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Abstract

Upcoming environmental constraints require the next generation internal combustion
engine (ICE) to yield lower pollutant emissions and higher fuel efficiency. Various alternative
fuels and combustion strategies and regimes have shown great potential in meeting these goals.
The work done in this dissertation aims at exploring different alternative fuels and advanced
combustion strategies through a combination of single-cylinder engine performance and emission
tests, laser diagnostics in optical engines, and soot analysis using materials research techniques, in
order to improve the combustion and emission performance of the modern ICE.

Alcohols, especially n-butanol, have been studied as potential fuels and have shown to be
a possible alternative to pure gasoline. In this work, the intermediate product in bio-butanol
production through acetone-butanol-ethanol (ABE) fermentation, ABE, was studied for the first
time as a potential alternative fuel in spark ignition (SI) engines. Various blends of ABE and
gasoline, with different ratios of acetone, n-butanol, and ethanol were studied under various engine
operating conditions. The results obtained affirm ABE’s potential as an alternative fuel and explain
the effects of ABE components on the combustion process. This work also provides information
regarding the optimum ABE ratio to be targeted in the ABE fermentation process. Finally, the
datasets obtained are valuable for combustion mechanism and model validation.

Another promising and attractive alternative fuel is natural gas. Dual-fuel Compressed
Natural Gas (CNG)/diesel combustion in compression ignition (CI) engines has shown the ability
to substantially reduce the NOx emission and at the same time produce very low particulate matter
(PM) emissions. In this study, CNG/diesel dual-fuel combustion has been studied under various

CNG substitution ratios and diesel injection strategies at a wide range of engine operating



conditions. The results show how an effective pilot diesel injection strategy in dual-fuel
combustion could match the efficiency of diesel combustion (CDC). Furthermore, CNG/diesel
dual-fuel combustion was also studied in an optical engine in order to understand the mechanism
of dual-fuel combustion. Very few studies have performed visualization of this phenomenon.
Exhaust particulate matter from CNG/diesel dual-fuel combustion was also studied and
characterized for the first time using materials research techniques such as Transmission electron
microscopy (TEM), Thermogravimetric analysis (TGA), CHN elemental analysis, Raman
spectroscopy, and Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy. The
results would be invaluable for the design of exhaust after-treatment systems for vehicles using
CNG/diesel combustion.

Gasoline direct injection (GDI) engines have shown improved efficiency and reduced fuel
consumption, however, GDI combustion faces the serious issue of PM emissions. This study
investigated lean-burn GDI combustion of ethanol-gasoline blends in an optical engine and tested
a novel injector and combustion chamber design, in order to obtain better atomization and hence
better air/fuel mixing, as well as an overall lean air/fuel mixture that would prevent rich zones and
hence the formation of soot.

Through this work, a) ABE combustion was studied in gasoline engines for the first time
and affirmed as an alternative fuel ; b) By developing improved pilot diesel injection strategies,
CNG/diesel dual-fuel combustion was shown to obtain diesel-like efficiency; c) Exhaust
particulate matter from CNG/diesel combustion was physically and chemically characterized for
the first time using materials analysis techniques; d) CNG/diesel dual-fuel combustion was
visualized using color high-speed imaging in an optical engine; e) Lean-burn combustion of

ethanol-gasoline blends was investigated in an optical engine.
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Chapter 1  Introduction

1.1 Background

Internal combustion (IC) engines are, and will continue to be the primary mode of power
generation for ground transportation. Conventional internal combustion engine powered vehicles
are projected to decrease at an annual rate of 0.5% over the next 25 years in the US, with gasoline
internal combustion engines decreasing at an annual rate of 0.7%, whereas diesel combustion
engines actually increasing at an annual rate of 4.7% in the U.S. for light-duty vehicles used in
personal transportation [1]. Meanwhile, alternative fuel-vehicles, including flex-fuel, hybrids,
natural gas, electric, liquefied petroleum gas and fuel cells are expected to grow at an annual rate
of 7.3% over the next 25 years [1]. According to this projection, the internal combustion engine
(ICE) is still going to play an important role in power generation and ground transportation in the
foreseeable future.

The growing concerns over global warming and depletion of fossil fuel resources have been
associated with the boom of IC engines for decades. Meanwhile, driven by the increasingly
stringent emission regulations, significant improvement in emission levels in both spark ignition
(SI) engine and compression ignition (CI) has been achieved, with minimum penalty on engine
power and performance. As illustrated in Table 1.1, the fuel efficiency has increased by 126% and
77% for cars and trucks respectively from 1975 to 2010. The increase will continue as reflected in
the forecast by the Energy Information Administration (EIA) annual energy outlook shown in
Table 1.1. The fuel economy for light duty trucks, for example, is projected to further increase

from 28.8 miles per gallon (MPG) to 40.3 MPG by 2025.



To achieve the projected fuel economy, various vehicle types that do not solely rely on the gasoline
IC engine for power have been developed (summarized in Table 1.2). Although hybrid- and
electric- type vehicles have been considered attractive for ground transportation in the future due
to their remarkable fuel efficiency, the battery capacity and life (typically made of lithium-ion)
currently remain a major hindrance for their widespread use in the current automotive market. On
the other hand, CI engines have the advantages of no throttling losses, high compression ratio and
overall lean operation compared to Sl engines, and are a proven short-to-medium-term solution to
the problem of reducing fossil-fuel consumption and minimizing greenhouse gas emissions. As a
result, the diesel engine has been long established as the principal power-plant for heavy-duty
trucks, buses, and off-road vehicles and machinery.

Conventional diesel combustion, however, results in higher emissions of nitrogen oxides (NOx)
and particulate matter (PM), consequently exhaust after-treatment is necessary to meet the
increasingly stringent government emission regulations. Figure 1.2 illustrates Environmental
Protection Agency (EPA) and European Union (EU) non-road emission regulations from Tierl to
Tier4. Note that the PM and NOx has reduced by 90% and 50% respectively from Tier3 to Tier4
interim and another 80% NOx reduction will be enforced from Tier4 interim to Tier4 final [4]. The
current strategy for heavy-duty diesel after-treatment includes a diesel particulate filter (DPF) to
capture PM, a selective catalytic reduction (SCR) or lean-NOyx trap (LNT) system to control NOy,
and a diesel oxidation catalyst (DOC) to oxidize Unburned hydrocarbon (UHC) and carbon
monoxide (CO) emissions [5,6,7]. The potential cost, weight, package-volume, complexity, and
fuel-consumption penalties associated with these after-treatment devices makes them an unwanted
necessity and thereby impeding the market penetration and subsequent impact of the conventional

diesel combustion engine.



To meet these efficiency and emission targets, and to reduce the cost, complexity and fuel economy
penalty of after-treatment devices, alternative fuels and advanced combustion strategies are being
intensively studied in recent years. Alcohols, especially n-butanol, have been studied as potential
fuels and have shown to be a possible alternative to pure gasoline. N-butanol has properties that
closely resemble those of gasoline, and when used as a transportation fuel, can save 39-56% fossil
energy while reducing greenhouse gas emissions by up to 48% on a lifecycle basis [8]. Biologically
produced butanol is popularly known as ‘biobutanol’. The most widely used production route of
biobutanol is acetone—butanol—ethanol (ABE) fermentation. However, this process suffers from
high substrate costs as well as high recovery costs. If the intermediate product of fermentation, the
ABE mixture, could be used for clean combustion, the separation costs would be mitigated. This
would save time and money in the production chain of bio-butanol [9].

Another promising and attractive alternative fuel is natural gas. The advantages of natural gas
include its widespread availability; its reduced environmental burden relative to conventional fuels
(cleaner combustion) and its applicability in conventional diesel and gasoline engines. Dual-fuel
Compressed Natural Gas (CNG)/diesel combustion in Cl engines has shown the ability to
substantially reduce the NOx emission and at the same time produce very low PM emissions; which
is extremely difficult to achieve in conventional diesel engines [10]. Although natural gas/diesel
dual-fuel combustion has been studied widely, there is still room for improvement in the quality
of dual-fuel combustion, specifically with respect to efficiency. Another area that needs further
investigation is the combustion mechanism of dual fuel combustion, i.e., premixed methane/air
combustion initiated by a pilot diesel injection. Very few studies have performed visualization of

this phenomenon.



As mentioned earlier, conventional diesel engines suffer from high pollutant emissions such as
NOx and PM. PM has been a serious concern for human health due to its direct and broad impact
on the respiratory organs, as well as contributing to the global warming issue [11]. As such, PM
emission standards are continually evolving and becoming more stringent globally. The most
common after-treatment method for soot reduction is to employ a DPF to trap soot particles.
However, the design and effectiveness of these filters depend on soot properties. Characterizing
the physico-chemical properties of soot is important and can provide crucial information to
improve the design and operation of after-treatment systems. Although soot morphology and
nanostructure have been widely studied for other alternative fuels such as crude vegetable oil and
biodiesels, there have been no studies that compared PM from diesel combustion and that from
diesel/CNG dual-fuel combustion.

Vehicles powered by gasoline direct injection (GDI) engines aiming to improve engine efficiency
and reduce fuel consumption have entered the car market since the late 1990s. In addition, the
global volume of GDI engines is expected to overtake that of port fuel injection (PFI) engines by
2020. Historically, particulate emissions have been related to diesel engines. However, in recent
years, particulate emissions from GDI engines, especially the emission of ultrafine particulates,
have become a subject of concern [12]. Stratified charge lean-burn GDI combustion is a promising
combustion regime that can alleviate PM emissions. This strategy needs to be further investigated
and improved. Novel injector and combustion chamber designs need to be developed to obtain
better atomization and hence better air/fuel mixing, as well as an overall lean air/fuel mixture that

would prevent rich zones and hence the formation of soot.



1.2 Problem Statement

These alternative fuels and combustion strategies have enabled improved efficiency and significant
reduction of in-cylinder soot and NOx emissions. However, there remain several challenges and
unanswered questions as mentioned above. Further research is required to meet efficiency and
emission targets using these new solutions and to understand the combustion mechanisms behind
these strategies. Under the scope of investigating the combustion characteristics of these
alternative fuels and combustion strategies, the following issues will be addressed in this thesis
work.

e The performance and emission characteristics of various ABE blends will be studied for
the first time in spark ignition engines to evaluate the applicability of ABE as an alternative
fuel

e The performance and emission characteristics of CNG/diesel dual-fuel combustion will be
investigated with an aim to maximize efficiency at high CNG substitution ratios

e Physico-chemical characterization of exhaust soot from CNG/Diesel dual-fuel combustion
will be performed for the first time

e Combustion visualization of alternative combustion regimes such as dual-fuel combustion
and stratified lean GDI combustion will be performed with an aim to understand the

combustion and sooting mechanisms.

1.3 Thesis Overview

The remainder of the thesis is organized as follows: Chapter 2 presents the study of ABE as an
alternative fuel in spark ignition engines. Various blends of ABE and gasoline, with different ratios

of acetone, n-butanol, and ethanol were studied under various engine operating conditions. Chapter
5



3 discusses CNG/diesel dual-fuel combustion in compression ignition engines. CNG/diesel dual-
fuel combustion has been studied under various CNG substitution ratios and diesel injection
strategies at a wide range of engine operating conditions.

Chapter 4 studies exhaust particulate matter from CNG/diesel dual-fuel using materials research
techniques such as Transmission electron microscopy (TEM), Thermogravimetric analysis (TGA),
Carbon, Hydrogen, Nitrogen (CHN) elemental analysis, Raman spectroscopy, and Diffuse
Reflectance Infrared Fourier Transform (DRIFT) spectroscopy.

Chapter 5 investigates CNG/diesel dual-fuel combustion was also studied in an optical engine in
order to understand the mechanism of dual-fuel combustion. Color high-speed imaging was used
to visualize the combustion process and the 2-color method was used to obtain soot temperature
and soot volume fraction information.

Chapter 6 studies stratified charge lean-burn GDI combustion of alcohol-gasoline blends in an
optical engine using a novel injector and combustion chamber design. The fuel injector spray was
characterized using high-speed imaging and Phase Doppler Anemometry (PDA) and the
combustion process was visualized using high-speed natural flame luminosity imaging.

Chapter 7 summarizes the results and recommends directions for future research.



Table 1.1 Estimated average fuel economy and greenhouse gas emissions standards proposed for
light-duty vehicles (LDV), model years 2017-2025 [2]

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Fuel Economy only (miles per gallon)
Passenger cars 378 40.0 414 430 447 466 488 510 535 56.0

Light-duty trucks 288 294 300 306 312 333 349 36.6 385 403

All light duty 341 353 364 375 388 409 429 450 473 49.6

& Based on Projected mix of LDV sales

Table 1.2 Vehicle types that do not rely solely on a gasoline internal combustion engine for
motive and accessory power [2]

Vehicle Type Description
Diesel Vehicles that use diesel fuel in a compression-ignition internal combustion
engine
Vehicles with gasoline engines, larger batteries, and electrically powered
. . auxiliary systems that allow the engine to be turned off when the
Micro hybrid

vehicle is coasting or idling and then quickly restarted. Regenerative
braking recharges the batteries but does not provide power to the

Hybrid electric ~ Vehicles that combine internal combustion and electric propulsion engines

(gasoline but have limited all-electric range and batteries that cannot be

di (;)srel) recharged with grid power.
Vehicles that use battery power for driving some distance, until a minimum
level of battery power is reached, at which point they operate on a
Plug-in hybrid mixture of battery and internal combustion power. Plug-in hybrids
electric

also can be engineered to run in a “blended mode,” where an
onboard computer determines the most efficient use of battery and

internal combustion power. The batteries can be recharged from the



Vehicles that operate by electric propulsion from batteries that are

Electric
recharged exclusively by electricity from the grid or through
Flex-fuel Vehicles that can run on gasoline or any gasoline-ethanol blend up to 85
percent ethanol.
40.0
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Figure 1.1 Average estimated fuel economy by model year [3]
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Chapter 2 ABE Combustion in SI Engines

Many studies on n-butanol have been conducted due to its properties that closely resemble those
of gasoline. These properties include ease of transportation through pipelines due to its
hydrophobic nature; a stoichiometric air/fuel ratio that closely resembles that of gasoline allowing
for greater percentages of butanol to be mixed with gasoline without heavy engine modification;
and an energy content that is 30% more than ethanol, providing higher energy density than the
widely used E85 fuel. ABE fermentation primarily involves bacterial fermentation of biomass
feedstock to produce acetone, n-butanol and ethanol at volume percentages of approximately 22—
33%, 62-74%, and 1-6% respectively (roughly a 3:6:1 ratio). Due to the depletion of fossil fuels
and subsequent rise in oil prices, interest in ABE as a viable alternative to the petroleum process
has been renewed. In this study, the potential of the intermediate fermentation product, ABE, as
an alternative fuel is investigated in a single-cylinder SI engine by combusting various ABE blends
and acquiring and analyzing in-cylinder pressure, performance and emission data. The chapter
starts with the literature review on ABE fermentation and previous relevant studies. The
experimental setup will be detailed next followed by the results and discussion. Several key topics
regarding ABE combustion will be addressed:

» A comprehensive literature review on the ABE fermentation process

» Performance and emission tests of ABE-gasoline blends with varying ABE content

» Performance and emission tests of neat ABE with varying A:B:E ratios.
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2.1 Literature Review

2.1.1 Introduction

Over the past decades, the biofuel industry has grown significantly due to increasing interest in
renewable energy sources. It is highly desirable to progressively move away from petroleum-based
energy sources to satisfy increasing global energy demands, partly alleviate the production of
greenhouse gases, and reduce the dependence on imported oil. Ethanol and biodiesel have been
the main focus of development for the biofuel industry. However, more recently, due to advances
in biotechnology and separation sciences, bio-butanol is starting to emerge as a viable biofuel.
Butanol is considered a better biofuel than ethanol because its properties are similar to
conventional fuels such as diesel and gasoline. Additionally, butanol has higher energy density
and lower volatility than ethanol, is less hygroscopic, and is less corrosive to the existing
infrastructure [13].

The conventional chemical manufacturing process for butanol is the oxo process
(hydroformylation), in which synthesis gas (a mixture of CO and Hy) first reacts with propylene
to yield buteraldehyde, which is subsequently hydrogenated to butanol. Another chemical process
for butanol synthesis is through crotonaldehyde, in which two molecules of acetaldehyde undergo
aldol condensation to yield the intermediate crotonaldehyde, which is then dehydrated and
hydrogenated to give butanol. Butanol also can be produced from various biological substrates
such as sugars, starch, and biomass through various different routes. Biologically produced butanol
is popularly known as ‘biobutanol’. The most popular and historical route to biobutanol has been

ABE fermentation by means of solvent-producing strains of Clostridium sp. including Clostridium

11



acetobutylicum and Clostridium beijerinckii. The conventional substrates for ABE fermentation
have been corn or molasses; however, several alternative substrates have been considered [21].
The current international price of bulk grade butanol is approximately $4 per gallon (liquid fuels)
with a worldwide market of 350 million gallons per year [21]. Since 2005, a North American-
based company DuPont and a UK-based company British Petroleum have declared their intent to
restart butanol production by ABE fermentation on an industrial scale [23]. According to data
presented by the U.S. EIA, total World biofuels production in 2001 was equal to 54,511 m®/ day,
whereas in 2011 production of biofuels reached a value of 304,587 m®/day and 302,290 m?/day in
2012.This means that production of biofuels increased during 10 years by more than five times.
Bio-butanol production plants have been recently built in China, Russia, Saudi Arabia, Brazil,
Belgium etc. [25].

However, there are some problems in a typical batch ABE fermentation process that constrict the
application of butanol industrially as an alternative to fossil fuels: (1) relatively high substrate costs
and negative effect on food and feed markets due to the usage of edible biomass, (2) low final
butanol concentrations (ca. <20 g/L; roughly 20-25%) due to butanol feedback inhibition, (3) low
butanol yields (ca. <0.35 g/g) due to heterofermentation, (4) low volumetric butanol productivity
(ca. <0.5 g/L/h) due to low cell concentration, (5) high cost of butanol recovery (conventional
distillation is energy intensive) [23]

If the intermediate product of fermentation, the ABE mixture, could be used for clean combustion,
the separation costs would be mitigated. This would save time and money in the production chain

of bio-butanol [13, 20, 21, 23].
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2.1.2 ABE Fermentation

2.1.2.1 Substrates

The most commonly considered substrates for clostridial cultures include fibrous biomass
containing hemicellulose and cellulose (e.g., wheat straw, rice straw); starchy biomass (such as
ground corn and whey permeate); and fruits and vegetables containing fructose, glucose, xylose,
and so on as basic components [21]. Other substrates include agriculture wastes (directly from
plant) like barley straw, corn stover, corn fibers, bagasse, and switchgrass, potatoes, rice, jawari,
bajra, apple pomace, cheese whey, and Jerusalem artichokes [21], which are readily available in
agriculture based countries. Therefore, the availability and low cost of these raw materials aid in
establishing industrial level plants [14].

Substrate cost is a major factor affecting the economics of butanol production. Spray-dried soy
molasses have also been used to produce ABE by C. beijerinckii BA101 in batch cultures. Butanol
has also been produced from low cost waste products such as starch-based waste packing peanuts
and agricultural waste, highlighting the versatility of C. beijerinckii BA101. Low-grade glycerol
and low cost substrates like corn fiber has also been used to produce butanol. Using maltodextrins,
soy molasses, agricultural waste, and packaging peanuts as carbon sources, C. beijerinckii BA101
was able to produce 18.6 g/L (26.1%), 18.3 g/L (22.8%), 9.8 g/L (14.8%), and 15.7 g/L (21.7%)

of butanol (total solvent), respectively [15].

2.1.2.2 Genetic Engineering of Bacteria

A large variety of clostridial cultures capable of producing acetone, butanol, isopropanol, and

ethanol, with varying yield and proportions have been known for more than half a century. As
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many as 34 strains representing 15 species of clostridia have been studied for production of
acetone, butanol, isopropanol, and ethanol [21]. Currently, the butanol:acetone:ethanol mass
fraction ratio in a typical fermentation broth is approximately 6:3:1 and butanol concentration in
the product varies between 1 and 2 wt. %. From the metabolic engineering aspect, it would be
ideal if a microorganism could be genetically modified to increase the concentration of butanol
while reducing or eliminating the formation of other co-products such as acetone and ethanol [20].
Several examples of metabolic engineering of Clostridium sp. have been reported over the years
[15]. ABE fuel properties can be adjusted to suit internal combustion engine requirements, by
changing the ratio of the ABE components through fermentation. As mentioned earlier, the typical
ratio of acetone, butanol and ethanol is 3:6:1 during the formation process, but this is adjustable.
Modification of bacterial strains at the genetic level is the common method for researchers to
optimize production components. At the same time, fermentation products and the ratio of their
formation also vary with the fermentation conditions (pH, temperature, nutrients) [15, 20, 21].
Table 2.1 shows a summary of various bacterial species (some genetically modified) that produce

various ratios of acetone, butanol and ethanol as well as varying overall productivity.

2.1.2.3 Recovery

To increase butanol productivity and to partly alleviate the problem of butanol toxicity, various
separation techniques have been suggested. Solvent recovery is not the most significant factor
affecting the production costs in a conventional ABE plant, but its energy intensity is one reason
which affects the economic feasibility of the ABE process. Because of this, literature covers a wide
range of energy-efficient alternatives for butanol recovery [24]. These in-situ butanol recovery
techniques include vacuum adsorption, gas stripping, liquid-liquid extraction (LLE), reverse

14



osmosis, pervaporation, membrane solvent extraction (pertraction), freeze crystallization,
membrane distillation, thermos pervaporation, sweeping gas pervaporation and vacuum
pervaporation. All these techniques have advantages and disadvantages in terms of capacity,
selectivity, energy requirements, and most importantly the cost. [13, 21, 25]

Of these, LLE is particularly relevant to using ABE directly, as it could result in fuel blends that
could be directly applicable as fuels. LLE is a method used to extract a dissolved substance from
liquid mixture in a certain solvent, by another solvent. However, the market value of the extractant
and the subsequent cost of extractant recycling have prevented their being applied on a large scale.
An ideal in-situ extractant would be one that has a direct end-use as a fuel, which would then
eliminate the need for expensive butanol recovery and extractant recycling procedures.

Butanol is suitable for blending with biodiesel, and biodiesel has been used as the extractant in the
liquid-liquid extraction method to recover ABE solvents. This would eliminate the need for
separating the butanol after extraction. Additionally, biodiesel is much less costly than the
traditionally used oleyl alcohol. If biodiesel-derived glycerol is used as the feedstock for butanol
production, and biodiesel is used as the extractant to recover butanol from the fermentation broth,
production of a biodiesel/butanol fuel blend could be a fully integrated process within a biodiesel
facility.

The bacterium Clostridium pasteurianum has been shown to produce significant amounts of
butanol, 1, 3-propanediol, and ethanol using both purified and crude glycerol as the sole carbon
source. C. pasteurianum is capable generating butanol yields up to 30 wt. % using biodiesel-
derived crude glycerol as the sole carbon source. This is notably higher than the 15-20 wt. %
butanol yields that are typically obtained using C. acetobutylicum or C. beijerinckii. Additionally,

glycerol fermentation does not produce acetone and produces much less ethanol. This process
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could ultimately help reduce the cost of butanol separation and ultimately help improve the overall
economics of butanol fermentation using renewable feedstocks. Adhani et al. [16] showed that
soybean-derived biodiesel is an effective extractant for butanol from fermentation mixtures
containing butanol, ethanol, and 1, 3-propanediol. Single-stage extraction using a
biodiesel:aqueous phase volume ratio of 1:1 can remove up to 50% of the butanol when the initial
concentration is comparable to that produced during anaerobic fermentation, while two stages
could remove up to 71% of the butanol. This work also showed that biodiesel is highly selective
for butanol and removes very little ethanol and essentially no 1, 3-propanediol. Therefore, if
biodiesel were used as an extractant, subsequent separation could produce a very pure butanol
product. However, since butanol is a suitable fuel for blending with biodiesel, recovery of the
butanol may not be necessary.

The fuel properties of the biodiesel-ABE mixture are comparable to that of No. 2 diesel, but with
higher cetane numbers; therefore, it could serve as an efficient No. 2 diesel substitute [18].
Blending butanol with biodiesel effected an improvement in the flow properties of butanol-
enriched biodiesel. Ethanol is generally used to blend in diesohol; however, butanol is an alcohol,
which has higher solubility in diesel than ethanol and can improve the fuel properties of the blends
[26]. To this end, microbial-produced butanol is the best choice for enriching and improving the
fuel properties of biodiesel. The biodiesel preferentially extracted butanol, minimized product
inhibition, and increased both the production of butanol (from 11.6 to 16.5 g/L) and the total
solvents (from 20.0 to 29.9 g/L) by 42% and 50%, respectively. The fuel properties of the ABE-
enriched biodiesel obtained by means of extractive fermentation were also analyzed. The key
quality indicators of diesel fuel, such as the cetane number (which increased from 48 to 54) and

the cold filter plugging point (which decreased from 5.8 to 0.2 °C), were significantly improved
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in ABE-enriched biodiesel. Thus, the application of biodiesel as the extractant for ABE
fermentation would increase ABE production, bypass the energy intensive butanol recovery
process and result in an ABE-enriched biodiesel with improved fuel properties [27]. Yen et al. [22]
also found that adding biodiesel at the beginning at a ratio of 1:1 successfully enhanced butanol
production. The fed-batch operation with in-situ butanol removal, accomplished by adding
biodiesel, greatly enhanced butanol productivity as compared to that of a simple batch. Other
extractants which could produce directly usable fuel blends include methylated crude palm oil
(CPO) and oleyl alcohol [17, 18], and biodiesel produced from sunflower oil [19].

Kurkijérvi and Lehtonen [24] described a dual-extraction method utilizing iso-octane and petrol
components such as: 2-methoxy-2-methylpropane (methyl tert-butyl ether, MTBE), 2-ethoxy-2-
methylpropane (ethyl tert-butyl ether, ETBE), 2-methoxy-2-methylbutane (tert-amyl methyl ether,
TAME), and 2-ethoxy-2-methylbutane (tert-amyl ethyl ether, TAEE). The ethers made from
ethanol, namely ETBE and TAEE, offer the additional benefit that the ethanol used in their
production could be bio-based. These extraction solvents had not been used traditionally as they
are most likely toxic to the microbes used in the ABE process. If the dual extraction method is
used, this toxicity aspect can be ignored. This dual extraction method contains two extraction
columns. In the first column, non-biocompatible solvents were utilized to extract effectively ABE
products, whereas in the second column traces of the toxic solvent were removed from the broth
to make it bio-compatible. After the extraction, the fermentation broth is recycled back to the
reactor, and as such, the unfermented nutrients, reaction intermediates, and remaining products
could be reutilized. The authors claimed that the product mixture from this process (ABE removed
from broth and extractants) could be utilized as a petrol additive without purification steps.

Simulations performed in this study showed that ETBE and MTBE were the most effective
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solvents for butanol recovery, followed by TAME and TAEE. However, ABE concentration in the
end product was low (7.6 kg of butanol in 477.4 kg total amount of product, i.e., less than 16 g/kg).

Table 2.2 provides a summary of various fuels used as extractants for in-situ solvent recovery.

2.1.2.4 Economics

Principal factors governing economics of butanol are mode of fermentation, solvent recovery, and
substrates. The first two factors govern the total fixed capital investment of the process, whereas
the third factor governs the total production cost [21]

Kumar et al. performed an economic assessment of ABE fermentation based on cellulosic and
non-cellulosic feedstock and found that the recovery costs contributed to about 5% of the fixed
capital cost, and would likely be much higher if operation costs were taken into account. They also
found that the total capital investment of the process based on glucose as substrate is 37% lesser
than the other cellulosic and non-cellulosic materials. However, unitary production cost based on

glucose is fourfold higher than sugarcane and cellulosic materials due to its higher cost ($1.11 per

kg). [14]

2.1.3 Previous work

Butanol has been widely investigated as an alternative fuel for both gasoline and diesel engines.
Zheng et al. investigated the effects of n-butanol and its isomers on combustion and emissions of
a diesel engine, and found that the alcohol blends showed retarded combustion phasing, higher
combustion efficiency and lower soot emissions. However, gaseous emissions were not affected
obviously [28]. They also studied combustion and emission of blends of diesel, gasoline and n-

butanol, and found that the indicated thermal efficiency (ITE) was slightly increased with the
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blended fuels [29]. Liu et al. studied the combustion of neat n-butanol and soybean biodiesel in a
constant volume chamber and found that n-butanol was more effective in soot suppression relative
to biodiesel [30]. They also studied n-butanol and biodiesel dual-fuel combustion in a diesel
engine. A slightly higher ITE and significantly reduced NOx, soot emissions were observed [31].
Liu et al. also investigated the effect of adding various oxygenated fuels (20% by volume) to diesel
fuel and found that among n-heptane, iso-octane, n-butanol and methyl octynoate, n-butanol
showed the largest soot reduction, however, they found that fuel properties and oxygenated
structures had minor effects on gaseous emissions and ITE [32].

As for Sl engines, Masum et al. [33] studied the combustion and emissions of methanol, ethanol,
butanol and pentanol blended with 80 vol.% gasoline. They found that all alcohol blends displayed
better engine torque and lowered emissions relative to gasoline. Costagliola et al. [34] studied
performance and emissions of various gasoline/alcohol blends. They found an increase in global
efficiency and a reduction in emissions using the blends. Alasfour [35, 36] studied the
butanol/gasoline blends and showed a reduction in engine thermal efficiency (ETE) during the
whole fuel/air equivalence. He also found NOx emissions to be lower for the blends than those for
pure gasoline. Williams et al. [37] investigated a series of conventional and alcohol fuels and
concluded that thermal efficiency, combustion, and emissions were not adversely affected because
of adding any butanol to gasoline. Dernotte et al. [38] evaluated the combustion and emissions
characteristics of butanol-gasoline blends in a port fuel injection (PFI) SI engine. The results
demonstrated that a 40% butanol/60% gasoline blend by volume minimized HC emissions and no
significant change in NOx emissions were observed with the exception of the 80% butanol/20%
gasoline blend. The addition of butanol improved combustion stability and reduced ignition delay

(0-10% mass fraction burned (MFB)). The change of specific fuel consumption of B40 blend was
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within 10% of that of pure gasoline for stoichiometric mixture. Wigg et al. [39] showed that blends
containing below 40% volume of butanol offered similar unburned hydrocarbon (UHC) emissions
to gasoline, but higher hydrocarbons (HC) levels than pure gasoline at higher butanol
concentrations. The results also indicated a slight increase in brake specific fuel consumption
(BSFC) with the butanol addition. Venugopal and Ramesh [40] studied engine performance with
simultaneous injection of butanol and gasoline, as well as blended fuels. On the whole, at all
operating conditions, simultaneous injection results in reduced HC levels and improved or similar
performance as compared with B50. Gu et al. [41] studied combustion in a spark-ignition engine
fueled with gasoline—n-butanol blends. It was found that, HC, carbon monoxide (CO) and NOx
emissions fueled with gasoline and n-butanol blends are lower than those of gasoline. Pure n-
butanol increased the HC and CO while decreased the NOy; these tendencies were similar to [36].
Yacoub et al. [42] performed several studies on application of straight chain alcohols C1-C5
(methanol to pentanol) as fuels blended with gasoline. The study showed that all alcohol—gasoline
blends showed reduction in CO emissions, and total hydrocarbons (THC) emissions were also
reduced at optimized operating conditions. However, all blends had a higher unburned alcohol
emission than gasoline, with the highest emissions coming from those with the highest alcohol
content. Aldehyde emissions were higher for all blends with formaldehyde as the main constituent
and the NOx emissions may increase or decrease depending on different operating conditions.
Szwaja and Naber [43] investigated the combustion characteristics of n-butanol in a single cylinder
engine and results indicated that the highest peak pressure advanced with the increase of n-butanol
ratio due to a faster combustion and the crank angle degree (CAD) of 50% mass fraction burn
(MFB) from n-butanol was approximately 2° earlier when compared to gasoline. Wallner et al.

[44] investigated the combustion, performance, and emissions of pure gasoline, 10% ethanol (E10)
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and 10% butanol (Bul0) blends in a direct-injection (DI) four-cylinder SI engine. Results showed
that the burning velocity of the Bu10 was higher than those of both E10 and gasoline. Their further
study [45] demonstrated that addition of alcohol to the fuel blend results in a consistent reduction
in NOx emissions regardless of operating point. Both formaldehyde and acetaldehyde emissions
increased with the addition of butanol, whereas formaldehyde did not increase significantly with
addition of ethanol. Propene, 1, 3-butadiene, and acetylene emissions, which are required for
carbon growth processes leading to benzene, also increased only with the addition of butanol.

Recent studies on ABE include ABE-diesel blends combustion in diesel engines (showing
simultaneous reductions in PM and NOx emissions) [46] and kinetic modeling of ABE combustion
[47]. Wu et al. [48, 49, 50, 51, 52, 53] performed various optical studies on combustion
characteristics of ABE and ABE—diesel blends in a combustion chamber, and found that ABE
provides simultaneous soot and NOx reduction capabilities. It was also found that ABE(6:3:1)
showed the highest combustion efficiency, while maintaining phasing close to that of pure diesel.
However, to date, combustion characteristics of ABE fuels in Sl engines have not been

investigated. This is the primary motivation for this study.

2.2 Experimental Setup

2.2.1 Engine Setup

Experiments were conducted using a single cylinder engine with identical cylinder geometry to
the V8 engine used in a 2000 Ford Mustang Cobra [39]. The peak power output of the original V8
engine was 239 kW (329 HP) and 407 N m (300 Ib-ft) of torque resulting in a peak output for the
single cylinder engine of slightly less than 30 kW (40 HP) and 52 N m (38 Ib-ft) as a result of

increased frictional losses. The bottom end is composed of two iron castings produced by Ford.
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The lower casting houses the crankshaft bearings and the upper casting consists of a single cylinder
bore, which aligns with cylinder two on the head. The cylinder head is from the left bank of the
production V8 engine featuring double overhead camshafts and four valves per cylinder with a
centrally located spark plug. In order to reduce frictional losses, the rocker arms were removed
from cylinders one, three and four. The engine is coupled to a GE type TLC-15 class 4-35-1700
dynamometer capable of delivering up to 14.9 kW (20 HP) and absorbing up to 26.1 kW (35 HP)
at a maximum rotational speed of 4500 RPM. The dynamometer is controlled using a
DyneSystems DYN-LOC IV controller and a DyneSystems DTC-1 digital throttle controller. In-
cylinder pressure is measured using a Kistler type 6125B pressure transducer and an AVL 3057-
AOL1 charge amplifier and indexed against a crankshaft position signal from a BElI XH25D shaft
encoder. The engine is controlled through the use of a Megasquirt 11 V3.0 Engine Control Unit
(ECU) which allows the adjustment of fuel through volumetric efficiency tables and adjustment
of ignition timing (spark advance) as functions of engine speed (RPM) and engine load (manifold
air pressure, (MAP)). The fuel injector used was a Bosch injector # 0 280 150 558 rated at 440
cm3/min at a fuel pressure of 3 bar. A schematic of the engine layout is shown in Figure 2.1, and

engine specifications are listed in Table 2.3.

2.2.2 Exhaust gas Analyzers

NOyx and A (and ®) measurements were conducted using a Horiba MEXA-720 NOx non-sampling
type meter in the exhaust manifold of the engine. The measurement range for NOy is

0-3000 ppm with £30 ppm accuracy for 0-1000 ppm, £3% accuracy for 1000-2000 ppm, and
+5% accuracy for 2000-3000 ppm. The measurement of range for lambda is 0.65-13.7. To
enhance accuracy and ensure reliable data, a LabVIEW code was written to collect and average
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NOx and lambda measurements over a 60 s period at 10 samples per second (600 samples total).
Measurements of unburned hydrocarbons and carbon monoxide were made using a Horiba
MEXA-554JU sampling type meter. A probe was fabricated to fit in the exhaust manifold of the
engine that allowed the sampling tube to transport the exhaust gases to the meter.

The measurement range is 0—10,000 ppm for unburned hydrocarbons, 0.00-20.00% by volume for
carbon dioxide, and 0.00-10.00% by volume for carbon monoxide. Exhaust gas temperature
measurements were made using a type-K thermocouple located in the exhaust manifold. It should
be noted that the analyzer used to measure emissions of unburned hydrocarbons uses a
nondispersive infrared (NDIR) analyzer. Both NDIR and flame ionization detection (FID)
measurements of emissions exhibit low responses to oxygenated hydrocarbons. Engine tests in
[45] examined the differences between a Horiba FIA-23A FID analyzer and an MKS 2030 Fourier
Transform Infrared (FTIR) analyzer, which can speciate hydrocarbons and more accurately
measure oxygenated hydrocarbons. Comparisons between FID and FTIR showed that, for
oxygenated fuels, FID consistently underestimated the amount of unburned hydrocarbons although
the observed trends were preserved between the two analyzers. However, for the NDIR

measurements reported here, using an alcohol fuel does not alter the substance of the results.

2.2.3 Test Fuels

Ethanol-free Gasoline (Research Octane Number (RON) = 90) was selected as the baseline fuel in
this study. The ABE solution was first prepared at a volumetric ratio of A:B:E = 3:6:1 using
analytical grade acetone (99.5%), butanol (99.5%) and ethanol (99.8%). The n-butanol was
supplied by Fisher Scientific while acetone and ethanol meeting USP specs were supplied by

Decon Laboratories, Inc. Using an A:B:E ratio of 3:6:1, using splash blending, blends containing
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ABE from 0 to 80% vol. were first created to study the impact of increasing ABE content in ABE-
gasoline blends. The ABE-gasoline blends with 20% vol. ABE will be referred to as ABE20 and
those with 40% vol. ABE will be referred to as ABE40 and so on, in the remainder of the text. A
gravitational test for stability was carried out as samples of the prepared blends were deposited in
a test tube at 25 °C and 1 atm for 90 days. The blends displayed a clear single phase after the
stability test.

Further, neat ABE blends at volume ratios of A:B:E = 3:6:1, 6:3:1 and 5:14:1 were created. The
ABE blend with ABE ratio of 3:6:1 will be referred to as ABE(3:6:1); that with ABE ratio of 6:3:1
will be referred to as ABE(6:3:1), and so on, in the remainder of the text. Pure gasoline will be
referred to as ABEO. The ABE ratio of 3:6:1 is studied because it is the most commonly produced
in the fermentation product [54, 55]. The ratio of 6:3:1 is used as it helps in understanding the
effect of increasing acetone and decreasing butanol. It has also been found in [50] that ABE (6:3:1)
showed great potential for improving combustion efficiency. ABE(5:14:1) is investigated as it was
studied in [46] and showed promising results in diesel engine combustion. Finally, pure n-butanol
is studied for comparison purposes and to further understand the effects of different components.
The properties of individual fuels are listed in Table 2.4. The difference in the latent heats of
vaporization between the fuels is worth noting, as are the different laminar flame speeds (LFS).
Note that the latent heat of vaporization of acetone is slightly higher than that of gasoline; however,
those of ethanol and butanol are nearly 50-75% higher than that of gasoline. As far as the LFS is
concerned, gasoline has the lowest value among the individual fuels. The LFS plays an important
role in the early phase of combustion [43]. The LFS for the components is as follows: Butanol >
Ethanol > Acetone > Gasoline (Table 2.4). The LFS of ABE (3:6:1) was predicted by Van Geem

et al. to be 37 cm/s (298 K, Stoichiometric) [47]. This is about 3 cm/s higher than gasoline. It is
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expected that the LFS of the fuels would increase with increasing n-butanol content. However, it
i to be noted that a small addition of a component with higher LFS does not show any major
effects on the LFS of the blend [56, 57]. Another parameter of importance is the latent heat of
vaporization, which would cause a charge cooling effect. Alcohol fuels have been shown to have
higher charge-cooling relative to that with gasoline [58]. The LFS strongly depends on
temperature. It was shown that the effect of temperature on LFS dominated over the effect of 50
vol. % addition of ethanol to iso-octane [57]. Therefore, it is expected that the combustion phasing
of ABE blends would be determined by the balance between the increase in LFS due to the addition
n-butanol, and the decrease in LFS due to the reduction in temperature at ignition by charge-
cooling. Finally, acetone with a boiling point of 56 °C could help the blend’s spray collapse
significantly, as a small portion of a low boiling point substance within a fuel may be the catalyst
to spray collapse, even if the majority constituent of the fuel is not in the region of flash boiling in
terms of temperature [59]. Table 2.5 shows properties of the ABE-gasoline blends, and Table 2.6

shows properties of neat ABE blends calculated using simple mixing rules.

2.2.4 Test Conditions

For the ABE-gasoline blends study, the engine load was fixed at 375 kPa (BMEP) (medium load)
and the speed at 1200 RPM, similar to cruising conditions. The throttle plate was fully opened
(100%) and the intake manifold pressure was fixed (75 kPa) by regulating supply air from the
building. Ignition timing was set to 20° Before Top Dead Center (BTDC), the default value for
gasoline at these engine conditions, to perform an analysis of ABE use in S| engines without any

modifications.

25



For the neat ABE blend study, the engine load was set to 3 bar and 5 bar (BMEP) and the speed at
1200 RPM. The throttle plate was fully opened (Wide Open Throttle (WOT)). The fuels were first
tested under stoichiometric conditions with the same ignition timing as gasoline’s maximum brake
torque (MBT) timing (18° Before Top Dead Center (BTDC) at 3 bar and 24° BTDC at 5 bar
BMEP, the default values for gasoline at these conditions), to perform an analysis of ABE use in
Sl engines without any modifications. Next, each fuel was tested at its own MBT timing (Table
2.8) and an air/fuel ratio sweep was performed. It should be noted that the engine started up
immediately using all fuels except n-butanol, for which the engine had to be warmed up
beforehand. This is likely due to the enhanced volatility of ABE fuels due to the presence of
acetone. Measurements of brake torque, lambda, and NOx were averaged of a 60-s period while
UHC, CO and exhaust gas temperature (EGT) measurements were recorded directly from the
emissions analyzer. In the figures, error bars represent the variability in the data in terms of
standard deviation between runs. In addition, in-cylinder pressure traces were taken for all fuels to
examine the differences in peak cylinder pressure. The experiments were performed 3 times and
these datasets were then averaged. The tests were performed in a temperature-controlled
laboratory; so the effects of humidity were assumed to be negligible. The intake air pressure was
controlled using an electronic regulator, which provides precise control (Accuracy: £0.1 kPa).
Furthermore, the engine was allowed to run at every operating condition for an extended period to

ensure steady state measurements. The conditions used in this test are summarized in Table 2.7.

26



2.3 Results and Discussion

2.3.1 ABE-Gasoline Blends

The following figures present performance and emissions measurements for all the fuels under the
testing conditions described previously. The results under stoichiometric conditions are first
presented and discussed in detail, after which, results over the range of equivalence ratios tested
are presented for completeness and briefly discussed. The in-cylinder pressure traces are first
presented to compare differences in peak cylinder pressure between the fuels. Next, emissions
measurements are presented starting with UHC. UHC emissions are presented first since they
provide insight into how well the fuel mixes with the air and is consumed during the combustion
process. Emissions of carbon monoxide are then shown to estimate the completion of combustion,
followed by NOx emissions to analyze the effect of ABE's lower energy content on NOy

production.

2.3.1.1 In-Cylinder Pressure Traces

Figure 2.2 shows the pressure traces of all tested fuels under stoichiometric conditions, i.e. an
equivalence ratio of unity (® = 1). The traces shown are the mean trace of several 25 consecutive
engine cycle samples recorded over a 60 second period. The peak cylinder pressure of ABES8O is
higher compared to ABEQ. The CA50 (50% MFB location) (Figure 2.3(b)) is also advanced with
respect to ABEO. ABE has a higher latent heat of vaporization and a higher LFS relative to ABEO.
For the blends with gasoline as the major component (<50% vol.), the LFS decrease due to charge
cooling dominates over the LFS increase due to the addition of ABE. From the pressure trace, it

appears that ABE20 and ABE40 show similar combustion characteristics; however, their peak
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pressure is reduced due to the charge-cooling effect. For ABES8O, the higher flame speeds of ABE
have the dominant impact, causing the combustion to initiate faster and approach completion,

leading to a higher combustion peak and advanced CAD position with respect to ABEO.

2.3.1.2 Mass Fraction Burned (MFB) Profiles

Normalized MFB plots, which can express heat release from combustion, were determined from
each of the pressure traces and illustrated in Figure 2.3(a). In this analysis the heat transfer to
walls and fuel flow into crevices were neglected. Therefore, the apparent HRR was calculated from

the pressure trace using the first law of thermodynamics as expressed in Equation (2.1).

dqQ, __r b adv N 1 v dp
dt »y—1 dt »y—21 dt .. (2.)

where, v is the specific heat ratio, p is the in-cylinder pressure, V is the cylinder volume, and Qn
is apparent heat release.

From Figure 2.3(a), quantities such as 10% MFB, 50% MFB and 90% MFB can be determined.
These values correspond to 0.1, 0.5 and 0.9 of normalized MFB, respectively. Figure 2.3(b) shows
the CAS50 location for the different fuels at ® =1. ABEO and ABE80 have very similar combustion
phasing. This is reflected in the CAS50 location in Figure 2.3(b). The difference in 50% MFB
location between ABEO and ABE20 (and ABE40) is about 1.4° (retarded), and that between
ABES80 and ABEQ is about 0.3° (advanced). The 50% MFB represents the center of combustion,
and it has been shown that the engine torque strongly depends on the location of 50% MFB.

The ignition delay shown in Figure 2.4(a) is calculated as the difference between the spark timing
and 0.1 MFB timing; combustion duration presented in Figure 2.4(b) is calculated as a difference

between 0.9 MFB and 0.1 MFB. They are expressed in degrees of crankshaft angle. As plotted in
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Figure 2.4(a), the ignition delay increases with addition of ABE up to ABE40, and then decreases.
During this period of early combustion, the combustion rate is impacted by the laminar flame speed
of the fuel—air mixture. At later times which are in the fully developed bulk burn, the combustion
is dominated by turbulent flame propagation [43].

As seen in Figure 2.4(b), the combustion duration decreases for ABE20 and ABE40 relative to
ABEQ, and then increases for ABE8O. Figure 2.4(c) shows a combustion duration split and it is
observed that for all fuels, the 10%-50% MFB period remains almost the same and the differences
arise from the latter half of the combustion process. Although the ignition delay and 50% MFB
duration changed for the blends, the relative change in the rate of combustion was small. In
summary, as shown under this condition, the normalized MFB does not change significantly with
ABE fraction. For optimal combustion phasing the spark timing should be adjusted or controlled
as a function of the ABE fraction. The trends observed are different from [37, 38] and [42, 43]
which showed a steady advancement of combustion phasing (CA50) with butanol addition.
However, with ABE, it is seen that phasing is slightly retarded for blends with lower ABE content
and advanced for those with higher ABE content. This is explained by the impact of LFS and
charge-cooling. Also, the LFS of ABE is ~37 cm/s, which is lower than that of n-butanol (46
cm/s). So the increase in LFS due to addition of ABE would be much lower relative to that due to
addition of butanol.

Figure 2.5 (a) shows the ignition delay of different fuels at varying equivalence ratios. It is
apparent that the fuels behave most similarly near stoichiometric conditions. At leaner and richer
equivalence ratios, the combustion behavior is more widely separated. A shorter ignition delay is

observed at richer equivalence ratios. This is due to the fact that flame development is slower at
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leaner equivalence ratios [58]. It appears that fuels with higher ABE content show combustion
behavior that is less sensitive to the equivalence ratio.

Figure 2.5 (b) shows a plot of the main combustion duration against the CA50 location for different
fuels at varying equivalence ratios. The five markers for each equivalence ratio indicate the
different fuels. This plot gives an idea about the degree of variation in combustion phasing among
the fuels at different air/fuel ratios. Overall, the center of combustion is progressively retarded as
the mixture gets leaner. It is also apparent that the main combustion duration for all fuels is the
longest at stoichiometric conditions. As mentioned earlier, it appears that combustion phasing of
the fuels seems to be closer at richer equivalence ratios and start spreading apart as the mixture
gets leaner. Therefore, the spark timing should be adjusted at leaner operating conditions to match

combustion phasing.

2.3.1.3 Brake Thermal Efficiency and Brake Specific Fuel Consumption

Figure 2.6 shows the Brake Thermal Efficiency (BTE) of different fuels. It is seen that ABE20
and ABE40 show an increase in BTE, whereas ABE60 shows a decrease in BTE, and the BTE of
ABESO is similar to that of ABEQ. The BTE represents the fuel conversion efficiency as a ratio
of engine power output versus fuel energy input. However, the fuel energy input changes with the
fuel properties, mainly based on the ratio of lower heating value to stoichiometric air demand. To
ensure an unbiased comparison in fuel consumption, the brake specific fuel consumption (BSFC)
was calculated, which represents the fuel consumption as a function of engine power. The results
are shown in Figure 2.7. It is apparent that the BSFC was lowest for ABEQ, 303 g/kWh versus
318.5 g/kwh for ABE20 and 338.5 g/kWh for ABE40. The increase in BSFC was approximately

5% for ABE20 and 11.5% for ABE40 and about 25% for ABE80 compared to ABEOQ. The
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differences result from the lower volumetric energy density (see Table 2.5) as well as the reduced
stoichiometric air/fuel ratio. The increased efficiency shown by ABEZ20 is likely due to the shorter
main combustion duration. The decreased efficiency of ABE6G0 is due to a combination of lower
input energy, higher latent heat of vaporization, and improper combustion phasing leading to
incomplete combustion — this is supported by the high CO emissions for ABEG0O, as seen in the
later section. However, ABE8O shows an increase in efficiency as its phasing is advanced and

closer to that of ABEQ, due to the LFS increase due to ABE addition.

2.3.1.4 Exhaust Gas Temperature

EGT provides insight into the combustion process by measuring the temperature of the burned
gases directly after they exit the engine. With ignition timing fixed, the differences in EGT should
be proportional to the combustion temperature of the fuels. Figure 2.8 shows the effect of different
fuel blends on EGT at stoichiometric air/fuel ratio. The EGT is seen to drop slightly, with increase
in ABE content. ABEOQ has the highest EGT (392 °C) and ABES8O the lowest (385 °C) suggesting
that gasoline is releasing the most heat and ABE80 the lowest. The reduction in EGT for ABE20
and ABE40 may also be partially caused by the more rapid burn (shorter combustion duration) of
ABE20 and ABE40 as indicated by Figure 2.4, resulting in more power extraction from the gas
and thus a lower exhaust temperature. ABEG60 shows a slight increase in EGT, however, it is
within the error range. Similar results showing a decrease in EGT were observed in [35] for a 30%
butanol-gasoline blend due to the fact that the alcohol fuel has a higher latent heat of vaporization

and a lower heating value than gasoline.

31



2.3.1.5 Emission Behavior

All reported emissions are raw emissions without the use of a catalytic converter. UHC emissions
provide direct insight into the combustion process by measuring how much fuel is left over after
the combustion of the fuel-air mixture. Engine-out THC emissions are primarily a result of engine
configuration, fuel structure, oxygen availability, and residence time. It might be hypothesized that
the addition of an alcohol such as ethanol or butanol to gasoline would improve THC oxidation
due to the higher oxygen content in the cylinder and exhaust. However, note that the engine is
operated at the stoichiometric air fuel ratio for each specific fuel blend, and thus excess oxygen is
not available [44].

Figure 2.9(a) and Figure 2.10(a) show the UHC and CO emissions respectively, under
stoichiometric conditions. These emission measurements are shown and discussed together as
they give us an idea of combustion completion. The UHC emissions for ABE20 and ABE40 are
seen to increase, possibly due to decreased HC oxidation during expansion and exhaust processes
(shorter main combustion duration), while those for ABE60 and ABES80 decrease to values slightly
lower than that obtained from ABEO.

The CO emissions show the opposite trend. ABE20 and ABE40 show lower CO emissions
compared to that of ABEOQ. This is also reflected in the increased BTE exhibited by ABE20 and
ABE40 (Figure 2.6). However, ABE8O gives higher CO emissions. Decreasing in both CO post-
flame oxidation and engine power output is responsible for this. Overall, all blends show reduced
CO emissions relative to ABEO. These trends are consistent with those of [38] and [41].

CO production is primarily controlled by the air/fuel ratio in the cylinder. Mixtures richer than

stoichiometric produce high levels of CO and are sensitive to small changes in air/fuel ratio.
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Mixtures at stoichiometric and leaner produce little CO emissions and are relatively insensitive to
air/fuel ratio changes [44]. Figure 2.9(b) and Figure 2.10(b) show UHC and CO emissions
respectively for the different fuels at varying equivalence ratios

All the fuels behave similarly for the most part, and trends observed for the stoichiometric case
are repeated at all equivalence ratios. It is worth noting that CO emissions for the blends are
lowered across the board relative to ABEQ. This is likely due to the enhanced spray collapse and
mixing due to the presence of acetone, as mentioned earlier [52].

It appears that adding a small amount of ABE can improve both power output and emissions
behavior. Also, ABE20 and ABE40 show similar emissions behavior while ABEO and ABE80
also behave quite similarly. This makes sense, as fuels with similar CA50 for a given spark timing,
are known to show similar emissions behavior [61].

Figure 2.11(a) shows the NOx emissions for the different fuels tested under stoichiometric
conditions. No major changes are seen in NOx emissions. NOx slightly decreases for ABE20 and
ABE40 however, those of ABE60 and ABES8O are almost similar to that from ABEO. All the
variations were found to be within the error range. This agrees with the results in [38, 41], where
no major changes in NOx emissions were observed for blends of gasoline and n-butanol, and only
observed for pure butanol. Similar behavior is observed across the equivalence ratio range tested,
as shown in Figure 2.11(b). Combustion approaches close to completion under stoichiometric
conditions, which leads to higher peak combustion temperatures, and hence the highest NOx
emissions are seen at stoichiometric conditions with a decrease as the equivalence ratio gets

relatively richer or leaner.
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2.3.2 Neat ABE Blends

2.3.2.1 In-Cylinder Pressure Traces

Figure 2.12(a) shows the pressure traces of all tested neat ABE fuels at 3 bar BMEP and gasoline
MBT at ® = 1. The traces shown are the mean traces of several 25 consecutive engine cycle
samples recorded over a 60 second period. The peak cylinder pressures of all ABE fuels except
ABE(6:3:1) are higher compared to that of gasoline. ABE(6:3:1) shows the most retarded phasing
due to it having the lowest LFS. ABE(3:6:1) shows a slightly advanced peak pressure because its’
higher flame speed which causes the combustion to initiate faster and approach completion,
leading to a higher combustion peak and advanced CAD position with respect to gasoline. Figure
2.12(b) shows the pressure traces of all tested fuels at 3 bar BMEP and each fuel’s own MBT
timing(shown in Table 2.8), under stoichiometric conditions. It appears that at their MBTSs,
ABE(3:6:1), ABE(5:14:1) and n-butanol show similar combustion phasing, whereas, ABE(6:3:1)

and gasoline behave similarly. However, ABE(6:3:1) has a marginally retarded phasing.

2.3.2.2 Mass Fraction Burned (MFB) Profiles

Normalized MFB plots, which can express heat release from combustion, were determined from
each of the pressure traces and illustrated in Figure 2.13. Figure 2.14(a) shows the ignition delay
for the different fuels at both 3 and 5 bar BMEP, at gasoline MBT at @ = 1. During this period of
early combustion, the combustion rate is impacted by the laminar flame speed of the fuel-air
mixture. At later times which are in the fully developed bulk burn, the combustion is dominated
by turbulent flame propagation [43]. ABE(3:6:1), ABE(5:14:1) and n-butanol show similar,

relatively shorter ignition delays, followed by gasoline, and ABE(6:3:1) having the longest ignition
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delay. This trend is in accordance with the LFS of the fuels, and this effect is further pronounced
at 5 bar BMEP. Figure 2.14(b) shows the CA50 location for the different fuels under the same
conditions. The CAS0 trends are similar to those seen for ignition delay. Under 5 bar, the
difference in CA50 between ABEO and ABE(3:6:1), ABE(5:14:1) is about 1.2° (advanced), and
that between ABEO and ABE(6:3:1) is about 1° (retarded). The 50% MFB represents the center
of combustion and it has been shown that the engine torque strongly depends on the location of
50% MFB. From Figure 2.14(c), we can see that the combustion duration trends at 3 bar BMEP
are similar to those observed for CA50. At 5 bar BMEP, it appears that all ABE fuels show slightly
longer combustion duration than that of pure gasoline.

Figure 2.15 shows the ignition delay (top), CA50 (middle) and combustion duration for the
different fuels at 3 bar BMEP, at the fuels’ MBT at varying equivalence ratios. It is apparent that
the fuels behave most similarly near stoichiometric and richer conditions. At leaner equivalence
ratios, the combustion behavior is more widely separated. A shorter ignition delay is observed at
richer equivalence ratios. This is due to the fact that flame development is slower at leaner
equivalence ratios [60]. It can be seen that throughout the equivalence ratio range tested,
combustion phasing is consistent with the amount of butanol in the fuel. As butanol content
increases, phasing gets advanced. ABE(3:6:1), ABE(5:14:1) and n-butanol behave quite similarly,
whereas gasoline and ABE(6:3:1) have similar phasing. Fuels with higher n-butanol show shorter
ignition delays and combustion durations due to higher LFS. ABE (6:3:1) behaves similar to
ABEO for the most part, likely because these two fuels would have almost similar LFSs. As such,
the trends observed are similar to those in [37, 38, 42, 43] where the addition of butanol advanced
combustion phasing. In summary, ABE(6:3:1) does not cause an appreciable change in phasing,

however, ABE(3:6:1) and ABE(5:14:1) advance combustion phasing.
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2.3.2.3 Brake Thermal Efficiency and Brake Specific Fuel Consumption

Figure 2.16 shows the BSFC of different fuels. The BSFC represents the fuel consumption as a
function of engine power. All test blends have higher BSFC than gasoline because of their lower
lower heating value (LHV) (seen in Table 2.6). ABE(6:3:1) has the lowest LHV among the fuels,
so its BSFC is the highest at the same output torque. At ®=1, the BSFC of the blends was roughly
10-30% higher than that of ABEO.

The fuel energy input changes with the fuel properties, mainly based on the ratio of lower heating
value to stoichiometric air demand. To ensure an unbiased comparison and to better evaluate the
fuel economy of alternative fuels, Figure 2.17 shows the BTE of the fuels. The differences in BTE
among all test fuels are much less compared to those in BSFC. ABE(6:3:1) shows relatively higher
efficiency than all other fuels at stoichiometric and richer air/fuel ratios, whereas butanol shows
highest efficiency at leaner air/fuel ratios. The other fuels show slightly higher efficiency relative
to that of gasoline. For instance, at ®=1, the BTE of ABE(6:3:1) is 1.6% higher than that of ABEO,
whereas n-butanol shows an increase of 1% relative to ABEO. The relatively lower efficiency of
the blends with higher butanol content is likely due to their retarded spark timing and incomplete
combustion as seen by a spike in HC and CO emissions (shown later).

The higher thermal efficiency of ABE(6:3:1) can be attributed to the fact that blends with low
carbon numbers contain more oxygen than those with high carbon numbers. As a result,
combustion is improved, thereby enhancing thermal efficiency. Secondly, from Figure 2.12(b), it
can be seen that ABE(6:3:1)’s compression work is quite reduced compared to the other fuels.
From Figure 2.15, it can be observed that ABE(6:3:1) shows relatively similar CA50 as that of

gasoline, however, it has a longer combustion duration. This reduced compression work increases
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the net work output, and the slower rate of combustion leads to comparatively lower heat losses,
and better post-flame HC and CO oxidation, which ultimately leads to a higher thermal efficiency.
Acetone’s higher volatility is likely to make it easier to burn thus approaching complete
combustion, as indicated by ABE(6:3:1)’s reduced HC and CO emissions (shown later). In DI
engines, fuel is vaporized in the compression stroke when latent heat of vaporization is high. Given
that fuel absorbs heat from the cylinder during vaporization, the air—fuel mixture is compressed
more easily, thus improving thermal efficiency [33]. This indicates the potential for consumption
reductions in DI spark ignition engines. The higher acetone content would also enhance spray
collapse and mixing and make the fuel much more volatile. Therefore, acetone addition could
improve combustion quality significantly. In summary, the typically produced fermentation
product, i.e., ABE(3:6:1) may not be ideal for engine combustion. In terms of efficiency,
fermentation products with higher acetone content, such as ABE(6:3:1) would be much better

suited as alternative fuels for SI engines.

2.3.2.4 Exhaust Gas Temperature

EGT provides insight into the combustion process by measuring the temperature of the burned
gases directly after they exit the engine. With ignition timing fixed, the differences in EGT should
be proportional to the combustion temperature of the fuels. Figure 2.18 shows the EGT of different
at ®=1. It can be seen that there is no real change in the exhaust temperature. Even though the
blends have a higher latent heat of vaporization and a lower heating value than gasoline, their
pressure traces and combustion phasing were relatively similar, and hence the EGTs are not

affected significantly.
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2.3.2.5 Emission Behavior

Figure 2.19(a) and Figure 2.19(b) show the UHC emissions at gasoline MBT (®=1) and fuels’
MBT, respectively. The HC emissions are reduced with the use of ABE(6:3:1), which shows the
lowest HC emissions. This is due to higher oxygen content, higher volatility and better post-flame
oxidation of the fuel, likely due to the impact of acetone. However, with higher butanol content,
the HC emissions rise steeply, as shown by ABE(5:14:1) and n-butanol. From Figure 2.19(b), it
is seen that similar behavior is observed at all equivalence ratios under the fuels’ MBT. The
increase of HC with increasing butanol addition is consistent with the literature [34, 38]. This is
due to butanol’s high latent heat of vaporization, which could reduce the combustion temperature
and lead to unburnt fuel.

CO production is primarily controlled by the air/fuel ratio in the cylinder. Mixtures richer than
stoichiometric produce high levels of CO and are sensitive to small changes in air/fuel ratio.
Mixtures at stoichiometric and leaner produce little CO emissions and are relatively insensitive to
air/fuel ratio changes [44]. Figure 2.20(a) and Figure 2.20(b) show the CO emissions at gasoline
MBT (®=1) and fuels’ MBT, respectively. From Figure 2.20(a), it is observed that CO emissions
for the alcohol fuels are consistently higher than that for gasoline. ABE(3:6:1) has the highest CO
emissions, while that for ABE(6:3:1) is very close to that of ABEO. This is also reflected in the
increased BTE exhibited by ABE(6:3:1) and the reduced BTE of ABE(3:6:1). ABE(3:6:1),
ABE(5:14:1) and n-butanol show relatively similar CO emissions. From Figure 2.20(b), it is seen
that the CO emissions are slightly improved at the fuels” MBTs; however, increasing butanol
content results in increasing CO emissions at ®=1. Decreases in both CO post-flame oxidation

and engine power output are responsible for this.
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It appears that ABE(6:3:1) can improve both power output and emissions behavior. Also,
ABE(6:3:1) and gasoline show roughly similar emissions behavior. This makes sense as fuels
with similar CA50 for a given spark timing are known to show similar emissions behavior [61].
The effect of acetone is to keep ABE(6:3:1)’s phasing close to that of gasoline, while improving
efficiency and reducing emissions.

Figure 2.21(a) and Figure 2.21(b) show the NOx emissions at gasoline MBT (®=1) and fuels’
MBT, respectively. From Figure 2.21(a), no major changes are seen in NOx emissions between
gasoline, ABE(6:3:1) and ABE(3:6:1). With increasing butanol content, NOx decreases slightly
for ABE(5:14:1) and n-butanol. This agrees with the results in [34, 38, 41] where no major changes
in NOx emissions were observed for blends of gasoline and n-butanol (i.e., relatively lower butanol
content). Similar behavior is observed across the equivalence ratio range tested, as shown in
Figure 2.21(b), where n-butanol consistently shows lowest NOx emissions. Combustion
approaches close to completion under stoichiometric conditions, which leads to higher peak
combustion temperatures, and hence the highest NOx emissions are seen at stoichiometric
conditions with a decrease as the equivalence ratio gets relatively richer or leaner. The lower NOx
measured with increasing butanol is in accordance with higher vaporization heat, typical of
oxygenated compounds, giving lower air/fuel mixture temperature at intake and, consequently,
lower peak temperatures in the combustion chamber. The mixture temperature at intake valve,

measured during experiments, is progressively lower with alcohol increasing in blends [38].

2.4 Conclusions

Blends of pure ethanol-free gasoline and ABE (3:6:1 vol. % ratio), as well as neat ABE blends

with varying A,B,E content were combusted in a PFI Sl engine in addition to pure ethanol-free
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gasoline as a baseline for comparison, and the combustion performance and emission behavior
were analyzed. The fuels were combusted at 1200 RPM, and 3 bar and 5 bar BMEP and
measurements such as brake torque and emissions were made along with in-cylinder pressure data.
Each fuel was tested across a range of equivalence ratios, from lean to rich.

In-cylinder pressure data showed that the peak pressure of all the blends was slightly lower than
that of gasoline, except for ABE8O which showed a slightly higher and advanced peak relative to
gasoline. Blends with lower ABE content featured a slightly longer ignition delay and retarded
50% MFB location, which is attributed to the reduction in laminar flame speed due to ABE’s
charge cooling effect. Regarding the neat ABE tests, under gasoline MBT, the peak pressure of
the ABE blends was slightly higher than that of gasoline, while ABE(3:6:1) also showed an
advanced peak relative to gasoline. Under their MBTs, ABE(3:6:1), ABE(5:14:1) and n-butanol
showed similar phasing, whereas ABE(6:3:1) and gasoline behaved similarly. Increasing n-
butanol showed advanced combustion phasing (CA50) which is attributed to the increase in
laminar flame speed due to butanol’s higher flame speed.

The BSFC increased steadily with increasing ABE fraction, due to the lower energy content of the
blends and thus more fuel was required to match the power output of gasoline. However, ABE20’s
BSFC was within 5% of that of ABE(Q’s. When using neat ABE blends, the BTE of ABE(6:3:1)
was higher than that of ABEO, whereas other fuels showed similar or slightly higher efficiency
relative to ABEO.

Emission data showed that CO decreased and UHC initially increased then decreased for all the
blends, showing slightly enhanced air/fuel mixing and more fuel being partly oxidized, due to
better spray collapse and mixing due to the presence of acetone (low boiling point). With respect

to NOx, no major changes were observed between gasoline and ABE, which was supported by the
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minor variations in exhaust gas temperature. With neat ABE blends, increasing n-butanol showed
increased HC emissions and increased CO emissions, due to incomplete combustion. On the other
hand, ABE(6:3:1) showed reduced HC emissions. CO for ABE(6:3:1) was roughly the same as
that of ABEOQ. With respect to NOx, no major changes were observed between gasoline and
ABE(6:3:1), ABE(3:6:1), which was supported by the minor variations in exhaust gas temperature.
However, further increase in butanol content steadily decreased NOx emissions.

Based on these tests, a small amount of ABE(3:6:1) addition (<40%) can enhance thermal
efficiency and reduce emissions. In the neat form, however, acetone addition could improve
combustion quality significantly. This study affirms the potential of ABE to be used as an

alternative fuel in SI engines.
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Table 2.1 List of clostridia microorganisms with corresponding typical fermentation broth ABE

concentrations [20, 21]

Microorganism Acetone Butanol Ethanol | Total solvent
(g/L) (o/L) (o/L) production
(o/L)
Clostridium acetobutylicum (JB200) 1 19.2 1.7 21.9
Clostridium acetobutylicum (CGMCC 5234) 5.9 12.3 1.6 19.8
Clostridium acetobutylicum (ATCC824) 5 11 1 17
Clostridium acetobutylicum (BKM19) 4.4 17.6 10.5 32.5
Clostridium acetobutylicum (260) 6.3 13.2 0.8 20.3
Clostridium saccharobutylicum (DSM 3864) 4.6 10.1 1.4 16.1
Clostridium saccharobutylicum (262) 3.2 10.4 0.7 14.3
Clostridium butylicum (NRRL 502) 6.7 125 0.5 19.7
Clostridium beijerinckii (8032) 3.4 10.5 0.7 14.6
Clostridium beijerinckii (BA101) 35 13.9 0.5 18

Table 2.2 Summary of LLE using fuels as extractants

Extractant

Reference

Soybean-derived biodiesel

Adhami et al. 2009 [16]

Crude palm oil

Ishizaki et al. 1999 [17], Crabbe et al. 2001 [18]

Biodiesel

Li et al. 2010 [27], Yen et al. 2013 [22]

Sunflower oil biodiesel

Grobben et al. 1993 [19]

Gasoline components (MTBE, ETBE,
TAME, TAFE)

Kurkijarvi et al. 2014 [24]
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Table 2.3 Engine Specifications

Displaced volume 575 cc
Stroke 90.1 mm
Bore 90.3 mm
Connecting Rod 150.7 mm
Compression ratio 9.6:1
Number of Valves 4
Fuel Injection PFI
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Table 2.4 Properties of Individual Fuels [44, 60]

Parameter Gasoline | Ethanol Butanol Acetone

Chemical Formula c,C, | CH,OH C,H,OH CHO
Composition (C,H,0) (Mass %) 86, 14,0 | 52,13,35 | 65,13.5,21.5 | 62,10.5,27.5
Lower Heating Value (MJ/kg) 43.4 26.8 33.1 29.6
Density (kg/m3) 715-765 790 810 790
Energy Density (MJ/1) 32.20 21.17 26.81 23.38
Octane Number ((R+M)/2) 90 100 87 -
Boiling Temperature (°C) 25-215 78 118 56.2
Latent Heat of Vaporization

380-500 904 716 518
(25°C) (k/kg)
Self-Ignition Temperature (°C) ~300 420 343 465
Stoichiometric Air/Fuel Ratio 14.7 9.0 11.2 9.5
Laminar Flame Speed (LFS) )

~33" ~39" ~48 ~34°
(cm/s)
Mixture Calorific Value (MJ/m’) 3.72 3.85 3.82 4.04
Ignition Limits in Air (vol. %)
0.6-8 3.5-15 14-11.2 2.6-12.8
[Lower-Upper]
Solubility in Water at 20°C Fully Fully
<0.1 7.7

(ml/100 ml H,0) Miscible Miscible

"5=1atm, T =325 K [44]; p=1atm, T=343 K [60]: ‘p=1 atm, T =298 K [60]
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Table 2.5 Properties of ABE-gasoline blends tested (calculated)

Fuel Type Specific Lower Heating Energy Density of Stoichiometric
Gravity Value (LHV) Stoichiometric Air- Air/Fuel Ratio
(MJ/kg) Fuel Mixture (MJ/1)

ABEO 0.739 43.44 31.78 14.7
ABE20 0.751 41.05 30.85 13.84
ABE40 0.763 38.74 29.60 12.98
ABE60 0.776 36.50 28.32 12.13
ABE80 0.788 34.33 27.05 11.27

Table 2.6 Properties of neat ABE Blends (Calculated)
Fuel Type | Specific Lower Energy Stoichiometric | Butanol | Acetone
Gravity Heating Density Air/Fuel Ratio Vol. % Vol. %
Value (LHV) (MJN)
(MJ/kg)

Gasoline 0.739 43.44 31.68 14.65 0 0
ABE(6:3:1) | 0.796 30.3 241 9.94 30 60
ABE(3:6:1) | 0.802 31.45 25.22 10.36 60 30

ABE(5:14:1) | 0.804 31.93 25.67 10.64 70 25
n-Butanol 0.810 33.1 26.81 11.06 100 0
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Table 2.7 Test conditions

Engine Speed 1200 RPM

Load (BMEP) 3 bar, 3.75 bar, 5 bar
Equivalence Ratio 083-1.2

Spark Timing Default Gasoline Timing, MBT Timings

Fuel Pressure 3 bar

Table 2.8 Neat ABE Fuel MBT Timings

Fuel MBT @ 3 bar BMEP MBT @ 5 bar
Gasoline 18° BTDC 24° BTDC
ABE(6:3:1) 17.7 23.6
ABE(3:6:1) 17.6 23.5
ABE(5:14:1) 175 23.4
n-Butanol 17.4 23.3

Dyne Controller
Building

Fuel Cooling Water

Reservoir
v Dynamometer Heat
Fuel Pump, Exchanger

Fuel Filter v

Coolant
Y U Pump
Fuel Rail
anifolc Single
Building Cylinder Building
Air | Engine Exhaust
Fuel Injector Emission
]—J T Analyzers
oil oil N
e ECU Computer
Reservoir Pump ] P

Figure 2.1 Single cylinder engine layout [39]
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Chapter 3  Diesel/CNG Dual-Fuel Combustion

A dual fuel engine (as referred to in this study) is an internal combustion engine in which the
primary fuel (in this case, natural gas) is premixed with air or directly injected into combustion
chamber, and ignited by injecting a small amount of pilot fuel (which is diesel in this case) as the
piston approaches top dead center (TDC). Natural gas is a clean, low CO2 emitting fuel with
superior resource availability. The advantages of natural gas include its widespread availability,
its reduced environmental burden relative to conventional fuels (cleaner combustion) and its
applicability in conventional diesel and gasoline engines. Dual-fuel CNG/diesel combustion in CI
engines has shown the ability to substantially reduce the NOx emission and at the same time
produce very low PM emissions; which is extremely difficult to achieve in conventional diesel
engines. Although natural gas/diesel dual-fuel combustion has been studied widely, there is still
room for improvement in the quality of dual-fuel combustion, specifically with respect to
efficiency. In this study, CNG/diesel dual-fuel combustion has been studied in a single-cylinder
Cl engine under various CNG substitution ratios and diesel injection strategies at a wide range of
engine operating conditions and acquiring and analyzing in-cylinder pressure, performance and
emission data. The chapter starts with the literature review on natural gas and previous relevant
studies. The experimental setup will be detailed next, followed by the results and discussion. The
following topics will be addressed:

» Performance and emission tests of CNG/diesel dual-fuel combustion under various CNG

substitution ratios

» Diesel injection strategy optimization for optimum dual-fuel combustion
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3.1 Literature Review

3.1.1 Natural Gas

Among the various alternative fuels, natural gas is very promising and highly attractive in the
transportation sector. Firstly, natural gas is available in several areas worldwide at encouraging
prices. Beside the oil fields and natural gas fields, the natural gas industry is producing gas from
increasingly more challenging resource types: sour gas, tight gas, shale gas, coal-bed methane, and
methane gas hydrate [62]. Secondly, although the main component of natural gas, namely methane,
is a greenhouse gas, natural gas still is an eco-friendly fuel. It can contribute to the reduction of
CO2 emission because it exhibits the lowest carbon-to-hydrogen ratio of all the fossil fuels. Natural
gas can also substantially reduce the NOx emission and at the same time produce almost zero
smoke and PM; which is extremely difficult to achieve in conventional diesel engines. On the other
hand, in order to avoid its own environmental pollution, it is important to reduce the leakage of
natural gas. Thirdly, natural gas is not prone to knock due to its high methane number under normal
circumstances. Therefore, it can be used in engines with relatively high compression ratio and
obtain a higher thermal efficiency compared with that of normal gasoline engines [63].

Natural gas is produced from gas wells or tied in with crude oil production [64]. The main
component of natural gas is methane, which is the simplest hydrocarbon. Natural gas is a mixture
of a variety of gases. It contains some kinds of lightweight alkanes, such as methane, ethane,
propane, n-butane and isobutane, and pentanes. It may also contain carbon dioxide, nitrogen and
trace amounts of water vapor. The composition and content of natural gas varies slightly depending
on the source and the production process. Normally, methane accounts for 87-96% of natural gas.

Therefore, the physicochemical properties of natural gas are very similar to methane. Natural gas
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is an environmentally friendly alternative fuel for transportation because it contains less carbon
per unit of energy than any other fossil fuel and thus produces lower CO> emission per vehicle
mile traveled. However, it is a little difficult for natural gas to be used in compression ignition
engine due to its high auto-ignition temperature. However, natural gas is very suitable for spark
ignition engine due to its excellent anti-knock quality and it does not require any modification to
the engine. [63, 64, 66].

CNG has long been used in stationary engines, but the application of CNG as a transport engine
fuel has been considerably advanced over the last decade due to several reasons. The first reason
is availability, the second is its environmental compatibility and the third is that it can be used in
conventional diesel and gasoline engines. According to [65], operating costs are another reason,
where natural gas powered vehicles theoretically have a significant advantage over petroleum-
powered vehicles; the basis for this argument is the lower cost per energy unit of natural gas
compared to that of petroleum. There are also several problems associated with compressed natural
gas applications such as onboard storage due to low energy volume ratio, knock at high loads and
high emission of methane and carbon monoxide at light loads. However, proper design, fuel
management and exhaust treatment techniques can overcome these issues.

The octane rating of natural gas is about 130, meaning that engines could operate at compression
ratios of up to 16:1 without “knock” or detonation. The means of natural gas used in spark ignition
engine are already well established, whereas its use in compression ignition engine is still under
development. The usage of natural gas in diesel engines suffers from poor ignition characteristics
due to its high auto-ignition temperature and low cetane number compared to that of diesel fuel

[66]. Therefore, an ignition source is always needed to ignite the natural gas in the cylinder.
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According to the way of inducting natural gas into the cylinder and the ignition source, there are
two primary methods for applying natural gas in diesel engines. They are:

@) Dual fuel — in this mode, natural gas is inducted or injected in the intake manifold to mix
uniformly with air and then is introduced to the cylinder and ignited by the direct injected pilot
fuel with high cetane number [71 - 75].

(b) High pressure direct injection (HPDI) — in this mode, a small amount of pilot diesel is
firstly injected late in the compression stroke and then natural gas is directly injected. At some
point during the time interval between the two injections or early in the natural gas injection, the
diesel fuel auto-ignites, providing the ignition source to initiate natural gas combustion [67, 68,

70].

3.1.2 Previous work

Dual-fuel diesel engines using natural gas are an attractive low polluting option for diesel engines,
because natural gas is a clean, low CO; emitting fuel with superior resource availability. Natural
gas is a very cheap fuel, which has low greenhouse gas emissions due to its low C/H ratio, as well
as low NOy and soot emissions [68, 68, 70]. Dual fuel operation with port injection of natural gas
and direct pilot injection of diesel fuel has been widely investigated in recent years. Natural
gas/diesel dual-fuel combustion has been proved to be one of the most effective methods to
improve fuel economy and emissions compared to conventional Cl engines [71, 72, 73, 74].

Previous studies on natural gas/diesel dual-fuel combustion have shown that there is a slight
reduction of BTE in comparison with pure diesel combustion [71, 72, 73]; however, it could be
improved at high loads [74]. It has been reported that NOx concentration under dual-fuel

combustion is much lower than that of pure diesel combustion due to the decreased local
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temperatures. Significantly decreased soot emissions were also reported [75]. On the other hand,
THC and CO emissions have been demonstrated to be much higher than that of pure diesel
operation [76, 77, 78]. Yang et al. [79, 80] studied the effects of diesel pilot injection timings with
different natural gas injection timings under low load conditions and found that an advanced pilot
injection timing obtained better BTE and emissions except NOx due to the premixed combustion
of pilot fuel.

Papagiannakis et al. [81] found that the increase of natural gas proportion resulted in lower NOx
emissions compared to that under normal diesel operation, especially at high load, but led to higher
CO and UHC emissions at low and intermediate loads. Liu et al. [82] studied the effects of pilot
fuel quantity with optimized pilot injection timing. In their results, dual fuel mode decreased NOx
emissions by 30% on average compared to the pure diesel mode. The THC emissions were much
higher than that of pure diesel mode, where around 90% of it was unburned methane. However, it
was reduced significantly with the decrease of natural gas quantity. Cheenkachorn et al. [83]
conducted dual-fuel experiments on a heavy-duty turbocharged diesel engine. In order to avoid
knocking, the proportion of natural gas was decreased with increasing engine speed, and the
maximum portion was 77.90% at 1300 rpm. They also concluded that the BTE was on average
3.5% less than that of pure diesel operation. The dual fuel operation showed lower volumetric
efficiency than diesel fuel operation. Imran et al. [84] investigated emissions of natural gas/diesel
dual-fuel operation speed and load sweeps. The THC emissions were significantly higher in all
cases at low load conditions across all engine speeds compared to that of pure diesel operation.
However, decreased THC emissions were reported with increasing load at constant speed.
Yoshimoto et al. [85, 86, 87] investigated natural gas dual-fuel combustion using different pilot

fuels. It was found that for CNG substitution under 75%, the efficiency was similar to that of pure
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diesel. UHC and CO emissions increased with increasing CNG substitution, while soot emissions
were significantly decreased. They also found that NOx emissions increased with increasing
CNG% due to more premixed combustion.

Although natural gas/diesel dual-fuel combustion has been studied widely, there is still room for
improvement in the quality of dual-fuel combustion, specifically with respect to efficiency. The
goal of this study is to maximize dual-fuel efficiency by studying engine performance and
emissions under various CNG substitution ratios, multiple pilot fuel injection timings as well as

different load and speed conditions.

3.2 Experimental Setup

Experiments in this study were carried out in an AVL 5402 single-cylinder diesel engine. Table
3.1 shows some key engine specifications. External fuel, lubrication, and cooling systems are used
as shown in the engine schematic. The engine was modified to run diesel/CNG dual-fuel mode by
adding a SOLARIS CNG injection system (Fuel Injection System + ECU). The engine is coupled
to a GE type TLC-15 class 4-35-1700 dynamometer capable of delivering up to 14.9 kW (20 HP)
and absorbing up to 26.1 kW (35 HP) at a maximum rotational speed of 4500 RPM. The
dynamometer is controlled by a DyneSystems DYN-LOC IV controller. In-cylinder pressure is
measured using a Kistler type 6125B pressure transducer and an AVL 3057-A01 charge amplifier
and indexed against a crankshaft position signal from a BEI XH25D shaft encoder.

A schematic of the engine setup is shown in Figure 3.1. To establish full communication with the
engine ECU (AVL RPEMS), ETAS INCA is used for the development and calibration of the
control and diagnostic parameters in the engine ECU. With INCA, data acquisition and real-time

recording of many engine operating conditions present in the ECU can be realized. The hardware
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connection between the program and ECU is made possible with the ETAS ES580 interface card.
The decompressed CNG from the CNG tank is injected to the intake manifold by the SOLARIS
CNG injection system. By using a computer-based control program (Solaris Diesel VV4), the CNG
amount under different speed and load can be adjusted. A mass flow meter (Omega) between the
CNG tank and CNG injector monitors the CNG flow rate. The diesel fuel flow rate was measured
using a specific fuel consumption device built in-house (time taken to consume a certain volume
of diesel is measured 5 times and averaged).

The CNG substitution (%) was defined as the percentage of heat energy from CNG, in the total
heat energy available in the cylinder (based on load). Under a load of 20 mg/cycle (medium load),
a CNG flow rate of 15 L/min is equivalent to 70% CNG substitution (® = 0.68). When substituting
for diesel, the total combined energy input was kept the same. For example, 70% CNG indicates
that 70% of the energy input at that condition was provided by CNG.

In-cylinder pressure traces shown are the average of 25 combustion cycle pressure traces. NOx and
A (and @) measurements were conducted using a Horiba MEXA-720 NOx non-sampling type meter
in the exhaust manifold of the engine. The measurement range for NOy is 0-3000 ppm with 30
ppm accuracy for 0-1000 ppm, +3% accuracy for 1000-2000 ppm, and +5% accuracy for 2000-
3000 ppm. Measurements of unburned hydrocarbons and carbon monoxide were made using a
Horiba MEXA-554JU sampling type meter. A probe was fabricated to fit in the exhaust manifold
of the engine that allowed the sampling tube to transport the exhaust gases to the meter. The
measurement range is 0-10,000 ppm for unburned hydrocarbons, 0.00-20.00% by volume for
carbon dioxide, and 0.00-10.00% by volume for carbon monoxide. Exhaust gas temperature

measurements were made using a type-K thermocouple located in the exhaust manifold.
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Soot measurement is performed using a standard filter paper method. Samples of raw exhaust gas
are drawn through a 7/8" round filter paper using -vacuum pump. The filter paper discs are cut
from rectangular strips of filter paper supplied by Grainger Industrial Supply (#6T167) and the
filter holder is taken from a Bacharach True-Spot smoke meter adapted to the new setup.
Condensed water or oil is removed from the sampling line by a line filter installed after the vacuum
pump. After sample collection, the filter blackening is to be measured with a digital scanner. The
paper blackening (PB) is defined in Eqn. (3.1):

PB = (100 — Rg)/10 ... (3.1), where
_ (e
Ry = (Rf) x100% ... (3.2)

R, = reflectometer value of sample
Rf = reflectometer value of un-blackened paper

Ry = relative brightness of the sample (relative radiance factor)

A flow meter is used to monitor the sampling flow rate, which is controlled by a needle valve on
the inlet of the vacuum pump. Based on the expected soot content, the flow rate and sampling
duration are selected to achieve an effective sampling length of 405 mm. With the sampled volume
at 298 K and 1 bar, the paper blackening value can be considered as the filter smoke number (FSN).
More details can be found in [88].

Measurements of brake torque, lambda, and NOx were averaged of a 60-second period while UHC,
CO and EGT measurements were recorded directly from the emissions analyzer. In the figures,
error bars represent the variability in the data in terms of standard deviation between runs. In
addition, in-cylinder pressure traces were taken for all fuels to examine the combustion

characteristics. The experiments were performed 3 times and these datasets were then averaged.
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The tests were performed in a temperature-controlled laboratory; so the effects of humidity were
assumed to be negligible. The engine was allowed to run at every operating condition for an

extended period to ensure steady state measurements
3.3 Results and Discussion

The dual-fuel experiments were performed using Ultra low sulfur diesel (ULSD) and CNG. 99%
Methane (CH4) gas was used to emulate CNG. The CNG was injected into the intake manifold,
and gets inducted into the combustion chamber along with the air. The goal of these experiments
was to maximize the efficiency. This was done as follows — the CNG substitution rate (based on
energy) was increased from 40% to 90% at fixed engine operating conditions, to identify the
optimum CNG substitution rate. After that, using that rate, a main injection timing sweep was
performed. Then holding the CNG rate and the optimum main timing constant, a pilot timing
sweep was performed. The combustion behavior was also compared between single, double and
triple diesel injections. Finally, a load and speed sweep at the optimum CNG rate and timings

were performed.
3.3.1 CNG Substitution Rate Sweep

Figure 3.2(a) shows combustion pressure and heat release rate (HRR) for different CNG
substitution rates. These tests were performed at 1200 RPM, using a 20 mg/cycle baseline, at an
injection timing of 4° BTDC. It is observed that the combustion phasing progressively gets
retarded with increasing CNG substitution rate. As far as the peak pressure is concerned, it
increases with increasing CNG up to 70% substitution, after which it starts decreasing. Figure

3.2(b) shows the ignition delay and combustion duration under different substitution rates. The

70



ignition delay gets progressively larger, whereas the combustion duration gets shorter up to 70%
CNG, but starts increasing with further CNG substitution. The difference in ignition delay between
0% CNG and 40% CNG is nearly 1.5 degrees; however, further increasing the CNG substitution
increases the ignition delay marginally. As CNG substitution is increased from 40% to 90%, the
overall change in ignition delay is about 1.2 degrees. Combustion appears to be deteriorated for
90% CNG substitution, likely due to amount of diesel injected not being enough for igniting the
entire CNG/air mixture.

Figure 3.3 shows the performance and emissions under different CNG substitution rates. With
respect to efficiency, it can be seen that the ITE decreases first (relative to diesel (single injection))
then increases with increasing CNG substitution up to 70% then decreases further with 80 and
90% CNG substitution, with the ITE being maximum for 70% CNG substitution. Figure 3.2(b), it
can be observed that 70% CNG has the smallest combustion duration, which could explain the
higher ITE (approaching constant volume combustion).

The NOx emissions increase progressively with increasing CNG substitution until it becomes
lower again at 90% CNG substitution. This is possibly due to deteriorated combustion at 90%
substitution, as seen from the reduced HRR curve for this case. This NOx trend follows the peak
pressure trend fairly. The literature suggests that NOx steadily decreases with Diesel/CNG dual-
fuel combustion; however, in this experiment the CNG% is increased at a constant load. Therefore,
higher CNG substitution effectively means a higher CNG flow rate (while air flow remains
constant) which steadily increases the global fuel equivalence ratio and further enhances premixed
combustion. From the HRR curves, it can be observed that dual fuel operation results in longer
ignition delays (Figure 3.2(b)) and the promotion of premixed combustion. Then the amount of

heat released during the premixed combustion (combustion of the CNG-air pre-mixture) increases.
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As a result, the local gas temperatures would rise and this results in an increase in NOx
concentrations [85, 86, 87].

The UHC emissions increase steadily with CNG substitution. With dual fuel operation, unburned
mixture easily enters quenching regions such as the cylinder wall and piston top clearance, and
this may be a reason for the HC emission increases. Moreover, a further reason for the increase in
HC emissions may be that there are parts of the CNG-air mixture that are not entrained into the
spray flux of the ignition fuel. As the mixture is very lean and outside the flammable range, the
flames do not propagate here and this mixture may remain in the cylinder without burning. This
would result in higher HC emissions.

The CO emissions increase as CNG% increases as long as diesel is the major component, but with
further increase in CNG%, CO decreases steadily. For conditions below 50% substitution, as the
ignition fuel quantity decreases, the spray combustion region decreases with increasing CNG
supply because of the lower equivalence ratio in the CNG-air premixed mixture. This suggests that
the quenching region (being outside of the spray combustion) expands, and the CO emissions (in-
complete combustion products) increase. For the cases with CNG substitution above 50%, the
equivalence ratios increase with increasing CNG supply (because air flow is constant). It is
considered that the temperature in the regions of flame propagation combustion rise and the result
is a decrease in CO concentration with the combustion improvements in these regions.

Soot emissions are also shown in Figure 3.3 in the form of the FSN. It can be seen that the soot
gets drastically reduced as CNG% is increased, due to enhanced premixed combustion. 40% CNG
provides a 46% reduction in the FSN, whereas CNG70 and CNG90 show an 86% and a 92%

reduction, respectively.
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3.3.2 CNG Main Timing Sweep

Figure 3.4 shows the pressure and HRR curves for a main injection timing sweep performed for
70% CNG substitution, at an engine speed of 1200 RPM, under a load of 20 mg/cycle (diesel
equivalent). As expected, the combustion phasing gets progressively advanced as the main
injection timing is advanced. It can be observed that as the injection timing is advanced, the HRR
peak gets higher and the overall combustion process (in the HRR curve) becomes narrower (faster).
Figure 3.5 shows the performance and emissions for 70% CNG at 1200 RPM under different main
injection timings. The ITE progressively increases as injection timing is retarded, reaches a
maximum value at 4° BTDC, and then decreases again upon retarding it further to 0° BTDC. It
should also be noted that further retardation of the injection timing caused the engine to misfire.
It appears that at a diesel injection timing of 4° BTDC is optimum for 70% CNG at 1200 RPM.
This is due to optimum combustion phasing. As the main injection timing is retarded, the diesel
fuel is injected later into the compression stroke, i.e., into higher temperature and pressure, which
helps in achieving complete combustion. Secondly, the duration of combustion is optimum such
that the combustion does not extend too late into the expansion stroke, which might cause
quenching. This is also the reason why the timing of 0° BTDC has a lower ITE. Again, since the
CNG-air mixture is already mixed, advancing the injection timing does not enhance mixing any
further. In this way, it seems that the combustion has an MBT diesel injection timing for efficient
CNG-air combustion. The NOx emissions progressively gets lowered with retarding injection
timing (similar to pure diesel combustion); meanwhile, the HC and CO emissions do not change

significantly with retardation of injection timing.
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Under pure diesel combustion, soot emissions increase with retarded injection timing (less
mixing); however, under dual-fuel combustion, it is observed that soot emissions remain roughly

unchanged when the injection timing is retarded.
3.3.3 Pilot Timing Sweep

Figure 3.6 show the pressure and HRR curves for a pilot timing sweep performed with 70% CNG,
at 1200 RPM and at a diesel equivalent load of 20 mg/cycle; the pilot contains 33% of the total
diesel injection. The main injection timing was fixed at 4° BTDC. The combustion phasing gets
advanced with advancing pilot timing injection. The case of 12° BTDC pilot shows the highest
peak heat release rate. It was also found that adding a post injection does not affect combustion
much relative to the double injection case.

Figure 3.7 shows the performance and emissions for a pilot timing sweep performed with 70%
CNG, at 1200 RPM and at a diesel equivalent load of 20 mg/cycle. The pilot contains 33% of the
total diesel injection. NOy increases with advancing pilot injection timing. The 33% injection (2
mg) provides a higher spray area of the ignition fuel for the CNG-air mixture to entrain. The ITE
reaches a maximum of 43% for the case of pilot injection at 12° BTDC, and main injection timing
of 4° BTDC. This gap between the pilot and the main provides the optimum combustion
efficiency. It should also be noted that these timings also provide a high ITE for pure diesel
combustion. This makes sense because the better the diesel fuel burns, the better the CNG-air
mixture will burn. We can conclude that for a given engine operating condition, injection
parameters that are optimum for diesel, will provide optimum combustion for CNG as well,

because the diesel flame is the ignition source for the CNG mixture.
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3.3.4 Diesel/CNG — Multiple Injection Comparison

Figure 3.8 shows the performance and emissions using multiple diesel injections for 70% CNG.
It can be seen that the ITE is lowest for single diesel injection, highest for double diesel injection,
and is the same for the triple injection case. As mentioned earlier, since the double injection
improves diesel combustion, it improves the CNG combustion as well. The triple diesel injection
does not increase the diesel/CNG ITE further. This is likely due to the reduced main injection
quantity which reduces the entrainment area for CNG combustion.

The figure also provides pure diesel triple injection data for the purpose of a fair comparison. The
ITE of pure diesel with triple injection results in an ITE of 42.98%, whereas 70% CNG shows an
efficiency of 43.05%. This shows that diesel-CNG combustion can be as efficient as that of pure
diesel with proper optimization. Meanwhile, the NOy is seen to be slightly higher for diesel-CNG
combustion. Soot emissions from dual-fuel combustion are considerably lower than that from pure
diesel combustion. However, soot emissions increase under dual-fuel mode, with the number of
diesel injections. The soot is highest for the triple diesel injection case because of less mixing time
for the diesel droplets. The HC emissions are higher for diesel-CNG combustion due to leaner
combustion of CNG, whereas the CO emissions are reduced relative to that with pure diesel

combustion.

3.3.5 Diesel/CNG — Load and Speed Sweep

For further optimization and completeness, load and speed sweeps were performed for 70% CNG
combustion. Figure 3.9 shows the pressure and HRR curves for a load (diesel equivalent) sweep
performed at 1200 RPM. We can see that the peak pressure and HRR are higher for higher loads,

due to the higher energy input. Figure 3.10 shows the performance and emissions for the load
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sweep at 1200 RPM at 4° BTDC main injection timing. The efficiency decreases quite drastically,
indicating that the injection timing needs to be optimized for different loads. NOx emissions
increase steadily, as do the soot emissions (richer equivalence ratio at higher loads) and the CO
emissions.

Figure 3.11 shows the pressure and HRR curves for a speed sweep performed at 20 mg load and
4° BTDC injection timing. We can see that the peak pressure and HRR are lower for higher speeds,
similar to pure diesel combustion. Higher speed also retards the combustion phasing. Figure 3.12
shows the performance and emissions for the speed sweep at 20 mg load and 4° BTDC main
injection timing. The ITE is highest for 1500 RPM. Again, the ITE could be improved for the
higher speeds by advancing the injection timing, thus providing more time for CNG combustion
and providing optimum combustion phasing. The NOx emissions decrease with increasing engine
speed and the soot emissions increase (less mixing time); this behavior is similar to that of pure
diesel combustion with varying engine speeds. Figure 3.13 shows the performance and emissions
for the speed sweep at 20 mg load and 10° BTDC main injection timing. It can be observed that
advancing the injection timing under higher speeds improves the overall combustion process as
indicated by an increased ITE. For example, for CNG70 at 2000 RPM, advancing the injection

timing from 4 to 10 degrees BTDC improves the ITE by 2 percentage points.
3.4 Conclusions

Pure diesel combustion and Diesel-CNG dual-fuel combustion were tested in a single-cylinder

diesel research engine under different operating conditions.
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1. Based on the CNG substitution rate sweep, it was found that at 1200 RPM, and a 20 mg/cycle
diesel equivalent load, 70 % CNG substitution provided the optimum combustion, with the highest
indicated thermal efficiency. Increasing the CNG % further deteriorated combustion quality.
2. Based on the main injection timing sweep for 70% CNG at 1200 RPM and a 20 mg/cycle diesel
equivalent load, 4° BTDC provided the highest indicated thermal efficiency. This is due to
optimum combustion phasing. It appears that diesel-CNG dual-fuel combustion has an MBT
diesel injection timing for different conditions which provides the highest torque.
3. The pilot timing sweep for 70% CNG at 1200 RPM and a 20 mg/cycle diesel equivalent load
shows that a 33% pilot split improved combustion, relative to a single diesel injection. This is
because a higher spray area for CNG entrainment with a pilot fuel injection. Secondly, it was
found that a pilot timing of 12° BTDC and main timing of 4° BTDC provided the highest dual-
fuel combustion efficiency. The conditions that favor pure diesel combustion, also favor dual-fuel
combustion because better diesel combustion provides better ignition and combustion for the
CNG-air mixture.
4. Based on multiple injection comparison, for 70% CNG dual-fuel combustion, the double diesel
injection and triple diesel injection showed similar efficiencies — this is due to the fact that the
triple diesel injection reduces the main injection quantity which reduces the spray area for proper
CNG entrainment, and also affects combustion phasing.
5. For higher speeds and diesel equivalent loads, the injection timings must be advanced
appropriately to maintain optimum combustion phasing.

Based on the experiments conducted, diesel-CNG dual-fuel combustion is able to achieve
similar efficiency relative to pure diesel combustion. As such, CNG can be effectively used to

substitute for diesel fuel in CI engines.
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Table 3.1 Engine Specifications

Engine AVL 5402 Diesel engine
Number of cylinders 1
Bore 85 mm
Stroke 90 mm
Displaced volume 510.7 cm®
Number of valves 4
Compression ratio 17.1:1
Diesel injection Direct injection
Diesel Injection system BOSCH common rail CP3
Number of injection holes 5
Diameter of injection holes 0.18 mm
CNG injection Port injection
CNG injection SOLARIS CNG injection system
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Figure 3.1

Experimental setup
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Figure 3.2 CNG substitution sweep — 1200 RPM, 20 mg/cycle baseline@ 4° BTDC inj.
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CNG % Sweep - 1200 rpm, 4 BTDC
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Figure 3.3 CNG substitution sweep — 1200 RPM, 20 mg/cycle baseline @ 4° BTDC inj.
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81



10000 350

——0BTDC
- - - 4BDTC | /> {300
8000} |..... 8BDTC |/ ./ AN
-- 10BDTC), N 1250
---12BDTC|; ¢ .-\,

6000 |- T \\ 1200

4000 150

Pressure (kPa)

100
2000

Heat Release Rate (J/Degq)

50

GAD (BTDC)

Figure 3.4 CNG70 main timing sweep — 1200 RPM, 20 mg/cycle baseline

Main Injection Timing Sweep - CNG70, 1200 rpm, 4 BTDC

45 . - — 2500
——Indicated Efficiency -=-Nox Emissions
-+~HC Emissions ——CO Emissions

42 ——EGT -»-FSN x 100,000 2000 —~

w
[=3]
=
(=]
o
o
Exhaust Gas Temperature (°C)
Soot (Filter Smoke Number)

Indicated Thermal Efficiency (%)
]
=
(93]
3
Nox and HC Emissions (ppm)

CO Emissions (x10,000) (% vol

33 500
— - * — 4
i i —

30 0
0 4 8 12

Main Injection Timing Advance (CAD BTDC)
( <--Retard | Advance-->)

Figure 3.5 CNG 70 — 1200 RPM, 20 mg/cycle baseline - performance and emissions
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CNG70 - Load Sweep (1200 rpm @ 4 BTDC)
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Figure 3.10 CNG?70 load sweep — performance and emissions
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Figure 3.11  CNG70 speed sweep — 20 mg/cycle, 4° BTDC main injection
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CNG70 - Speed Sweep (20 mg/cycle @ 4 BTDC)
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