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Abstract

Currently, world is totally reliable on fossil fuels from decades for fetching day to day
energy needs. Sustainable properties and eco-accommodating nature of biodiesel has
made it most well-known among different other options to petroleum products.
Presently, researchers and experts have come to the conclusion that biodiesel along
with higher alcohols can be an appropriate substitute for this situation. Biodiesel,
higher alcohol, and, gaseous fuels are considered to be best and suitable replacement
for dwindling natural resources. These substitute fuels not only aid in dealing with
enhanced engine performance, but also cooperates in contracting the injurious tailpipe
emissions. Former investigations have presented that biodiesel, higher alcohol, and
gaseous fuels can help in improving the performance and depreciating harmful
exhaust gases in a diesel engine. Nevertheless, attributable to higher amount of
oxygen content in biodiesel, it is inadequate in reducing the catastrophic emissions of
nitrogen oxides. Likewise higher alcohols are incompetent in trimming down lethal
hydrocarbon emissions because of lower cetane number, and gaseous fuels do not
have the scope to curtail destructive carbon monoxide emissions owing to inferior
amount of oxygen. To overcome this obstacle in decreasing the noxious exhaust
emissions from the diesel engine, an effort is made in the present investigating by
fuelling a diesel engine with Rice bran methyl esters (biodiesel), n-butanol (higher

alcohol), and biogas (gaseous fuel).

Transesterficiation process is observed to be most reasonable for creation of biodiesel.
This procedure basically relies upon temperature, molar ratio, type of catalyst used,
speed of stirring the oil and time. It was uncovered from the previous researches that
for production of biodiesel with alluring characteristics it should have molar
proportion of 1:6 with KOH as catalyst and should be mixed at a speed of 700 rpm for
an hour at a temperature of 65°C. Fuel properties like flash point, fire point, calorific

value, viscosity, density and cetane number are very much similar to diesel.

In the current investigation four different fuels specifically diesel, biodiesel, n-butanol
and biogas were taken into consideration for studying their effects on performance
and emission characteristics. Blends of diesel-biodiesel and diesel-biodiesel-n-butanol
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were prepared as D90/B10, D80/B20, D90/nb10, D80/nb20, D80/B10/nb10,
D60/B20/nb20, D70/B10/nb20, and D70/B20/nb10. Then these blends were tested in
a single cylinder, small utility diesel engine. Subsequently, along with above
mentioned fuel blends, biogas is introduced in the engine cylinder by varying its mass
flow rate (0.5 kg/h, 1.2 kg/h and 2 kg/h). All the investigation was performed at an
invariable engine speed by changing the load conditions of the engine. The load of the
engine was changed from no load to full load in intervals of 20% load variation
throughout the experimentation. With all the fuels and combinations performance
characteristics as brake thermal efficiency (BTE) and brake specific fuel consumption
(BSFC) were taken as parameters. Emission parameters like Carbon monoxide (CO),
Hydrocarbons (HC), Oxides of nitrogen (NOx) and smoke opacity in different
permutation and combination were tested on a dual fuel engine. Experimental
investigation demonstrates that blends of rice bran biodiesel and n-butanol can be
used as a fuel in a diesel engine without any change in the engine. The Performance
characteristics measured are brake specific fuel consumption and brake thermal
efficiency. Exhalations of carbon monoxide, hydrocarbons, nitrogen oxide, and smoke
were calculated to find out emission characteristics. All these parameters were related
to baseline diesel. It is established from the experimentation that biodiesel, n-butanol,
and biogas can aid in improving the BSFC of the engine by about 21% for all fuel
blends and BTE by about 15% for combination of diesel, biogas and n-butanol and
diminishing the fetid exhaust emissions anticipated by the diesel engine. CO
emissions were found to be decreased for fuel blends having biodiesel and n-butanol
by about 13% and increased with dual fuel mode by about 15%. HC exhalations were
on higher side with n-butanol and biogas by about 12% and diminished with biodiesel
fuel blends by about 16%. NOx emissions decreased with biogas and increased with
biodiesel and n-butanol by about 18% and 15% respectively. For all combination of

fuels smoke emanations were reported to be lower by about 38%.

Keywords: Rice bran biodiesel, n-butanol, biogas, performance, emission, mass flow

rate, dual fuel mode, diesel engine.
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Chapter- 1

INTRODUCTION

1.1 Overview

Petroleum products are essentially utilized by internal combustion engines, and with
combustion of fuel, poisonous gases are emitted from exhaust of engine. Majority of
these gases results in greenhouse gas emissions. Dwindling fossil fuels, and exhaust
gases emissions have compelled the diesel engine experts to search for a substitute of
natural diesel which can be procured from non-conventional energy resources and can
also help in curtailing the tailpipe emissions. Oxygenated fuels are discovered to be
one of the better alternatives for conventional fuel, as it can be produced from
vegetable and animal fats and also help in complete combustion of fuel. Oxygenated
fuels include biodiesel and higher alcohols. Biodiesel aids in reducing the carbonized
exhalations but also emits increased NOx emissions because of the fact that it has
increased amount of oxygen. Lower cetane number of higher alcohols is not suitable
for the diesel engines and consequently is not appropriate to be used without blending
in these engines. Higher alcohols have low viscosity and can be mixed with diesel and
biodiesel very easily. So, most of the researchers have blended higher alcohols with
diesel and biodiesel to use the fuel blends directly on diesel engines. Gaseous fuels
can also be produced from human and animal wastes and supports in reducing the
exhaust emissions, but gaseous fuels cannot be used without pilot fuel in IC engines
because of high self-ignition temperature, therefore these are used along with liquid
fuels in dual fuel mode. Owing to insufficient quantity of oxygen in gaseous fuels it
helps in lowering NOx emissions which is contrary to biodiesel and higher alcohols.
Based on this concept, the current study focuses on use of blends of diesel rice bran
biodiesel and n-butanol as pilot fuel and biogas as a primary fuel. The dual fuel
engine was tested by changing the parameters of the engine. The performance and
emanation parameters of the diesel engine fuelled with various fuels were related to
neat diesel. In this chapter a concise background of diesel engines and dual fuel
engines along with oxygenated fuels and biogas is presented. At the end of this

chapter framework of ongoing thesis is also discussed.
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1.2 Energy crisis

Energy has consistently performed a critical part in evolution of a nation. It is treated
as an indicator of fiscal advancement and social development. The hike in utilization
of energy is enhancing constantly throughout the globe. The planet has endorsed
industrial innovation in the former century, and encountered severe issues related to
aimless application of the energy assets. This creed was associated with higher
utilization of energy to achieve enhanced industrial advancement but it does not
contemplate improved and adequate adoption of energy. The oil restraint in US and
successive Gulf War were very atrocious for both advanced and progressive countries.
It was then beginning of the negotiation for crude petroleum by the exporting, which
shocked the importing nations and consequently resulted in effective utilization of
energy throughout the globe. In the previous few decades, the utilization of energy
has augmented indeed owing to the transformation in the living standards and the
drastic expansion of population. This need of energy resources has been compensated
by exhausting fossil assets and therefore resulted in abating fossil fuels, hiking fuel

prices and detrimental habitat [1].

1.3 Energy scenario

Energy has sustained a considerable changeover from an accepted field of study of
technologies to a valuable topic in financial planning and worldwide connection.
Energy is the backbone for socio-economic progress of any nation. Energy raised by
1% in 2016, compared to last decade it is nearly half the average rate. Energy
consumption growth has led by the progressive countries and India ranks top among

all the nations as shown in Figure 1.1 [2].

A prediction in the Twenty Fifth Plan manuscript of the Organization Commission
specifies that entire production of native energy of 669.6 MTOE was in 2016-17 and
it will be reached 844 MTOE by 2021-22. About 71 % and 69 % of predictable
utilization of energy will be met with this, and the remaining to be encountered from
other nations, is about 267.8 MTOE in 2016-17 and 375.6 MTOE by 2021-22. In last
decade of the cost and amount of import of crude oil has increased gradually. Since
the Indian economy is growing at the rate of 6% or more and the energy demand is
therefore, expected to rise to 199 MT by 2021 and 622 MT by 2047. As illustrated in



Figure 1.2 most consumed fossil fuel in 2016-17 was coal, followed by crude

petroleum, electric energy generated from hydro nuclear and ORS, Natural Gas, and

Lignite [3].
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Figure 1.1 Annual growth in contribution of world’s energy consumption [2]
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Figure 1.2 Sourcewise consumption of energy in India [3]

1.4 Need of alternative fuels
Requirement for energy boosts up by 6.5 percent annually and more than three fourth
petroleum products are imported from other countries to satisfy the demand in India,

due to which the country is facing energy crisis and it has become mandatory to



minimize the use of conventional resources of energy or to opt for alternative sources
[4-5]. One of the major reasons of depletion of fossil fuels is its high demand in
industry. On account of the detail that these fuels are usually exhaustible, a day would
come when the demand for these fuels would be more than the supply, which would
result in a possible world crisis. Moreover, tailpipe exhalations from these engines are
very badly affecting the mankind and habitat from so many decades. The exhaust
emanations like carbon monoxide (CO), nitrogen oxide (NOx), hydrocarbons (HC),
smoke etc. emitted by petroleum products are attributing a huge loss to environment
and society [6]. The exhaust emission of harmful pollutants is polluting the
environment in a very rapid manner. CO, is also a part of exhaust emissions which
has been considered as one of the major reasons for global warming [7].In
transportation industry energy supply chain needs innovation due to global warming

and reduction in petroleum storage.

Diesel engines are one of the dominant prerequisite now a days in so many sectors
owing to the fact that it has better fuel economy, higher efficiency, more reliability,
lower fuel cost and long lasting capacity. Demand of diesel engines is too much, both
on road and off road. They provide globally accepted power solutions due to its
durability, ability to produce high torque, unparalleled fuel conversion efficiency.
Their applications involve public transport, electricity generation, agricultural
implementation, construction equipment, industrial applications and marine
propulsion. Exhaust exhalations of diesel engines are also needed to be minimized
owing to stringent emission standards in India, and all over the globe. In 1989 the
ideal exhalation limits came into existence in India which was replaced by mass
emission limits in 1991 and 1992 for petrol and diesel engine respectively. National
auto fuel policy was declared in October 2003 and in May 2014, Auto fuel vision and
policy was written. Summary of euro exhalation criterions in the country is presented
in Table 1.1. As announced in 2016, entire range of freshly manufactured vehicles
should adapt according to diesel or blend of diesel and biodiesel (B100) and fit as per
emission requirements of diesel and biodiesel. Vehicles having CI engines suitable for
biodiesel blends upto B20 needs to meet requirements of diesel fuel only. For test

requirement for type approval of biodiesel vehicles is depicted in Table 1.2.



Table 1.1 Indian emission standards (4 wheel vehicles) [8]

Standard Reference | Date Region
India 2000 Euro 1 2000 Nationwide
2001 NCR*, Mumbai, Kolkata, Chennai
Bharat Stage Euro 2 2003.4 NCR¥*, 11 cities
I 2005.4 Nationwide
Bharat Stage Euro 3 2005.4 NCR¥*, 11 cities T
Il 2010.4 Nationwide
2010.4 NCR¥*, 13 cities
2015.7 | Above plus 29 cities mainly in the states of
Bharat Stage Euro 4 Haryana, Uttar Pradesh, Rajasthan and
v Maharashtra
2015.10 North India plus bordering districts of
Rajasthan (9 States)
2016.4 | Western India plus parts of South and East
India (10 States and Territories)
2017.4 Nationwide
Bharat Stage Euro 5 n/a’
Vv
Bharat Stage Euro6 | 2020.04 Nationwide
VI

* National Capital Region (Delhi)

1 Mumbai, Kolkata, Chennai, Bangalore, Hyderabad, Secunderabad, Ahmedabad,

Pune, Surat, Kanpur and Agra

1 Above cities plus Solapur and Lucknow. The program was lated expanded with the

aim of including 50 additional cities by March 2015

% Initially proposed in 2015.11 but removed from a 2016.02 proposal and final BS VI

regulations




Table 1.2 Test requirements for type approval for flex-fuel biodiesel vehicles [8]

Test 4 wheeled vehicles | 3 wheeled vehicles | 4 wheeled vehicles
with GVW 3,500 with GVW 3,500
kg kg
Gaseous pollutants Both diesel and Both diesel and Both diesel and
B100 B100 B100
Free acceleration Both diesel and Both diesel and Both diesel and
smoke B100 B100 B100

Durability, if opted
for instead of fixed

Deterioration Factor

Diesel fuel only

Diesel fuel only

Diesel fuel only

OBD

Both diesel and
B100

Both diesel and
B100

Both diesel and
B100

Enhancing rate of population and prospering level of affluence of the common man
have engendered a deluge of automobiles on road. Figure 1.3 depicts the statistics for
cars sold from 1990 to 2018. It can be apparently examined that the rate of sold cars is
increasing with the passing years. From 1990-1999 only 39.2 million cars were sold
whereas in 2018 (till July) 81.5 million cars are already sold [9]. Due to hike in
automobiles on roads the fossil fuels are depleting at an alarming rate which may
result in its permanent deterioration in few decades and will also result in polluting

the environment by the detrimental gases coming out of the exhaust of these engines.

These augmenting numbers are an alarm for the mankind to take some initiative to
check squandering non-renewable fuel sources and non-ecological exhaust emissions
that have forced the researchers to explore a substitute fuel which can be produced
from bio-based product and can also help to cut down the detrimental gases coming
out from tailpipe of the engine. Additionally, abating fossil fuels and blistering
acceleration in demand of energy throughout the world can result in financial crisis all

over the world. To overcome this, diesel engine specialists, researchers, and



combustion analysts are trying to find a substitute fuel which can upgrade the

performance characteristics of the engine and cut down exhaust emissions [10-11].
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Figure 1.3 Number of cars sold worldwide from 1990 to 2018 (in million units)

[9]

1.5 Alternative fuels

The disaster caused to atmosphere owing to excessive adoption of petroleum products
can be compensated by use of alternative fuels, based on biomass. It can also help in
providing new jobs in the market. The plurality of scientists and diesel engine experts
have noted that methyl esters from vegetable and animal fat oil are the leading
substitute fuel for conventional diesel which can be utilized in a diesel engine
deprived of any transformation in basic engine design. Biofuels is the primary choice
of the researchers amidst all alternative fuels due to its properties which helps in
producing less greenhouse gases and soot emissions. Moreover these are sustainable
in nature and economical than conventional fuels [12]. However, success of
sustainable energy process is still limited because of its low production and intricacy
in procedure of eradication. Nevertheless it has achieved recognition of global
researchers as a result of habitat favorable quality. Properties of the fuel must be
improved if it is desired to use biofuels or biodiesel blends in Diesel Engines. It has
been found that oxygenated fuels have good ignition ability as they have high cetane
number than diesel [13-15].Study of researchers has also been focused on generating

fuels that produce less emission and burns cleanly. Moreover it has also been found



by researchers that emanations coming out of tailpipe of the engine such as nitrogen
oxides, carbon monoxide, hydrocarbons, and smoke etc. can be reduced by using
substitute fuels. Biofuels, offer up-to-date and new significance to the ancient
acceptance that ‘Trash for one person is a treasure for another’ by way of the fact that

it can be procured from the leftovers [16-18].

Biofuels can be categorized in two types: primary and secondary biofuels. First kind
of biofuels can be originated from buildups of harvests and animals, timberland and
trees. Secondary biofuels are precisely developed from bushes and microorganisms.
These can be re-ordered into three kinds of fuels. Ethanol which can be created from
starch rich sustenance crops, bioethanol from plants and biodiesel from organisms
[19]. At least 25 percent of energy derived from biomass (mixture of biogas, biodiesel
and higher alcohol) is expected to be taken as per European Union as it may be
helpful in reducing green house effect [20]. Various researchers have utilized diverse
feedstock for generation of biodiesel. Scientists have utilized Mahua oil, Rice Bran
oil, Waste cooking oil, Jatropha oil, Eucalyptus oil, Pine oil, Karanja oil, Mustard oil,
Neem oil, Cottonseed oil, Turpentine oil, Palm oil, Rapeseed oil, Linseed oil,
Hazelnut oil, Sunflower oil, Olive oil, Castor oil and Avocado oil for creation of
biofuels. In this paper properties and characteristics of different materials which are
utilized as biofuels will be checked on. The requirement for production of biodiesel is
clearly shown in Figure 1.4 (a) and (b) [21].
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Figure 1.4 CO; cycle (a) For biodiesel; (b) For diesel [21]



There are different strategies for creation of biodiesel from various feedstock which
incorporates transesterification, micro-emulsions, direct blending and catalytic
cracking [22]. It has been found by the greater part of the researchers that
transesterification has ended up being best and solid strategy for creation of biodiesel
as it has given outcomes like diesel when utilized in diesel engines [23-31].

In automobiles inexhaustible liquid and gaseous fuels can also be an attractive
substitute to petroleum products. Nowadays experiments are being carried out on dual
fuel combustion which has concluded that reduced emission levels, decreased NOx
emissions, higher overall equivalence ratios and increased cylinder peak pressure
have been achieved as compared to conventional diesel engine mode [32]. Gaseous
fuels are an exceptional option as compared to liquid fuels as they conveniently
associate with intake air to form homogeneous air-fuel mixture [33]. Consistent ratio
of primary fuel and air enters the cylinder in a dual fuel engine, during suction stroke
and then liquid fuel is injected which self-ignites and later turns into cause of ignition
for gaseous fuel. Ample range of gaseous fuels can be utilized in a dual fuel engine
without major alterations in engine [34]. Increased thermal efficiency can be achieved
in dual fuel engines because of its higher compression ratio and auto ignition
temperature. Conservancy of environment can also be initiated by adoption of
biomass based pilot and primary fuels in diesel engines using dual fuel technology
[35]. Enhancement of combustion duration and prolonged combustion can be

achieved by addition of gaseous fuel in the engine [36].

1.6 Dual Fuel Mode

Dual fuel engines are also known as bi-fuel engines capable of running on two fuels.
Out of which one fuel is liquid fuel such as diesel or biodiesel and another is a
gaseous fuel such as natural gas or biogas. Owing to high auto-ignition temperature of
gaseous fuels, a source of ignition; in form of liquid fuel must be delivered to a dual
fuel engine. Dual fuel engines can help in minimizing the use of pilot fuel and replace
the traditional diesel up to a great extent. A large number of researchers have shown
interest pertaining to dual fuel mode in past decade. Various dual fuel engines were
used by researchers such as diesel-biogas [37-38], biodiesel-natural gas [13], diesel-
natural gas [39-40]. It has been proved by most of the researchers working on dual
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fuel mode that if biodiesel is used in dual fuel mode it enhances stability of
combustion at high loads and provides higher pressure peak irrespective of load range
[41]. It also helps in shortening the postponement in ignition. The pressure rise
amount also detected to be advanced in dual fuel mode vis-a-vis the traditional diesel
at 100% load [42]. Dual fuel mode reduces brake specific energy consumption and
enhances brake thermal efficiency when engine operates under high load [43].
Exhaust gas temperature has similarly been found to be advanced in dual fuel mode in
relation with diesel fuel [44]. Dual fuel engines also have the tendency to reduce NOx

emissions which is almost impossible while using traditional engines.

1.7 Biodiesel as a fuel

Biodiesel is commonly a vegetable oil (m)ethyl ester, which is obtained by reaction of
various oils with alcohol [45]. It is an oxygenated fuel which is produced by various
procedures among which transesterification process is considered as one of the best
method owing to its efficient and simple procedure [46-47]. Biodiesel can be
produced by various processes that are enlisted below:

1.7.1 Transesterification

It is a procedure in which alkoxy gathering of an ester is exchanged by another
alcohol. A catalyst is utilized to accelerate the reaction using an acid or a base. It is a
process in which methyl or ethyl esters are obtained by reacting fat or oil with an
alcohol. It helps in changing the viscosity of the vegetable oil. Primarily, this process
was initiated by scientist E. Duffy and J. Patrick in 1853. Rudolf Diesel proposed the
idea of replacing gasoline with peanut oil almost 100 years ago. Main constituents of
biodiesel are methyl palmitate (C17H340,), methyl stearate (C19H3302), methyl oleate
(C19H360,, one double bond), methyl linoleate (C19H340,, two double bonds), and
methyl linoleate (Ci9H3,0,, three double bonds). Separate infrastructure is not
required to store biodiesel. Any percentage of biodiesel can be mixed with diesel [49].
It is an oxygenated fuel containing approximately 11% of O, in its molecular structure
having capacity to reduce Greenhouse effect. It is non-toxic, possesses better lubricity
and biodegradable and may be derived from various sources like waste cooking oil,
vegetable oil, jatropha oil, palm oil, animal fats; rapeseed oil and soyabean oil [50].
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Biodiesel has 12 percent lower energy content in comparison with fossil diesel [51].
Biodiesel has some shortcomings which incorporate higher viscosity and lower
volatility in comparison with diesel fuel [52]. It has also been found that nitrogen
oxide (NOx) exhalations increase owing to more percentage of oxygen content in
methyl esters while Carbon monoxide (CO), hydrocarbons (HC), and smoke reduces
when related to diesel [53]. So many investigators have fuelled diesel engine with
biodiesel extracted from different feedstocks. They are considered as a clean fuel for
IC engines due to the ascription that they can be renewed and decrement of CO,
discharge. Characteristics of methyl esters are almost alike pure diesel that is why it
can be considered as one of the important alternative fuel. Fatty acids can also be used
for preparation of biodiesel. The benefits of biodiesel over diesel are; less sulfur
contents and aromatic contents [54]. Many researchers have found that if biodiesel is
used in pure form it can lead to problems such as cold starting, engine knocking and
crank case oil dilution [55-56] that is why transesterification process is used for
preparation of biodiesel to decrease the viscosity and oxygen content of the plant oil.
Biodiesel having high cetane number and oxygen contents have been found to be the
first choice as an alternative fuels in diesel engines among all other alternative fuels as
small or no changes are required in original design of engine. Many investigators and
researchers have proved that biodiesel helps in improving the performance
characteristics and reducing exhaust emission gases in diesel engine [56]. For
producing biodiesel from biolipids transesterification process is essential. [21].

Reaction during a transesterification process is shown in Figure 1.5 [48].

1.7.2 Micro emulsions

Microemulsions are isotropic, and thermodynamically stable mixtures of a polar phase
with a nonpolar phase obtained spontaneously with the aid of a surfactant and,
sometimes, a co-surfactant. In this process oils are blended with emulsifying agents,
for example, alcohols. Distilled water may be used as aqueous phase. It is a colloidal
balance scattering of optically isotropic fluid microstructures, formed suddenly from
two ordinarily immiscible liquids. The significant downside of fuel delivered from this

procedure is deficient ignition [21].
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Figure 1.5 Transesterification reaction [24]

1.7.3 Direct blending

This procedure incorporates blending of different oils with diesel specifically, yet
because of high consistency of these oils the fuel arranged from this procedure has not
been discovered reasonable for use in diesel engines [21].

1.7.4 Catalytic cracking

Catalytic cracking is process in which heat is utilized to change over one substance
into another in presence of a catalyst. The pyrolysed substance may incorporate

significant measures of foreign materials [21].

1.8 Biogas as a fuel

Biogas is a combination of different gases formed by the anaerobic fermentation
of biological material in the lack of oxygen. It is likewise recognized as gobar gas,
swamp gas, fuel gas, wet gas, sewer gas and marsh gas [57]. Biogas can be procures
from resources such as human and animal leftovers along with agriculture yields or
residues and municipal wastes. It usually comprises CHa. 55-70%, CO,.25-50%, H; 1-
5% 2, N».0.3-3% and tiny amount of of H,S [58]. Biogas is a gaseous fuel processed
from biomass so it may be endless in nature. It is a gas having no color and flavor.
Trash and waste material is used to produce biogas rather than crops and digestate left

after the anaerobic ingestion of decomposable feedstock is also used as fertilizer.
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Once corrosive components like H,S, CO, are removed biogas can be easily
transported via pipelines.

Researchers have found biogas to be most considerable as a chief source of energy
[59]. It is a non-conventional energy cradle and exerts very small carbon content. It is
considered as one of the most promising gaseous fuel referring to reduction in global
warming and resource utilization [60]. It can also be utilized in internal combustion
engines as a fuel by altering the engine as it has a high octane number and higher
compression ratio which helps in maximizing the thermal efficiency. Biogas is a fuel
that emits lesser carbon contents during its burning [61]. It has been considered as an
important alternative fuel in coming future due to its ease of production, low cost,
ability to decrease CO, emissions; moreover it is free from carbon which results in
improving combustion characteristics and minimizing exhaust emission gases [62].
As a fuel biogas must contain at least 50% of methane to get good combustion [63]. It
burns quicker and does not leave any residue behind like solid fuels such as coal. CO,
also helps in decreasing the heating value and energy density of biogas on volume
basis as it is non- combustible [64]. Researchers have concluded that biogas can
increase BTE; at high biogas flow rate use of liquid fuel can be minimized but
volumetric and thermal efficiency is decreased [65]. It was also noticed that exhaust
emissions including NOx and smoke are reduced by means of biogas as a primary fuel

[65-66].

1.9 n-butanol as fuel additive

n-butanol can be procured by inebriating fermentation of biomass feedstock used for
fermentation of ethanol like sugarcane, beet, corn and sugar beet. It is made from five
and six carbon sugars without organism modification. Current units and pipelines can
be used for production and transportation of n-butanol. It can be kept in available
reservoirs, is less corrosive, and wearing of engine parts is reduced due to its high
viscosity [67-69]. It is also known as n-butyl alcohol or normal butanol. It is the main
alcohol with a 4-carbon structure and the chemical formula C4HyOH. Alcohols cannot
be utilized directly in diesel engine owing to its negative properties like low cetane
number and high enthalapy of vaporization; but due to good solvent properties they

can be mixed with biodiesel easily. n-butanol can be used as higher alcohol blend
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with biodiesel without any engine modification [68-69]. Due to ample amount of
oxygen in bio-alcohol fuel blends, researchers have a desire to use them as an
alternative fuel. n-butanol has been found to have properties that are desirable for
diesel engine. Better fuel properties like no corrosion to existing pipelines, almost
perfect miscibility, higher heating value, less hydrophilic tendency, low vapor
pressure, good inter solubility and higher viscosity of n-butanol makes it more
preferred to ethanol. Various scientists have researched that addition of n-butanol
resulted in reduction of soot emissions in diesel engine [67-69]. With increase in n-
butanol concentration NOx and HC emissions have been found to be increase at low
EGR rates and highest heat release rate and highest cylinder pressure also rise
whereas the combustion durations have been reduced. Brake thermal efficiency and
carbon dioxide emissions have also reported to reduce with addition of n-butanol
content [69].

In current experimental study, biogas was utilized as a primary fuel and blends of n-
butanol and diesel as a secondary fuel in a compression ignition engine which was

altered to run on a dual fuel mode.

1.10 Organization of thesis

The thesis has been systematized by intensifying on performance and exhalation
parameters of a diesel engine using oxygenated fuels and biogas. Introduction and
backdrop of oxygenated fuels and dual fuel concept is discussed in first chapter.
Excerpt of substitute fuel among distinct categories and their significance of
utilization in dual fuel engines are accentuated in this chapter. Second chapter
incorporates survey of literature when diesel engine was fuelled with biodiesel, n-
butanol and biogas, recent and previously published high quality research papers are
reviewed to gain insights of performance and emission parameters of these fuels in
this section. Methodology and objectives of the research work is presented in chapter
three. Details of engine test rig. and various type of apparatus used in experimentation
along with the uncertainty analysis is mentioned in this section. In chapter four results
for all test fuels is discussed along with reasons for the results obtained. Dual fuel
operations are represented for biodiesel, n-butanol and biogas as fuels. Summary of

whole thesis and future aspects is mentioned in last section of this work.
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Chapter-2

Literature Review

2.1 Overview

Pollution is immense hazardous heinous for the planet today which is dominating not
only in metro cities but it is augmenting its limits in rural area also. Expanding rate of
diesel engines on road is the primary reason for the pollution owing to which decrepit
automobiles are outlawed in New Delhi, India. Combustion of petroleum products in
Cl engines results in polluting the surroundings, as well as diminishing the fossil fuels
at an alarming rate. This evidence has captivated bulk of diesel engine experts to
explore for substitute fuel which can reinstate the existing diesel fuel. Biodiesel
procured from vegetable oil and animal fat oil, higher alcohols like propanol,
pentanol, butanol etc. and gaseous fuels like liquefied petroleum gas, biogas, natural
gas, compressed natural gas etc. have attained attention by the investigators in last
few lustrums. Biodiesel and higher alcohols are oxygenated fuels which aids in
complete combustion of fuel and reducing the lethal gases coming out of tailpipe of
the diesel engine whereas gaseous fuels is a preference as alternative fuel due to its
unmatched properties like higher auto ignition temperature, homogeneous air-fuel
mixture etc. In current chapter, a literature survey was done from highly rated journals
and also from technical international conference papers to explore the independent
outcome of biodiesel, n-butanol and biogas on a diesel engine. This part includes the
literature review containing the effects of various parameters on production of
biodiesel and work done with biodiesel, n-butanol, and biogas as fuel in the diesel
engine. Detailed review of oxygenated fuels and biogas is provided by giving special
focus on performance and emission characteristics. The finding from various

researchers is summarized in form of tables.

2.2 Effect of various parameters on biodiesel production
Biodiesel is a fuel that can be obtained from vegetable and animal fats by consuming
their fatty acids. It has been one of the most desired fuels as an alternative to diesel

owing to its properties which are very much comparable to diesel fuel as claimed by
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numerous researchers which makes biodiesel, an appropriate substitute fuel to be used
in diesel engines with inconsequential or no alteration in the engine. Biodiesel
contains 10-12% oxygen by weight, has no sulphur, no aromatics, and have high
cetane number which assists in minimizing the noxious emanations like CO and HC
in relation with conventional diesel. Table 2.1 indicates fuel properties for biodiesel
derived from different vegetable oils. It demonstrates that density, viscosity, flash
point, cetane number, calorific value, cloud point, pour point and fire point of the
biodiesel delivered from the greater part of the oils is significantly more like diesel
and can be utilized in diesel engines. It can also be examined from the table that
density of almost all the vegetable oils is very much similar to the diesel oil. Except
few vegetable oils viscosity is also in range of diesel oil for majority of vegetable oils.
Leaving out few vegetable oils all possesses a higher value of flash point than diesel
oil. Cetane number is also within permissible limits. Calorific value of few vegetable
oils again matches with the diesel oil. Cloud point for Turpentine oil, Hazelnut oil and
Sunflower oil is very near to diesel oil. Pour point of Mustard oil, Turpentine oil,
Linseed oil, Hazelnut oil and Sunflower oil seems to identical with diesel. Analysis of
Fire point is not mentioned by most of the researchers so it is not possible to analyze
the same.Various parameters that effect the production of biodiesel are mole ratio,
catalyst, reaction temperature, and stirring rate. Table 2.2 shows values of these
parameters for biodiesel produced from various oils.

2.2.1 Effect of molar ratio

Yield of alcohol ester to vegetable oil is fundamentally influenced by molar ratio. It
has been found by different analysts that separation of methyl esters from glycerin is
more difficult due to mixing of excess methanol in glycerin and rise in rate of
transesterification with increasing molar ratio of methanol to oil [70-71]. Absorption
of free fatty acids shows increase in reaction product with an introductory boost in
molar ratio of alcohol to oil [72]. The yield of biodiesel increases from 48.12% to
99.75% when the molar ratio increases from 6:1 to 18:1. Considering that the
abundance of methanol would bring about more monetary cost, 18:1 was picked by a
few analysts as the generally reasonable molar ratio [73-74]. While some discovered

inadequate response for molar proportions over 12:1 on the grounds that the
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separation of glycerol was muddled and the obvious yield of biodiesel was diminished
in light of the fact that a small amount of the glycerol stayed in the biodiesel stage
[75-77].

2.2.2 Effect of catalyst amount/type

It was found by the majority of the researchers that with increment in amount of
catalyst more viscous fuel is recouped. Subsequently, ideal catalyst amount is 6.0%
by weight of oil [70]. It was additionally found that relative substance of unsaturated
fat esters in the reaction products owing to utilization of various suggested catalyst
[72]. Transformation rate additionally observed to be expanded with an augmentation
in catalyst concentration from 2% to 12%. With further increment in catalyst amount,

there was little abatement in the conversion efficiency [75].

2.2.3 Effect of reaction temperature

Temperature of the reaction likewise assumes an essential part in choosing the yield
level of biodiesel. When compared with low temperature the response rate is
discovered quicker at high temperature and ideal temperature of response for the
transesterification to create biodiesel is 65°C [70]. An expansion of the process
temperature prompts a reduction in the concentration of the basic product [72]. Rising
the process temperature additionally enhances the biodiesel yield by more than three
times. Higher reaction temperature not only results in more energy consumption, but
also requires higher operation pressure to avoid the evaporation of methanol [77-79].
A few analysts found that that ester yield diminishes as the response temperature

increments over 55°C [23].

2.2.4. Effect of stirring rate

A few researchers have uncovered that at stirring rate of 60 rpm for a given time the
transesterification response is inadequate. Yield of biodiesel at 270 rpm achieves 90%
following 3 hour response, if mixing rate is upgraded to 360 rpm it doesn't have any
change in biodiesel yield and suggested that mixing pace of 270 rpm is ideal for
transesterification reaction [80]. While the majority of the analysts found that with
increment in agitation speed the yield of methyl esters increases and at a speed of 700

rpm most extreme yield was obtained [81].
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Table 2.1 Properties of various materials used for production of Biodiesel

Oil used Density | Viscosity | Flash | Cetane | Higher Calorific | Cloud Point | Pour Point | Fire Point | Ref. No.
(kg/m®) (ms) | Point | Number | Value k/kg ©C) ©C) (°C)
(°C)
Mabhua ol 899 37.18 238 NM 36372 14 15 243 22
Rice Bran QOil 896.4 8.05 173 NM 39030 NM NM NM 92
Waste Cooking 883 4.94 161 57.1 40111 NM 1 NM 81
oil
Jatropha Oil 870 4.1 180 NM 39900 NM NM NM 84
Pine Oil 875 1.3 52 11 42800 NM NM NM 93
Mustard Oil 938 6.5 105 NM NM 6 -13 NM 86
Neem Oil 871 4.63 NM 53.5 41000 NM NM NM 87
Cottonseed Oil 864 4.14 NM 52 36800 NM NM NM 87
Turpentene 920 2.5 38 38 44400 -15 -23 NM 94
Oil
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Palm Qil 851 8 270 NM NM 18 6.7 NM 95
Rapeseed Oil 884 5.5 138.5 51 38200 NM NM NM 96
Linseed QOil 852 3.95 151 NM NM 3.17 -6.25 NM 89
Hazelnut oil 872 451 168 53.35 NM -11 -17 NM 90
Sunflower Oil 882 4.04 179 51.25 NM -14 -16 NM 90
Castor Oil 896 12.59 124 NM 37931 NM NM NM 91
Diesel Oil 820-860 3.5-5 60-80 40-45 42000 -15t0 -5 -33t0 -15 5210 96 98

NM —Not mentioned by researcher
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Table 2.2 Parameters for Biodiesel Production

Oil Used | Temp. Molar Catalyst Stirring Time Ref.
°C) Ratio Type | Speed(R.P.M) | (min) No.
Mahua Raw 60 NM KOH 500 60 22
oil
Rice Bran 65 6:1 CH30K NM 60 79
Oil
Waste 100 NM NM NM 30 81
Cooking oil
Jatropha 60-65 6:1 NaOH NM NM 71
Oil
Euclyptus | 65 NM CH30K NM 60 85
Oil
Karanja Oil | 60-80 10:1 KOH NM NM 77
Mustard Oil 55 NM NaOH 600 90 86
Neem QOil 55 NM NaOH NM 60 87
Cottonseed 55 NM NaOH NM 60 87
Oil
Palm Qil 65 NM KOH 700 120 88
Rape Seed 80 NM Ca(OH), 60-360 180 80
Oil
Linseed Oil | 40-60 6:1t09:1 NaOH 750 15-180 89
Hazelnut 60 6:1 KOH NM 120 90
oil
Sunflower 60 6:1 NaOH 600 90 90
Oil
Castor Oil 80 NM NaOH 500-600 120 91

NM —Not mentioned by researcher
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2.2.5 Free Fatty Acids percentage

Free fatty acids impact fuel properties, yield rate and quality of the fuel. The free
unsaturated fats content for Jatropha and Karanja oil is 2.7% and 1.7% respectively
[77]. Accordingly, the methyl ester product of the response should likewise
incorporate methyl oleate, methyl stearate, methyl a-linolenate, methyl palmitate,
methyl linoleate. Methyl oleate originates from two sources, first is the esterification
of free unsaturated fat and the second is the transesterification of triglyceride [82].

Table 2.3 shows Chemical structure of various fatty acids.

Table 2.3 Chemical structure of fatty acids [97]

Fatty Acid Systematic Name Structure Formula
Lauric Dodecanoic C12H240; C12H240;
Myristic Tetradecanoic C14H280, C14H280,
Palmitic Hexadecanoic C16H320; C16H320;
Stearic Octadecanoic C1sH360- C1sH3602
Arachidic Eicosanoic C20H200; C20H200;
Behenic Docosanoic C22H140; C22H140;
Lignoceric Tetracosanoic C24H4s0, C24H4s07
Oleic cis-9-Octadecenoic C1sH340; C1sH340;
Linoleic cis-9,cis-12-Octadecadienoic C1sH320; Ci1sH320;
Linolenic cis-9,cis-12,cis-15- C1sH300; C1sH300;
Octadecatrienoic
Erucic cis-13-Docosenoic C2H40, C2H40,

Researchers have discovered that free unsaturated fats of crude oil and methyl esters
acquired from them are relatively comparative [83]. Table 2.4 shows Chemical

composition of vegetable oils.
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Table 2.4 Chemical composition of vegetable oil [97]

Vegetable Fatty acid composition (wt. %)
oil
14:0 | 16:0 | 18:0 | 20:0 | 22:0 | 24:0 | 18:1 | 22:1 | 18:2 | 18:3
Mahua — 116.0-|200-|00-| — | — |410-| — | 89- | —
Raw oil 282 | 251 | 3.3 51.0 13.7
RiceBran | 04- | 11.7-| 1.7- {04-| — |04-|392-| — |264-| —
Oil 06 | 165 | 25 | 0.6 0.9 | 437 35.1
Karanja — | 37- | 24 | — — | 1.1-|445-| — [108-| —
Oil 7.9 8.9 35 | 713 18.3
Neem Oil | 0.2- | 13.6— | 144-|08-| — | — |491-| — | 23— | —
026 | 16.2 | 241 | 3.4 61.9 15.8

Cottonseed 0 28 1 0 0 0 13 0 58 0
Oil

Rape Seed | O 3 1 0 0 0 64 0 22 8
Oil

Linseed 0 5 2 0 0 0 20 0 18 55
Oil

Sunflower 0 6 3 0 0 0 17 0 74 0
Oil

Table 2.5 shows Physical and thermal properties of vegetable oils. It can be seen that
Rapeseed Oil has maximum Kinematic viscosity, heating value, carbon residue and
ash contents and minimum Cloud point, Density and Sulphur content. Linseed oil has
highest density but contains least amount of Kinematic viscosity, Cetane number and
heating value. Cottonseed oil acquire best Cetane number though lowest Flash point.
Sunflower oil carries top heating value and Flash point in the table.

2.3 Performance and emissions characteristics of biodiesel

Biodiesel may be cons