5.06

PCCI 45ET Extra

9.12

-

-

Optimal CDC and PCCI Test Points per Load
During the course of this investigation, of the 28 tests conducted, only 3 combustion tests
were chosen per load for CDC, PCCI with n-butanol, and PCCI with ethanol. These test points
were chosen based off their performance in NOX emissions, soot emissions, Combustion
Efficiency, and UHC emissions. The chosen optimal test point names of the 28 tests conducted are
shown in Table 15 for each load and combustion method.

Table 15: Selected Optimal Test Points per Load and Combustion/Fuel Method
Load Bar IMEP

CDC

PCCI 45BU

PCCI 45ET

3

CDC Soot

PCCI 45BU NOX

PCCI 45ET Extra

4

CDC UHC

PCCI 45BU Soot

PCCI 45ET Soot

5

CDC Soot

PCCI 45BU Soot

PCCI 45ET UHC

In Figure 41 the various performance metrics of the optimal combustion tests points can
be observed. The graphics were created based off the assessment of their performance in each
category relative to the highest maximum value for that parameter at the chosen load. A more
detailed analysis on each performance/emissions metric will be discussed in future sections.
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Figure 41: Optimal Test Points Parameters at 3 Bar IMEP

Combustion Pressure and Pressure Rise Rate
The in-cylinder pressure and PRR for all the tests conducted at 3 bar IMEP can be seen in
Figure 42 where a general trend was observed that PCCI tests with either ethanol or n-butanol had
higher peak pressures and PRR than most CDC tests conducted. Apart from the increase in intake
pressure (up to 0.31 bar of boost) used by some of the trials for a load of 3 bar IMEP, the increase
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in-cylinder pressure observed for PCCI can be attributed to the combustion event initiated closer
to TDC than CDC.
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Figure 42: In-cylinder Pressure and PRR of All Trials at 3 Bar IMEP

The optimal test points found at a load of 3 bar IMEP was determined to be CDC Soot,
PCCI 45ET Extra, and PCCI 45BU NOX. The combustion test “PCCI 45ET Extra” operating
parameters were determined experimentally where it was observed that increasing the EGR% of
the operating parameters of PCCI 45ET NOX to 25% was optimal for multiple
combustion/emissions parameters. It was observed in Figure 43, that CDC had the lowest incylinder pressure and PPRR of the 3 optimal combustion tests at 3 bar IMEP. This was a result of
the lower boost pressure and lessened intensity of combustion observed from CDC due to the
absence of oxygenated fuels. PCCI 45ET Extra was observed to have less peak pressure than PCCI
45BU NOX as a result of a higher EGR% utilized and the lower reactivity of ethanol preventing
greater combustion intensity as indicated by the in-cylinder pressure. However, it was observed
that PCCI with ethanol had the greatest PPRR of the 3 tests followed by PCCI with n-butanol,
indicating that at a low load of 3 bar IMEP the oxygen provided from the fuel rapidly increases
pressure once combustion reaches a critical threshold.
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Figure 43: In-cylinder Pressure and PRR of The Best 3 Trials at 3 Bar IMEP

In Figure 44, it can be seen that CDC had the least variation in pressure amongst the 3 CDC
tests conducted at 4 bar IMEP, while PCCI with ethanol had greater variation in pressure amongst
the 3 tests conducted. In conjunction to this, most PCCI test had greater in-cylinder pressure than
CDC as observed previously at a load of 3 bar IMEP due to the benefit of the oxygenated fuel.
Further to this, PCCI with ethanol had a greater PPRR than all of the tests conducted exhibiting a
single sharp peak. This is in contrast to the observation made with PCCI with n-butanol having a
similar PPRR to that of CDC.
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Figure 44: In-cylinder Pressure and PRR of All Trials at 4 Bar IMEP

However, when a more in-depth analysis is conducted on the 3 optimal points for 4 bar
IMEP, PCCI 45ET Soot had the lowest pressures of the three tests conducted as seen in Figure 45
contradictory to the observation made at 3 bar IMEP. Although CDC UHC had less boost than
PCCI 45ET Soot and the same EGR%, PCCI 45ET Soot had lower in-cylinder pressure throughout
the observed range as a result of the increased PFI mass injected. Although PCCI 45BU Soot had
the same PFI% by mass as PCCI 45ET Extra, the volume of fuel injected was greater for ethanol
due to its lower density. In conjunction ethanol has a greater heat of absorption than n-butanol
resulting in a further intake temperature decrease thus decreasing in-cylinder pressure. Apart from
the decrease of in-cylinder pressure, PCCI 45ET Extra exhibited a greater PPRR than the other
tests and occurs closer to TDC than the other tests. Despite having less boost than PCCI 45BU
Soot, the decreased reactivity of ethanol and greater oxygen content had a greater effect on the
location of the increase PPRR than boost. This indicates that for PCCI with ethanol, a greater
quantity of energy from the diffusion combustion of DI ULSD#2 must be absorbed by the
homogenous air-fuel mixture of ethanol in order to free the molecular oxygen from ethanol for
combustion. This was indicated previously by the DTA study where ethanol had a greater
endothermic reaction than n-butanol prior to oxidation and thus once ethanol releases its oxygen,
helps expediate the combustion of the remaining fuel as seen by the sharp PPRR.
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Figure 45: In-cylinder Pressure and PRR of The Best 3 Trials at 4 Bar IMEP

As the load was increased to 5 bar IMEP it was observed that the variation of the in-cylinder
pressure was decreased between the tests conducted as seen in Figure 46. CDC was observed to
have the greatest in-cylinder pressure of all the tests conducted both at its peak and during the
compression stroke while most PCCI tests had lower pressure throughout the observed ranged.
Yet it was further observed that PCCI with ethanol had a delayed PPRR in comparison to the other
tests as was previously observed at lower loads, indicating despite the increase in load, ethanol’s
lower reactivity has greater control of the combustion process and may be more suitable for
engines with higher compression ratios and/or greater boost. Furthermore, despite the lower
reactivity of ethanol, due to its higher oxygen content once combustion hits a critical mass burned
the remaining fuel mass is burned at an expediated rate.
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Figure 46: In-cylinder Pressure and PRR of All Trials at 5 Bar IMEP

In Figure 47, the in-cylinder pressure and PRR traces can be observed for the 3 optimal
points (CDC Soot, PCCI 45BU Soot, and PCCI 45ET UHC) conducted at a load of 5 bar IMEP.
Yet again it was seen that PCCI with ethanol had lower in-cylinder pressure than both CDC and
PCCI with n-butanol as was previously observed at 4 bar IMEP indicating that as load is increased
the lower reactivity of ethanol diminishes the increase of pressure greater than n-butanol as
Lambda decreases. This observation indicates that the increase in volumetric injection of ethanol
in comparison to n-butanol has greater effect on the reduction of in-cylinder pressures as lambda
decreases. While at lower loads where lambda is greater, the quantity of ethanol injected does not
provide the desired decrease of reactivity but provides additional oxygen to the combustion event
that greatly effects the PRR observed from combustion.
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Figure 47: In-cylinder Pressure and PRR of The Best 3 Trials at 5 Bar IMEP

Ringing Intensity
The RI was calculated for all the 28 combustion tests conducted over the loads 3, 4, and 5
bar IMEP using the maximum temperature, peak pressure, and PPRR as seen in Equation 10.

𝑅𝐼 =

𝑑𝑃
)
)2
𝑑𝑡 𝑚𝑎𝑥 √𝛾𝑅𝑇
𝑚𝑎𝑥
(2𝛾𝑃𝑚𝑎𝑥 )

(𝛽(

Equation 10

It was seen in Figure 48 that, most PCCI with ethanol tests had higher RI than CDC for the
3 loads tested while PCCI with n-butanol had mostly lower RI than CDC except at a load of 3 bar
IMEP. This phenomenon is due to the higher PPRR that PCCI with ethanol has in comparison to
all the other tests, as the value of PPRR has the greatest influence on RI.
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RI: Grouped by optimized Parameter
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Figure 48: RI for All Combustion Tests Conducted at 3 bar IMEP

The RI and % difference from CDC for the 3 optimal test points per load can be seen in
Table 16. It was observed that PCCI with ethanol had a higher RI than CDC by 28.6% at 3 bar and
156.1% at 5 bar while at 4 bar IMEP RI was reduced by 30%. For PCCI with n-butanol only the
test conducted at 3 bar IMEP had a higher RI than CDC by 92.8%, however at loads of 4 and 5 bar
IMEP the RI was reduced by 75.7% and 70.7% respectively. These results confirm the observation
made with Figure 48, that RI is typically greater for PCCI with ethanol despite its lower reactivity
than n-butanol as a result of the higher oxygen content increasing the PPRR greater than that of
CDC or PCCI with n-butanol.

Table 16: RI of 3 Optimal Points per Load Tested
Combustion Test

RI @ 3 Bar IMEP

RI @ 4 Bar IMEP

RI @ 5 Bar IMEP

CDC

0.42

1.4

0.82

PCCI 45BU

0.81

0.34

0.24

PCCI 45ET

0.54

0.98

2.1

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

92.8%

-75.7%

-70.7%

PCCI 45ET

28.6%

-30.0%

156.1%

Combustion Test
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In-Cylinder Temperature
The in-cylinder temperatures seen in Figure 49 were calculated using the in-cylinder
pressure of each one of the combustion tests conducted at 3 bar IMEP. It was observed that CDC
had the greatest maximum temperature of the combustion tests evaluated with a variation of a peak
of 1200°C (CDC UHC) to 1050°C (CDC NOX). In contrast, PCCI with either ethanol or n-butanol
was found to have smaller variations of maximum temperature spanning a range of 1120°C to
1020°C for PCCI with ethanol and a range of 1150°C to 1100°C for PCCI with n-butanol. This
indicates that overall PCCI with either ethanol or n-butanol typically has greater combustion
temperatures than CDC but at a smaller range. In addition, the cooling effect of the intake charge
that is typically seen with PFI of alcohols is not observed here possibly due to the overall lower
usage of fuel mass at lower loads.
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Figure 49: In-cylinder Temperature for Combustion Tests Conducted at 3 Bar IMEP

For the 3 optimal combustion tests conducted at 3 bar IMEP, it was seen that PCCI with
ethanol had a lower maximum in-cylinder temperature compared to both CDC and PCCI with nbutanol while PCCI with n-butanol had the greatest in-cylinder temperatures of the 3 tests. This
could be attributed to the lower EGR% of 15% utilized for PCCI 45BU NOX not being able to
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reduce the temperature as greatly as the other tests conducted at 25% EGR (PCCI 45ET Extra) and
20% (CDC Soot).
The in-cylinder temperatures for the tests conducted at 4 bar IMEP can be seen in Figure
50 where the trend previously observed at 3 bar IMEP is inversed to CDC having the narrowest
range of temperatures recorded. It was seen that CDC had a variation of maximum temperature
between tests of 30°C whereas PCCI with ethanol had the greatest range of maximum temperatures
of 95°C. PCCI with n-butanol had a range of maximum temperatures of 75°C, furthermore PCCI
with either fuel was observed to have a decrease of temperature prior to combustion due to the
cooling effect of PFI.
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Figure 50: In-cylinder Temperature for Combustion Tests Conducted at 4 Bar IMEP

The 3 optimal points for a load of 4 bar IMEP were observed in Figure 50, where it was
seen that PCCI 45ET Soot had both the lowest maximum in-cylinder temperatures but also the
lowest temperature prior to combustion. Although PCCI with n-butanol (PCCI 45BU Soot) had
the same PFI % by fuel mass as PCCI with ethanol, only PCCI with ethanol had shown a reduction
to the intake air fuel charge as seen by the temperature prior to combustion. This observation can
be attributed to the greater volume of ethanol that is injected (indicated by an increase in PFI
duration) and the higher latent heat of vaporization of ethanol. As a result of this and ethanol’s
lower reactivity, maximum in-cylinder temperatures where reduced however this may not indicate
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a reduction of NOX emissions as the greater oxygen content of ethanol may lead to greater NOX
emissions.
It was observed in Figure 51, that the variation in maximum temperatures and the intensity
had increased at a load of 5 bar IMEP for most of the combustion tests conducted in comparison
to 4 bar IMEP. CDC had the greatest range of peak temperatures spanning a range of 360°C
whereas PCCI with ethanol only had a range of 76°C between tests. PCCI with n-butanol unlike
ethanol expressed a greater range of temperatures encompassing a range 176°C between its
maximum temperatures. However, unlike the observation made at 4 bar IMEP, PCCI with nbutanol was seen to have a decrease in cylinder temperatures prior to combustion due to the
reduction of temperature of the intake air-fuel charge due to a greater mass of fuel injected when
compared to 4 bar IMEP.
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Figure 51: In-cylinder Temperature for Combustion Tests Conducted at 5 Bar IMEP

As for the 3 optimal combustion tests at 5 bar IMEP (CDC Soot, PCCI 45BU Soot, and
PCCI 45ET UHC), it was observed yet again that PCCI with ethanol had the lowest maximum incylinder temperature of the 3 combustion tests while PCCI with n-butanol had similar maximum
temperature to CDC. However, the temperature prior to combustion was observed to be reduced
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compared to CDC as the increased fuel mas injected (from 4 bar IMEP, still at 45% PFI by mass)
was able to further reduce the temperature of the intake air-fuel charge though not to the same
magnitude as ethanol.

Apparent Heat Release Rate
The AHRR for each test conducted was calculated using Equation 11 which was governed
by the first law of thermodynamics. As is the case, the system was considered a closed system with
appropriate compensations made for fuel mass introduced from DI events and mass lost due to
blow-by. With this consideration in mind, the model was only utilized during the time in which
the intake valve was closed as well as the exhaust valve.

𝑑𝑄
1
𝑑𝑃
𝛾
𝑑𝜈
=
𝑉
+
𝑃
𝑑𝜃 [𝛾 − 1] 𝑑𝜃 [𝛾 − 1] 𝑑𝜃

Equation 11

The AHRR of tests conducted at a load of 3 bar IMEP can be seen in Figure 52, where it
can be seen that most tests conducted had similar peak AHRR as well as the shape of it despite the
usage of different fuels in PCCI. In addition, it was observed that most PCCI tests had sharper
peak AHRR compared to CDC and is especially evident in PCCI with ethanol. While this trend
was generally observed, CDC UHC had the lowest peak AHRR with a much broader area of
combustion.
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Figure 52: AHRR for Combustion Tests Conducted at 3 Bar IMEP

In conjunction, the 3 optimal test points for 3 bar IMEP (CDC Soot, PCCI 45ET Extra, and
PCCI 45BU NOX) all had similar sharp AHRR, with PCCI with ethanol having the most notable
of the 3. It was observed that PCCI with ethanol had a 35.75% increase in peak AHRR followed
by PCCI with n-butanol having a 19.07% increase in peak AHRR from CDC. This indicates that
the additional oxygen provided from the PFI increases peak AHRR at lower loads which could
come at a detriment to NOX emissions as this is typically indicative of higher NOX formation.
Figure 53 contains the AHRR of the tests conducted at 4 bar IMEP where it was observed
that apart from PCCI with ethanol, the shape of the AHRR was changed from 3 bar IMEP as the
peak was diminished but the duration is increased. For the 3 optimal combustion points at 4 bar
IMEP (CDC UHC, PCCI 45ET Soot, and PCCI 45BU Soot), the same trend was observed where
only PCCI with ethanol had a more pronounced peak AHRR. This indicates that although ethanol
has a lower reactivity than n-butanol, ethanol’s higher oxygen content increases the intensity of
combustion causing it to have a more pronounced peak and shorter duration. This may however
be detrimental to NOX emissions as it may lead to an increase despite lower in-cylinder
temperatures. PCCI with n-butanol however was similar to CDC having no distinguished peak
AHRR but however occurring over a shorter duration. When compared to one another, PCCI with
n-butanol had a 1.3% decrease in peak AHRR while PCCI with ethanol had an increase of 63.5%.

86
In addition, it was noted that all PCCI with n-butanol tests exhibited auto-ignition of the
homogenous air-fuel mixture prior to SOI-2 injection timing.
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Figure 53: AHRR for Combustion Tests Conducted at 4 Bar IMEP

As the load was increased to 5 bar IMEP, it was observed in Figure 54 that the same trend
previously observed at 4 bar IMEP with peak AHRR remained the same and auto-ignition
occurring prior to SOI-2. PCCI with ethanol had a distinguished sharp peak AHRR compared to
the other combustion tests as well as a lower duration than CDC and PCCI with n-butanol. In
contrast to this, PCCI with n-butanol had an AHRR similar to CDC.
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Figure 54: AHRR for Combustion Tests Conducted at 5 Bar IMEP

It was further observed for the 3 optimal combustion tests conducted (CDC Soot, PCCI
45BU Soot, and PCCI 45ET UHC) that CDC and PCCI with n-butanol had similar AHRR with no
distinguished peaks but rather a relatively flat AHRR. Although PCCI with n-butanol only had a 0.4% difference in peak AHRR when compared to CDC, PCCI with ethanol had 103% increase in
peak AHRR compared to CDC. In addition, PCCI with n-butanol exhibited auto-ignition prior to
SOI-2 timing of 6° BTDC. With this observation and the other made at lower loads, it is abundantly
clear that despite the lower reactivity of ethanol, PCCI with ethanol’s combustion characteristics
is predominantly governed by its higher oxygen content. As a result, the higher oxygen content
increases the intensity of combustion and therefore increases peak AHRR and simultaneously
reduces the duration of AHRR.

Mass Fraction Burned
The MFB was calculated from the integration of the AHRR at the start of HTHR, the UHC
and CO emissions were also used for calculating the maximum combustion efficiency per
combustion event. For this study, an indicated CA50 of 5° BTDC (from the AVL Indicom) was
utilized for determining the appropriate injection timing for maintaining the same combustion
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phasing between tests. However, due to the variability of the combustion events on a per cycle
basis, and the shortened time frame in which tests could be conducted due to hardware constraints,
the measured CA50 was determined to be at an average of 9° ATDC with a tolerance of ±2 CAD.
However due to the quantity of data available and the subpar combustion performance of
the tests conducted at 4 and 5 bar IMEP, an in-depth analysis was only conducted for the 3 optimal
points at 5 bar IMEP. With this in mind, the MFB of the optimal test points conducted at a load of
5 bar IMEP were analyzed in detail as to ascertain the combustion performance of each point. It
was seen in Figure 55 that CDC had the latest CA50 of the three tests conducted although having
the earliest injection timing of the 3. It was also noted that combustion for PCCI with ethanol
appeared to occur at a slower rate than all of the other optimal points prior to CA10. However,
once this threshold is breached PCCI with ethanol has a greater mass fraction consumption rate till
approximately 70% of the fuel mass is consumed. This phenomenon is supported by the
observations made in AHRR and the PRR where prior to this critical juncture, ethanol’s lower
reactivity prevents any LTHR from occurring. However, once the oxygen within the ethanol is
separated at a sufficient quantity, HTHR occurs at a rapid rate due to the oxygenated air-fuel
mixture.
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Figure 55: MFB of Optimal Points at 5 Bar IMEP
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As mentioned previously, the in-depth analysis of the MFB was only done on the optimal
points conducted at 5 bar IMEP as PCCI with either ethanol or n-butanol was found to have a
combustion efficiency lower than 90% despite the additional boost provided over CDC. This data
can be observed in the Annex section where various properties including the combustion efficiency
of the other tests conducted can be observed. With this in mind, as seen in Table 17, the maximum
MFB (Combustion Efficiency) observed was between 89.8% (PCCI 45ET UHC) and 94.8% (CDC
Soot) at a load of 5 bar IMEP. This indicates that in order to achieve greater maximum MFB,
higher loads should be considered for PCCI, although lower loads may be able to sustain greater
maximum MFB with either greater combustion ratios or greater boost pressures.
Nevertheless, for the optimal points conducted it was observed that CDC soot and PCCI
45ET UHC had the same ID while PCCI 45BU Soot had an ID of 0 CAD. As indicated from the
AHRR, PCCI with n-butanol was found to have auto-ignition occur prior to SOI-2 injection
occurring, thus the ID was calculated to be 0 CAD as CA10 was obtained shortly after the DI
event. This characteristic of PCCI with n-butanol was observed as well at a load of 4 bar IMEP,
indicating that n-butanol is more susceptible to auto-ignition than PCCI with ethanol as load is
increased. This however can be mitigated with either greater EGR% or the elimination or reduction
of the pilot injection done at 60° BTDC.

Table 17: ID and CD for Optimal Points at 5 Bar IMEP
Combustion
Test

CA10 [CAD]

CA50
[CAD]

CA90
[CAD]

CDC Soot

ID

CD

4 °BTDC

10 °ATDC

PCCI 45BU
Soot

6 °BTDC

PCCI 45ET
UHC

1 °BTDC

MAX
MFB
[%]

[CAD]

[CAD]

46 °ATDC

8°

50 °

94.8

7 °ATDC

48 °ATDC

0°

54 °

92.2

9 °ATDC

NA

8°

NA

89.8
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Heat Flux and Heat Losses
Due to the fundamental change in combustion characteristics of LTC methods in
comparison to CDC, an investigation on the heat flux and associated heat losses was conducted.
Due to the quantity of tests conducted in this study, only 3 points where selected for an in-depth
analysis and were selected due to their high combustion efficiency. The heat flux and heat losses
were calculated utilizing Equation 12 and Equation 13 based off a study by (Borman and Nishiwaki
1987). In addition, modifications were made to the model in order to best incapsulate the
properties/characteristics of the experimental engine as seen previously by (Soloiu, Moncada,
Gaubert, Muiños, et al. 2018). The model used is able to recognize the heat transfers associated
with the convection of gasses within the combustion chamber and the radiative heat of both
particulate matter and diffusion combustion. In Equation 12 the overall heat flux (q̇) was
determined utilizing the wall temperature (TW) (assumed to be an average temperature), the
combustion temperatures (TA), and the air thermal conductivity (λA). The viscosity of the
combustion chamber air was obtained using the Southerland model (µ), the results of which were
used for calculating the Reynolds number in Equation 13.

𝑞̇ (𝛼) = 𝐴

𝜆𝐴 (𝛼) 0.7
4
𝑅𝑒 (𝑇𝐴 (𝛼) − 𝑇𝑊 ) + 𝜎 ∗ 𝜀(𝑇𝐴4 (𝛼) − 𝑇𝑊
)
𝐷
𝑆∗𝑁∗𝐷
𝑅𝑒(𝛼) = 𝜌(𝛼)
30𝜇(𝛼)

Equation 12
Equation 13

It was seen in Figure 56 that PCCI 45BU Soot had the highest total heat flux of the 3
optimal combustion test points conducted at 5 bar IMEP. While PCCI 45ET UHC had the lowest
total heat fluxes by a significant magnitude. It was shown that CDC and PCCI with n-butanol had
similar heat losses with the discrepancies lying after TDC where convection and radiation losses
after 10° ATDC begin to diverge from one another with CDC being greatest. This indicates that
the intensity of the combustion for PCCI 45BU Soot is greater than CDC Soot as a result of both
a diffusion and premixed flame occurring simultaneously and thus consuming greater fuel mass
earlier than CDC as was indicated with the MFB section. However, this led to a slight decrease in
combustion efficiency as the quenched areas of the flames may have been greater due to less
exposure time from the premixed flame that had propagated from the auto-ignition of n-butanol.
This was indicated from the increase in convection losses of PCCI with n-butanol between 365

91
CAD and 370 CAD from CDC. However, the heat fluxes from PCCI 45ET UHC are noteworthy,
as they are a direct result of the diminished duration of AHRR and the sharp rise of AHRR seen
previously. This indicates that although combustion efficiency for PCCI with ethanol was lower,
heat losses are diminished as a result of the rapid combustion and the location of this combustion
occurring close to TDC thus reducing the surface area available for heat loss to occur. Although
in regard to PCCI 45ET, the lower radiation heat flux could be as a result of lower soot formation.

2
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Figure 56: Heat Flux of Optimal Points at 5 Bar IMEP

In Figure 57 and Table 18, the heat losses for each optimal combustion test conducted at 5
bar IMEP can be observed, it was seen that CDC had the greatest heat losses of the three tests
conducted. This was a result of the greater heat flux durations observed in Figure 56 in comparison
to the other 2 tests, however PCCI with n-butanol had similar heat losses as CDC. As a result,
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PCCI 45BU Soot had a negligible difference of heat losses from CDC at 0.39% less radiation loss,
0.01% less convection loss, and 0.04% less crevice loss than CDC.

Figure 57: Heat Losses of Optimal Points at 5 Bar IMEP

PCCI with ethanol on the other hand had a greater reduction of losses from CDC partially
due to its lower combustion efficiency and from its lower heat fluxes. It was observed that PCCI
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45ET UHC had, 2.31% less radiation loss, 3.21% less convection loss, and an increase of 0.05%
crevice loss from CDC. This is a result of the greater magnitude of the AHRR of PCCI with ethanol
and its occurrence closer to TDC therefore minimizing the heat lost to the surrounding engine
components.

Table 18: Percent Losses of Optimal Points at 5 Bar IMEP
Test Name

Radiation Loss [%]

Convection Loss [%]

Crevice Loss [%]

CDC Soot

4.94

17.10

1.36

PCCI 45BU Soot

4.55

17.09

1.32

PCCI 45ET UHC

2.63

13.89

1.41

Emissions Analysis
An emissions analysis was conducted on the 28 combustion tests conducted over a span of
loads ranging from 3 bar IMEP to 5 bar IMEP utilizing an AVL SESAM FTIR V4 for the gaseous
species and an AVL Microsoot 483 for the soot Emissions. For each one of the emissions analyses,
a table was created detailing the optimal combustion tests conducted per load emissions and their
comparison to CDC.

Nitrogen Oxide Emissions
The NOX emissions for each of the 28 combustion tests conducted are shown in Figure 58,
each tests NOX emissions were measured with an AVL SESAM FTIR V4 at an accuracy of ± 2.0%
for the appropriate PPM range. It was observed that most PCCI tests had lower NOX emissions
than CDC with most exemptions occurring at a load of 3 bar IMEP or PCCI with ethanol. It was
generally observed that on average PCCI with n-butanol had a 4.52% reduction of NOX emissions
in comparison to CDC while PCCI with ethanol was observed to have an average 5.07% increase
in NOX emissions at 3 bar IMEP. This reiterates the observation made previously that the oxygen
content of ethanol more heavily governs the intensity of AHRR and the subsequent NOX emissions
than the reactivity of the fuel in PCCI combustion. For the tests conducted at 4 and 5 bar IMEP,
on average the NOX emissions were lowered for PCCI combustion with either fuel in comparison
to CDC. The reduction of NOX emissions at 4 bar IMEP ranged from 7.45% (PCCI with ethanol)

94
to 30.63% (PCCI with n-butanol) and at 5 bar IMEP the reduction ranged from 15.18% (PCCI
with ethanol) to 50.07% (PCCI with n-butanol).

NOx Emissions: Grouped by optimized Parameter
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Figure 58: NOX Emissions of All Combustion Tests Conducted

The NOX emissions of the optimal combustion tests conducted per load can be seen in
Table 19. It was observed, the NOX emissions for PCCI with either ethanol or n-butanol were
reduced at loads 4 and 5 bar IMEP while increasing at a load of 3 bar IMEP in comparison to CDC.
This discrepancy is due to the increase in peak AHRR observed at 3 bar IMEP despite CDC having
higher in-cylinder temperatures than PCCI with ethanol. As for the PCCI tests conducted at 4 bar
IMEP, the NOX emissions were lowered by 14.4% for PCCI with ethanol and 35.3% for PCCI
with n-butanol in comparison to CDC. At 5 bar IMEP further reductions were seen with PCCI with
ethanol having a 21.2% reduction while PCCI with n-butanol had a reduction of 53.2% in
comparison to CDC.
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Table 19: NOX Emissions of Optimal Points
Combustion Test

NOX @ 3 Bar IMEP

NOX @ 4 Bar IMEP

NOX @ 5 Bar IMEP

CDC

18.2

20.1

20.3

PCCI 45BU

19.4

13.0

9.5

PCCI 45ET

20.5

17.2

16.0

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

6.6%

-35.3%

-53.2%

PCCI 45ET

12.6%

-14.4%

-21.2%

Combustion Test

With this in mind, it was seen from this study that PCCI should be utilized for loads greater
than 3 bar IMEP in order to facilitate the reduction of NOX emissions without the usage of
aftertreatment systems.

Soot Emissions
The soot emissions were measured utilizing an AVL Microsoot 483 system for each one
of the 28 combustion tests conducted. In Figure 59 it can be seen that the usage of oxygenated
fuels in PCCI combustion reduces the soot emitted in comparison to CDC with greatest reductions
occurring at the higher loads. It was seen that at a load of 3 bar IMEP, PCCI with n-butanol had a
34.94% reduction of soot emissions while PCCI with ethanol had a 53.01% decrease in comparison
to CDC. The trend of PCCI with ethanol having greater reductions of soot emissions than PCCI
with n-butanol was further exemplified at loads of 4 and 5 bar IMEP. It was observed that at a load
of 4 bar IMEP, PCCI 45BU and PCCI 45ET reduced soot emissions by 42.35% and 71.76%
respectively while at 5 bar IMEP reductions of 32.82% and 75.57 of soot emissions were observed
respectively.
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Soot Emissions: Grouped by optimized Parameter
2.5
CDC NOx
PCCI 45BU NOx
PCCI 45ET NOx
CDC Soot
PCCI 45BU Soot
PCCI 45ET Soot
CDC UHC
PCCI 45BU UHC
PCCI 45ET UHC
PCCI 45ET Extra

Soot [g/kWh]
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Figure 59: Soot Emissions of All the Combustion Tests Conducted

For the optimal combustion tests conducted through the loads of 3-5 bar IMEP, the soot
emissions as well as the reduction seen between PCCI, and CDC are shown in Table 20. It was
seen that throughout the load range PCCI with ethanol had greater reductions of soot emissions
than PCCI with n-butanol spanning a range of -55.5% reduction (at 3 bar IMEP) and 75.0%
reduction from CDC (at 4 bar IMEP). While PCCI with n-butanol did achieve soot emissions
reductions ranging from 53.8% (at 4 bar IMEP) to 36.7% (at 5 bar IMEP), PCCI with ethanol was
proven to be the fuel of choice for targeting soot emissions. This is attributed to the higher oxygen
content of ethanol reducing the soot formation occurring at the diffusion combustion of the DI
plume.
Table 20: Soot Emissions of Optimal Points
Combustion Test

Soot @ 3 Bar IMEP

Soot @ 4 Bar IMEP

Soot @ 5 Bar IMEP

CDC

0.27

0.52

0.79

PCCI 45BU

0.15

0.24

0.5

PCCI 45ET

0.12

0.13

0.22

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

-44.4%

-53.8%

-36.7%

PCCI 45ET

-55.5%

-75.0%

-72.2%

Combustion Test

97
Unburnt Hydrocarbon Emissions
The UHC emissions of LTC methods is often an area of great interest as typically LTC
methods such as PCCI struggle with reducing the quantity of UHC. As is the case, Figure 60
contains the UHC emissions from each of the 28 combustion tests conducted in this study. It was
noted that, UHC were greater for all PCCI tests conducted regardless of the PFI fuel used with the
magnitude of this increase diminishing as load increases. Generally, it was observed that PCCI
with ethanol had greater UHC emissions than PCCI with n-butanol despite the usage of greater
boost pressures.

UHC Emissions: Grouped by optimized Parameter
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Figure 60: UHC Emissions of All the Combustion Tests Conducted

As seen in Table 21, the UHC emissions of PCCI were subpar at loads of 3 and 4 bar IMEP
due to insufficient combustion chamber pressures/temperatures necessary for a more complete
combustion process. As a result, UHC emissions remained elevated in comparison to CDC thought
the load range with only a minimum increase of 23.1% observed at 5 bar IMEP for PCCI 45ET.
This indicates for the usage of PCCI at lower loads either a substantial increase in boost must be
utilized or be implanted in an engine with a greater compression ratio.
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Table 21: UHC Emissions of Optimal Points
Combustion Test

UHC @ 3 Bar IMEP

UHC @ 4 Bar IMEP

UHC @ 5 Bar IMEP

CDC

9.32

4.91

4.71

PCCI 45BU

20.9

8.05

5.85

PCCI 45ET

19.7

13.6

5.8

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

124.2%

63.9%

24.2%

PCCI 45ET

111.4%

176.9%

23.1%

Combustion Test

Carbon Monoxide Emissions
The CO emissions for all the 28 combustion tests conducted over the loads 3,4, and 5 bar
IMEP are shown in Figure 61 where it was seen that CO emissions for PCCI combustion with
either fuel had higher CO emissions than CDC. In addition, CO emissions were shown to be higher
for PCCI with n-butanol in comparison to PCCI with ethanol for most tests at 3 and 4 bar with the
opposite being true at 5 bar IMEP.

CO Emissions: Grouped by optimized Parameter
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Figure 61: CO Emissions of All the Combustion Tests Conducted
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The optimal combustion points for each load are shown in Table 22, where the same trend
was observed that PCCI with n-butanol had greater CO emissions at 3 and 4 bar IMEP while PCCI
with ethanol had lower CO emissions at 5 bar IMEP. As is the case, the minimum increase in CO
emissions was seen at 5 bar IMEP for PCCI 45BU with 59.7% in comparison to CDC.

Table 22: CO Emissions of Optimal Points
Combustion Test

CO @ 3 Bar IMEP

CO @ 4 Bar IMEP

CO @ 5 Bar IMEP

CDC

23.0

19.5

23.3

PCCI 45BU

111

102

37.2

PCCI 45ET

93.2

81.7

53.9

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

382%

423%

59.7%

PCCI 45ET

305%

319%

131%

Combustion Test

Formaldehyde and Aldehyde Emissions
Formaldehyde and aldehyde emissions although unregulated by most emissions standards,
is often reported on for alternate combustion techniques that utilize biofuels. The formaldehyde
emissions for the 28 combustion tests conducted over 3-5 bar IMEP are shown in Figure 62, in
addition to this the optimal combustion tests per load are shown in Table 23. It was observed that
formaldehyde emissions for PCCI with ethanol were higher than PCCI with n-butanol at loads of
4 and 5 bar IMEP. However, at 3 bar IMEP, the formaldehyde emissions were nearly the same for
both PCCI techniques. As for the 3 optimal combustion tests per load seen in Table 23, the lowest
increase in formaldehyde emissions was 46.3% greater than CDC for PCCI 45BU at a load of 5
bar IMEP.
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Formaldehyde Emissions: Grouped by optimized Parameter
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Figure 62: Formaldehyde Emissions of All the Combustion Tests Conducted

Table 23: Formaldehyde Emissions of Optimal Points
Formaldehyde @ 3

Formaldehyde @ 4

Formaldehyde @ 5

Bar IMEP

Bar IMEP

Bar IMEP

CDC

1.2

0.6

0.54

PCCI 45BU

5.1

1.5

0.79

PCCI 45ET

5.3

2.4

1.2

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

325%

150%

46.3%

PCCI 45ET

342%

300%

122%

Combustion Test

Combustion Test

A similar trend was observed for aldehyde emissions in Figure 63 and Table 24 were PCCI
had considerably higher aldehyde emissions than CDC at each load. Although it was noted that as
load increased, aldehyde emissions decreased at a considerable rate for all PCCI tests. As seen in
Table 24, the lowest increase in aldehyde emissions was observed at 5 bar IMEP for PCCI 45BU
at 238% in comparison to CDC.
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Aldehyde Emissions: Grouped by optimized Parameter
CDC NOx
PCCI 45BU NOx
PCCI 45ET NOx
CDC Soot
PCCI 45BU Soot
PCCI 45ET Soot
CDC UHC
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Figure 63: Aldehyde Emissions of All the Combustion Tests Conducted

Table 24: Aldehyde Emissions of Optimal Points
Aldehyde @ 3 Bar

Aldehyde @ 4 Bar

Aldehyde @ 5 Bar

IMEP

IMEP

IMEP

CDC

0.59

0.28

0.26

PCCI 45BU

5.0

1.3

0.88

PCCI 45ET

9.4

3.5

1.7

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

747%

364%

238%

PCCI 45ET

1493%

1150%

554%

Combustion Test

Combustion Test

Carbon Dioxide Emissions and Carbon Environmental Impact Index
The CO2 emissions for each one of the combustion tests conducted in this study are shown
in Figure 64 where it was observed that at 3 and 4 bar IMEP CO2 emissions were lowered by an
average of 4.17% (PCCI 45BU) to 12.42% (PCCI 45ET) at 3 bar and 5.25% (PCCI 45BU) to
5.84% (PCCI 45ET) respectively. Although at 5 bar IMEP CO2 emissions were raised by 9.30%
(PCCI 45BU) to 10.71% (PCCI 45ET), the overall environmental impact is not equivalent with
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CDC due to the usage of renewable fuel sources which will be discussed in further detail in a later
section.

CO2 Emissions: Grouped by optimized Parameter
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Figure 64: CO2 Emissions of All the Combustion Tests Conducted

It was observed however that for the optimal combustion points seen in Table 25, the
greatest reductions to CO2 emissions occurred at 5 bar IMEP by as much as 20.3% for PCCI 45BU
in comparison to CDC. This indicates that at higher loads for the points that are optimal for NOX,
soot, and combustion efficiency CO2 emissions are lowered considerably than at other loads.
However as previously stated, the CO2 emissions for PCCI with either n-butanol or ethanol cannot
be equivocally compared as 45% of the fuel mass is derived from renewable sources.
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Table 25: CO2 Emissions of All the Optimal Combustion Tests Conducted
Combustion Test

CO2 @ 3 Bar IMEP

CO2 @ 4 Bar IMEP

CO2 @ 5 Bar IMEP

CDC

1309

1215

1276

PCCI 45BU

1532

1213

1017

PCCI 45ET

1777

1293

1053

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

17.0%

-0.16%

-20.3%

PCCI 45ET

35.8%

6.42%

-17.5%

Combustion Test

As seen in Table 26, a comparison was made of the non-renewable carbon reduction of
PCCI combustion to CDC and the quantity of moles per hour of non-renewable carbon emitted per
hour. This Renewable Carbon Index was created in order to best compare the environmental
impact of each biofuel utilized in PCCI combustion in comparison to CDC. A consideration was
made of the difference between first generation biofuels (ethanol) and second-generation biofuels
(n-butanol) sustainability within the Renewable Carbon Index (RCI). As seen in Equation 14, the
RCI was calculated based off the moles of carbon per hour of CDC (MCDC), the moles of nonrenewable carbon of the biofuel combustion test per hour (MBio), and the constant associated with
the biofuel generation utilized (Sgen). The constant Sgen was defined as 1 for non-renewable fuel,
0.9 for first generation biofuel, 0.75 for second generation biofuel, and 0.5 for third generation
biofuels. As a result, an RCI of 10 signifies a comparable carbon footprint to CDC while any
number lower this signifies a reduction of the carbon footprint.

(𝑀𝐵𝑖𝑜 ∗ 𝑆𝑔𝑒𝑛 )
𝑁𝑅𝐶𝐼 = (
) ∗ 10
𝑀𝐶𝐷𝐶

Equation 14

It was observed in Table 26 that at a load of 3 bar IMEP, PCCI 45BU had 58% nonrenewable carbon reduction in comparison to CDC while PCCI 45ET had a 65% reduction on nonrenewable carbon. The same reductions were observed at 4 bar IMEP although at 5 bar IMEP the
reductions slightly changed to 59% reduction for PCCI 45BU and 64% for PCCI 45ET. This slight
change in carbon reduction can be attributed to the higher combustion efficiency observed at 5 bar
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IMEP resulting in less fuel mass needed for power production. In terms of the RCI of the optimal
combustion tests, the range of the RCI varied from 4.11 at 3 bar IMEP to 4.47 at 5 bar IMEP for
PCCI 45BU. It was also observed that the RCI for PCCI 45ET ranged from 5.15 at 3 bar IMEP to
5.8 at 5 bar IMEP. This implies that as load is increased for each PCCI combustion test the RCI
increases due to an overall increase in fuel needed to sustain power needs. However, each
combustion test was considerably lower than CDC with PCCI 45BU having the lowest RCI due to
the second-generation bio alcohol n-butanol having an overall lower environmental impact than
first generation bio alcohol ethanol.

Table 26: Renewable Carbon Index of All the Optimal Combustion Tests Conducted
Non-Renewable Carbon Reduction
Combustion Test

3 Bar IMEP

4 Bar IMEP

5 Bar IMEP

PCCI 45BU

58%

58%

59%

PCCI 45ET

65%

65%

64%

Moles of Non-

Moles of Non-

Moles of Non-

Renewable Carbon

Renewable Carbon

Renewable Carbon

per hour @ 3 Bar

per hour @ 4 Bar

per hour @ 5 Bar

IMEP

IMEP

IMEP

CDC

3.27

4.20

4.90

PCCI 45BU

1.79

2.38

2.92

PCCI 45ET

1.87

2.66

3.16

Carbon Index at 3

Carbon Index at 4

Carbon Index at 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

4.11

4.25

4.47

PCCI 45ET

5.15

5.7

5.80

Combustion Test

Combustion Test

Fuel Consumption and Efficiency
Energy Specific and Brake Specific Fuel Consumption
The ESFC and BSFC was collected for each one of the 28 combustion tests conducted in
this study in order to gauge the performance of PCCI of either biofuel in comparison to CDC. In
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Figure 65, the ESFC was shown for the 28 tests conducted over 3,4, and 5 bar IMEP. It was shown
that the average ESFC was similar between all the tests falling within a range of 4.61% of one
another. PCCI with ethanol however was shown to have a slight decrease in ESFC in comparison
to CDC for each load while PCCI with n-butanol having a slight increase at 3 bar IMEP and slight
decrease at 4 and 5 bar IMEP. This is a direct result of the lower calorific content of the PFI fuels
than ULSD#2.

ESFC: Grouped by optimized Parameter
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Figure 65: ESFC of All the Combustion Tests Conducted

For the optimal points conducted, the ESFC was shown in Table 27 where it was observed
that at a load of 4 and 5 bar IMEP PCCI had less ESFC than CDC while having a greater ESFC at
3 bar IMEP. As the load was increased from 4 to 5 bar IMEP, PCCI 45ET was shown to have a
greater reduction of ESFC from 1.04% to 8.22% from CDC while PCCI 45BU was stable at 5%
reduction from CDC with only a 0.09% variation between tests.
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Table 27: ESFC of Optimal Points
Combustion Test

ESFC @ 3 Bar IMEP

ESFC @ 4 Bar IMEP

ESFC @ 5 Bar IMEP

CDC

10006

9033.9

8554.3

PCCI 45BU

10592

8561.5

8114.7

PCCI 45ET

10485

8940.3

7850.9

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

5.86%

-5.23%

-5.14%

PCCI 45ET

4.79%

-1.04%

-8.22%

Combustion Test

As for the BSFC, it was seen in Figure 66 that on average the BSFC of PCCI with either
fuel was greater than CDC for all loads spanning a range of 5.57% (PCCI 45BU at 4 bar IMEP) to
21.55% (PCCI 45ET at 3 bar IMEP). This was caused from the decreased energy density of the
PFI fuels and the lower combustion efficiency of PCCI combustion, as a subsequent result BSFC
increased for PCCI combustion with either fuel in comparison to CDC.

BSFC: Grouped by optimized Parameter
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Figure 66: BSFC of All the Combustion Tests Conducted

The BSFC for the 3 optimal tests per load studied is shown in Table 28 where it was
observed that PCCI 45BU had a lower increase in BSFC than PCCI 45ET at each load. It was seen
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that as load increased BSFC was rise above CDC reduced from 28.3% to12.2% for PCCI 45ET
while PCCI 45BU went from 15.8% rise to 3.9%.
Table 28: BSFC of Optimal Points
Combustion Test

BSFC @ 3 Bar IMEP

BSFC @ 4 Bar IMEP

BSFC @ 5 Bar IMEP

CDC

240

217

205

PCCI 45BU

278

224

213

PCCI 45ET

308

263

230

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

15.8%

3.2%

3.9%

PCCI 45ET

28.3%

21.2%

12.2%

Combustion Test

Indicated Thermal Efficiency
The ITE of all the tests conducted in this study are shown in Figure 67, where it was seen
that PCCI with either ethanol or n-butanol had greater thermal efficiency than CDC at each load.
The ITE for each point was higher than usual due to the externally driven fuel pumps and
supercharger used in the experimental CI engine. It was also observed that generally PCCI with
ethanol had greater thermal efficiency than PCCI with n-butanol as this was caused by the shorter
duration of intense AHRR and a subsequent decrease in heat losses.

Thermal Efficiency: Grouped by optimized Parameter
CDC NOx
PCCI 45BU NOx
PCCI 45ET NOx
CDC Soot
PCCI 45BU Soot
PCCI 45ET Soot
CDC UHC
PCCI 45BU UHC
PCCI 45ET UHC
PCCI 45ET Extra

Thermal Efficiancy [%]

160
140
120
100
80
60

70.8

67.7 68

68.1 65.5
59.3

64

71.1
71.1
66.9
61

64.5

66.3

63.5

65.7 63.6

67.4
66.6
62

70.7

72.5
67

73.1
67.7 66.8

40
20
0

3

4
Load IMEP [Bar]

Figure 67: ITE of All the Combustion Tests Conducted
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As for the optimal combustion tests points conducted per load, it was shown in Table 29
that the ITE for PCCI was greatest at lower loads in comparison to CDC with diminishing gains a
s load increased. PCCI with ethanol had the greatest ITE at loads of 3 and 5 bar in comparison to
PCCI with n-butanol. This trend can be explained by the decrease in heat losses, increase in the
usage of boost pressure

Table 29: ITE of Optimal Points
Thermal Efficiency

Thermal Efficiency

Thermal Efficiency

@ 3 Bar IMEP

@ 4 Bar IMEP

@ 5 Bar IMEP

CDC

59.3

62.0

67.7

PCCI 45BU

67.7

65.7

66.8

PCCI 45ET

71.1

63.6

69.5

Δ% from CDC @ 3

Δ% from CDC @ 4

Δ% from CDC @ 5

Bar IMEP

Bar IMEP

Bar IMEP

PCCI 45BU

14.2%

5.9%

-1.3%

PCCI 45ET

19.9%

2.6%

2.7%

Combustion Test

Combustion Test
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FINDINGS, CONCLUSION, AND RECOMMENDATIONS
Conclusions
An investigation was conducted on the optimal engine parameters for facilitating lower
NOX and soot emissions of PCCI with either ethanol or n-butanol as the PFI fuel of choice at loads
of 3, 4, and 5 Bar IMEP. 28 total combustion tests were conducted over the span of loads with
variations made to the EGR% and boost pressure for each test in order to find the optimal point
for simultaneous emissions reduction.
The hypothesis for this research states: With an optimal EGR and boost strategy, PCCI can
obtain a NOx and soot emissions reduction of at least 10% for 2 out of the 3 loads without the
need of a non-neat ULSD#2 DI fuel. The hypothesis was proven correct for PCCI tests conducted
at 4 and 5 bar as a minimal reduction of 36.7% soot reduction had occurred for PCCI with nbutanol at 5 bar IMEP and a minimal reduction of 14.4% NOX emissions for PCCI with ethanol at
4 bar IMEP.
During the course of this investigation multiple combustion/emissions metrics were
analyzed in order to gain insight on what operating points were considered to be optimal for each
load for CDC, PCCI with 45% PFI by mass of n-butanol (PCCI 45BU), and PCCI with 45% PFI
by mass of ethanol. It was found during this study that PCCI 45ET required greater EGR% and
boost pressure than PCCI 45BU at each load tested in order to overcome the lower reactivity of
ethanol. However, despite the lower reactivity of ethanol, it was seen at 3 bar IMEP that PCCI
45ET had greater combustion pressures than CDC by 3.95 bar while PCCI 45BU had an increase
of 6.1 bar in comparison to CDC. As load was increased it was observed that PCCI 45BU and
CDC had increases in combustion pressure greater than PCCI 45ET, as such PCCI 45ET had a
peak combustion pressure 1.66 bar less than CDC at 4 bar IMEP and 2.76 bar at 5 bar IMEP.
Despite this observed trend, the PPRR and subsequent AHRR reflected a greater difference
between CDC and PCCI 45BU to PCCI 45ET at each given load with greater deviations as the
load was increased. At 3 bar IMEP, both PCCI 45BU and PCCI 45ET had greater PPRR than CDC
by 0.84 bar/CAD and 1.32 bar/CAD respectively while the AHRR reflected a similar trend. The
max AHRR for PCCI 45ET and PCCI 45BU was increased by 20.32 J/CAD and 10.84 J/CAD
respectively indicating that at such a light load the intensity of combustion from the global lean
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mixture of either ethanol or n-butanol intensified combustion. However, as load was increased it
was observed at 4 and 5 bar IMEP that only PCCI 45ET exhibited this trait with increasing
magnitude while PCCI 45BU resembled CDC in terms of AHRR and PRR. As is the case at 4 bar
IMEP PCCI 45ET had a peak AHRR greater than CDC by 31.51 J/CAD and an increased PRRR
of 1.22 bar/CAD. At 5 bar IMEP, the max AHRR of PCCI 45ET was increased by 50.38 J/CAD
from CDC and had a PPRR 2.14 bar/CAD greater than CDC. With this information in mind, it was
noted that although ethanol has a lower DCN than n-butanol, because of its higher oxygen content
the intensity of combustion was increased as a direct consequence and was observed to occur once
10% of fuel mass had been consumed.
Despite the intensity of combustion of PCCI 45ET, NOX emissions were reduced at 4 and
5 bar IMEP by 14.4% and 21.2% respectively in comparison to CDC. PCCI 45BU however had
even greater reductions at 4 and 5 bar by 35.3% and 53.2% respectively from CDC. In addition to
this PCCI 45ET did have greater soot emissions reductions at 4 and 5 bar IMEP at 75% and 72.2%
respectively as a direct result of the fuels higher oxygen content thereby increasing the local
lambda at the DI diffusion burn of ULSD#2. Despite this PCCI 45BU did however have a
considerable reduction of soot emissions of 53.8% at 4 bar and 36.7% at 5 bar IMEP in comparison
to CDC. As for the environmental impact of each combustion method, it was shown that at 3 and
4 bar IMEP PCCI 45BU had a 58% reduction of non-renewable carbon and PCCI 45ET had a 65%
reduction of non-renewable carbon. As the load was increased to 5 bar IMEP, the non-renewable
carbon was reduced by 59% and 64% respectively to PCCI 45BU and PCCI 45ET.
Although PCCI with n-butanol had a lesser reduction of non-renewable carbon than PCCI
with ethanol, due to the inherent benefits of second-generation biofuels PCCI 45BU had a reduced
Renewable Carbon Index (RCI) of 4.11, 4.25, and 4.47 to PCCI 45ET RCI of 5.15, 5.7, and 5.8
over the span of loads conducted. With all of the combustion/emissions metrics gathered in this
study it was determined that PCCI with n-butanol is a superior combustion method of choice for
simultaneously reducing the NOX and soot emissions of a CI engine while simultaneously
facilitating further reduction of the environmental impact of ICE.
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Future Work
Although much progress has been done on the optimization of PCCI with n-butanol in
regard to NOX and soot emissions, research is needed for the suppression of increased BSFC and
lowered combustion efficiency. To facilitate the optimization of PCCI in future studies, it is
recommended that a simulation be built in order to optimize other engine parameters not covered
in depth by this study (CRDI pressure, intake temperature, target CA50, pilot injection timing and
duration, DI fuel blended with PFI fuel, and the usage of additional DI injection events). In addition
to this, in order to further reduce BSFC and increase combustion efficiency, a new cooling system
for the existing centrifugal supercharger gearbox or a higher capacity supercharger would be
desirable for increasing boost pressures further than done so in this study. If these parameters and
supporting engine systems are incorporated, PCCI with n-butanol could have a promising future
for the reduction of ICE impact on the environment.
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