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ABSTRACT

India is a developing country and major parts of its transportation, agriculture, and energy
sectors are all diesel-dependent. The exhaust gases emitted by the combustion of diesel fuel have
led to an increase in airpollution and global warming. These exhaust emissions have affected the
lives of animals and humans nnumerous ways. Extensive research has been done on alternative
fuels, biodiesel being a common one. However, due to biodiesel’s limitations, it cannot replace
diesel in existing CI engines. All over theworld, researchers, academicians, and industrialists are
exploring alternative fuels, which can be sustainable in such a way that they can replace diesel as
fuel. Renewable diesel is such a fuel, which isproduced from non-edible vegetable oil undergoing
hydroprocessing at high pressure and temperature in presence of a catalyst. The molecular structure
of renewable diesel is similar to diesel. Renewable diesel can use the same pipeline infrastructure

as is used for diesel fuel. It is also called a ‘drop-in fuel’.

The objective of the present research work is to produce renewable diesel by hydroprocessing.
Thecatalyst used during the hydroprocessing process was chosen as manganese, cerium promoted
ruthenium-based catalyst supported on Al.Oz. Various blends of diesel and renewable diesel and
ternaryblends of renewable diesel, diesel, and ethanol were prepared in different proportions and
their performance, emission, and combustion characteristics were compared to the baseline data of
conventional fuel, diesel. Percentage of ethanol was limited to 15% due to its insolubility in diesel
fuel.Physicochemical properties like kinematic viscosity, density, cold flow properties, cetane

index, etc. were evaluated and found suitable for use as per ASTM D standards.

Response surface methodology (RSM) optimization technique was implemented to study
various response variables like brake thermal efficiency (BTE), carbon monoxide (CO), unburnt

hydrocarbon (HC), nitrogen oxide (NO) emissions, and smoke opacity by using input factors like
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brakemean effective pressure (BMEP) and percentage of renewable diesel and ethanol by volume

in diesel.

For getting the most accurate solutions, a face-centered model of Central Composite Design
(CCD) was chosen. This helps researchers predict results very precisely with fewer experiments to
be conducted. The results obtained from RSM were validated with experimental data. RSM
optimizer toolshowed that 30% of Renewable diesel and 7% of ethanol at BMEP of 2.6 bar can give
optimized output. The predicted values for BTE, CO, HC, NO, and smoke were found to be 29.21%,

5.59/kWh, 4.32g/kWh, 4.47g/kWh, and 19.46% respectively.

Renewable diesel was mixed with diesel from 10% to 50% by volume and was named
D90R10, D80R20, D70R30, D60R40, and D5050. The results for renewable diesel (R100) and
diesel (D100) blends indicate that with an increase in the percentage of renewable diesel, brake
thermal efficiency decreases. There is a decrease of 16.7%, 3.51%, 6.35%, 8.66%, 10.91% and
12.65% of BTEfor R100, D90R10, D80R20, D70R30, D60R40 and D5050 respectively. In
addition, the heat release rate (HRR) for diesel fuel is more than for renewable diesel and its blends.
This is because of the earlier ignition of renewable diesel. Exhaust emissions like CO, HC, and
smoke opacity are found to decreaseup to 30% blend, after which it increases. At full load, there is a
decrease of 5.79%, 10.31%, and 14.47%in HC emissions for R10D90, R20D80, and R30D70
blends. For CO exhaust emissions, 5.09%, 9.55%,and 13.38% decrease until renewable diesel is up
to 30% of the blend. Beyond 30% renewable diesel in a blend, the percentage of CO exhaust
emissions starts increasing. NO emissions were lower for all blends than diesel. The lowest NO
emission for neat renewable diesel is 3.1014 g/kWh which is 23.2%lesser than that emitted by
diesel fuel. At full load, smoke opacity was lowest for R30D70 which is 54.1% than that of diesel

which was 62.4%.

It was observed that R20D80 gave better BTE and D70R30 gave lesser emissions. Keeping
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these two blends into consideration and to improve the shortcomings of both, ethanol was added.
5%, 10% and 15% of ethanol were blended with 20% and 30% of renewable diesel. The
experiments concluded that HRR increased with an addition of ethanol due to a low cetane
index which increased ignition delay. Values of HRR for ternary blends were found to be more
than diesel. BTE increased with an increase in the percentage of ethanol till E10. Beyond E10, BTE
decreased. R30E15 has the least BTE of 23.8% on full load which is 24.8% lesser than diesel fuel.
With an increase in the percentage of ethanol, HRR increased. At full load, the maximum HRR for
R20E15 was 61.74J/°CA whereas, for D8OR20 it was 50.16J/°CA. With an increase in addition of
ethanol pressure also increased. Ethanol percentage up to 10% by volume in a blend is acceptable
as otherwise, it can lead to a further decreasein the BTE. This is due to the lower calorific value of
both renewable diesel and ethanol. Low calorificvalue also leads to more consumption of fuel with
an increase of renewable diesel and ethanol percentage in a ternary blend. With an increase in the
percentage of ethanol, CO and HC emission increases however, CO emissions are lesser than
diesel. Moreover, with an increase in ethanol percentage smoke opacity and NO decreases. Ternary
blend R30E10 has the lowest NO and smoke emissions. NO and smoke opacity were reduced by

24.25% and 20.35% respectively.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

India is a developing country where economy is diesel dependent. A never-ending
increasing demand, increasing price, scarcity of Diesel and massive harmful exhaust
emissions, has led researchers, academicians and industrialists to find explicitly a
sustainable alternative fuel, which can replace diesel fuel. Exhaust emissions caused due
to combustion of diesel fuel has invited hazardous health concerns, increase in earth’s
temperature by few degrees and global warming. Amongst alternative fuels, biodiesel is
a much-researched alternative fuel but it has its limitations and can be used as neat only
after engine modifications are done on existing Cl engines. Renewable diesel is such a
fuel, which is produced from third and fourth generation feedstock by hydroprocessing.
Also, fuel modifications are cheaper in comparison to an engine modification. It is a
promising substitute to biodiesel and has a tendency to replace diesel fuel. In the present
work, Renewable diesel and its blends are explored to help in overcoming the scarcity of
diesel fuel in coming years and reduction in emissions and mitigating climate changes

which is a need of the hour.
1.2Energy Scenario in India

Our country is a Diesel driven economy. China and the United States are the top two
energy consumers in the world, respectively, with India third on the list [1]. Agricultural
sector, power sector and transportation are majorly dependent on diesel fuel. About two
million CI engines are used only within agriculture sector. It has created a dependency on
other countries for importing diesel fuel to India. It is a known fact that fossil fuel is

depleting and prices are sky-rocketing which is creating a perturbation. With such a huge
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demand, India has to find some sustainable alternative fuel for itself so that it can become

economically resilient and recuperate with environmental conditions.
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Figure 1.1. Production and consumption of oil by various region in million barrels daily [2]

Figure 1.1 presents production and consumption of oil in various regions all over the
world from the year 1995 till 2020 [2]. It is evident from Figure 1.1 that consumption of
Asia Pacific, Europe and North America is more than their production rate. India spent
almost 88 billion USD in importing 217.08 MT of crude oil in the fiscal year 2018 [3].
India has 138 crore population and only 0.8% of world’s known oil reserves [3]. India’s
primary energy demand is expected to grow at CAGR of 4.2% during 2017-2040 [3-5].
Consumption of India has increased from 213.22 MMT in 2018 - 2019 to 214.13 MMT
in 2019 — 2020 [2]. India produced 32.17 MMT which is 5.9% less than 2018-19. Table
1.1 represents the statistics of oil production and oil consumption in India since 2010 till

date.
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Table 1.1 India’s oil production and oil consumption [2]

Year India’s Oil Production India’s Oil Consumption Self-reliance (%)
(MMT) (MMT)
2010 41.3 154.0 26.8
2012 425 172.0 24.7
2014 41.6 179.1 23.2
2016 40.2 214.3 18.8
2018 39.5 229.0 17.2
2020 35.1 213.1 16.5
2021 32.17 214.13 15.0
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Figure 1.2. Trend of consumption of aviation, petrol and diesel fuel in India [2,6]

Figure 1.2 shows the increasing trend in the consumption of aviation, petrol and diesel
fuel with each passing year [2]. However, a decline is observed in 2020, which, is due to
the current pandemic situation (Covid-19), wherein the whole country was under
lockdown. It also resulted in slight decrease in the percentage of air pollutants. However,
this event is temporary. Once the earth is free from pandemic, the dependency on imported

crude oil will further increase. Therefore, it is imperative to create sustainable and
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alternative fuels that can replace fossil fuels and improve self-reliance in the energy sector
[7].
1.3 Diesel Engine

Diesel engine is the most promising and prominent engine used in India. It is used in
every sector, be it agriculture, power industry, automobiles, railways or shipping industry.
Diesel engine develops good power, consumes specific fuel and is sturdy. Due to these
salient features, it continues to dominate across sectors of India.

Due to the fact that diesel engines feed air into the cylinder, which is compressed to a
high temperatures and pressures, they are also known as compression ignition engines.
Then, diesel fuel is injected swiftly through nozzles in the fuel injector tip, where it
atomizes into tiny droplets and combines with the compressed air already in the
combustion chamber. After a brief delay caused by a few crank angles, combustion begins
[8]. Diesel fuel is a fossil fuel made up of hydrocarbon compounds having higher
molecular weights. During the spray of fuel from fuel injector significant pyrolysis takes
place and leads to carbon-monoxide (CO) and unburnt hydrocarbon (HC) emissions.
Sometimes locally lean mixtures lead to no ignition, no flame propagation, resulting in
incomplete combustion. Diesel fuel's incomplete combustion is the main cause of
particulate pollution. The emission rates are typically from 0.2g/km to 0.6g/km and 0.5
to 1.5g/brake kW/h in light duty and heavy duty vehicles respectively [8]. In diesel
engines, NOz is usually found in between 10 to 30% of the total exhaust emissions[8].
All these emissions are hazardous for any life on the planet. These emissions can lead to
various life threatening diseases. Apart from doing modifications on an engine or using
devices to reduce emissions, which is a costly affair, the world is trying to explore an
alternative drop-in fuel produced from renewable resources, which will be able to replace

or at least lower the burden on fossil fuel, and is environmentally friendly.
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1.4 Environmental Degradation

As mentioned earlier, tackling exhaust emissions from diesel engines is need of an
hour. Enhancement in vehicle emission control system can reduce CO and NO emissions
by 95% and 85% respectively if they are designed in that manner [9]. However, such
designs lead to intricacies and surge in cost. That is why each country has put certain
mandatory standards on emission regulations, which every automobile industry follows
world-wide. Indian government is also coming up with stringent emission laws. BS-VI
norms is applied from 1% April 2020 is one of the rigorous action taken up by the
government.

Diesel engine is the most used engine on road, in industries, in power generation plants
etc. Due to high efficiency of diesel engine than petrol engine, consumption of diesel is
greater than petrol. However, it produces lot of exhaust emissions, which are very perilous
for the environment and humanity. India stands at third position world-wide in PM2.5
concentration that is 51.9 ug/m® annually [10]. Increase in levels of exhaust emissions
such as CO, COy, particulate matter (PM), oxides of nitrogen (NOx), smoke, and soot have
led to global warming, melting of polar ice caps, untimely season change, droughts,
floods, increase in sea-levels, countless health problems and poor air quality index [11-
13]. Energy security and reducing the carbon footprint is the need of an hour which has
made researchers, environmentalist etc. to quest for an alternate fuel which is both viable

and environment friendly [14].
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Figure 1.3. Carbon-dioxide emission (%) world-wide from fuel combustion
1.4.1 Alternative Fuels and its Effect on Exhaust Emissions
Alternative fuels derived from renewable sources like plant oil, animal fats, alga, lingo
cellulosic biomass and waste cooking oil have played a major role in research and
exploration of a viable solution to conventional fuel, Diesel. Since 1900, vegetable oil
derived from various plants, has undergone a lot of research and different chemical

processes.

Now a days third and fourth generation feedstock is used which usually consists of
non-edible plant oil so that there is no struggle with the food crops. These feedstocks are
minimalistic. They require less maintenance and can usually grow in all weather
conditions. Some of these feedstock’s can be cultivated on barren lands with minimum

requirement of water. Non-edible content in biomass are as follows:

e Lignin: It is an intricate aromatic arrangement of molecules which is high in
energy and does not allow any biochemical reactions to take place. It is usually in
a range of 15 to 20%.

e Hemi-cellulose: Xylose is the second most abundant sugar in the biosphere [15].

It is usually in a range of 23%-32% but it has a marginal biochemical feed.
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e Cellulose: In the biosphere, cellulose is the most prevalent type of carbon. It is a
rich biochemical substrate and primarily a polymer of glucose. It is in the range of

38 to 50%.

Diesel and vegetable oil can be analyzed in terms of physiochemical characteristics
like density and calorific value [16]. The flash and fire point of plant oil is high thus can
be stored and handled safely. However, viscosity of vegetable oil (30 mm/s?) is exorbitant
and does not even lie within ASTM D range. The kinematic viscosity of diesel fuel is 3
mm/s2. High viscosity causes poor atomization, improper mingling of fuel and air that
causes filter clogging, and heavy smoke. Volatility of vegetable oil is also low ensuing in
poor thermal cracking and carbon deposition in a combustion chamber. They have low
cetane number than Diesel. Vegetable oil also has a tendency to dilute lubricating oil and
leads to formation of sludge. Therefore, it becomes necessary for a vegetable oil to
undergo some chemical processes, which can reduce the viscosity and used as a
transportation fuel. Several feedstock utilized for production of an alternative fuel are
presented in Table 1.2 below. The fuel should be economically viable so that the

dependence on oil imports can be reduced largely.

Vegetable oil is biodegradable, ecological, non-hazardous and energy efficient.
Emissions produced from diesel fuel is hazardous but vegetable oil produces fewer
emissions on combustion in diesel engine. Sulfur dioxide emissions are eliminated when
vegetable oil is used in diesel engines because the oil is sulfur-free, resulting in less acid

rain. It emits lesser CO2, CO and hydrocarbons, thus is environmentally friendly.
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Table 1.2 Physiochemical properties of various feedstock used for an alternative fuel

Feedstock Kinematic Cetane Heating Cloud Pour Flash Density
(oil) Viscosity at no. value Point Point Point (kg /1) References
40°C (MJ/kg) (°C) (°C) (°C)
mm?/sec approx.
Corn 35 38 40.5 -11 -40 277 0.909 [17-20]
Cottonseed 34 42 40.6 1.7 -15 234 0.915 [18,21]
Jatropha oil 38 51.1 38 9.0 3 235 0.920 [17,20,22,23]
Linseed oil 27 35 39 1.7 -15 241 0.924 [18,24-26]
Palm oil 40 42 - 31.0 - 267 0.918 [27-30]
Peanut oil 40 42 40 12.8 -6.7 271 0.903 [18,31-33]
Rapeseed 37 38 40.3 -39 -31.7 246 0.912 [34-36]
oil
Sesame oil 36 40 39 -39 -94 260 0.913 [22,34]
Soybean oil 32 38 40 -39 -12.2 254 0.914 [37-39]
Sunflower 34 37 40 7.2 -15 274 0.916 [18,40-42]
oil

1.4.2 Jatropha Oil as a Potential Alternative Fuel

Governments from different parts of the world have campaigned to fulfil the diesel

demand by concentrating on different renewable resources, owing to environmental concerns

and a desire to lessen dependence on fossil fuels. Jatropha is thought to be one of the most

suitable biofuel alternatives. There are 175 species of Jatropha in the Euphorbiaceous family

[43]. It first originated in tropical America and since then has spread to Asia and Africa's

tropics and subtropics [43]. More than 1,000,000 acres of Jatropha have been propagated over

the world. About 85% of Jatropha is present in many Asian countries, such as India, Myanmar,

and China. India is the world's largest producer of Jatropha. After reaching maturity stage, the

Jatropha plant will tend to bear fruit for another 50 years [2]. From Jatropha fruit to making

of Jatropha oil cakes as shown in Figure 1.4, everything is utilized.
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JATROPHA SEED JATROPHA SHELL ~ JATROPHA SEED
KERNELS

JATROPHA HUSK JATROPHA SEED BRIQUETTES BRIQUETTES
CAKE JATROPHA SHELL  JATROPHA OIL CAKE

Figure 1.4 Jatropha fruit, seed, shell and its various by-products [44].

The physiognomies of Jatropha seed oil are similar to that of diesel fuel [45,46].
Jatropha oil comprises of 35% - 45% of oil in its seeds, 50% - 60% of oil in its kernel [47—
49]. It has 70 - 72% of unsaturated fatty acids (UFA) and 28 - 30 % of saturated fatty acids
(SFA) [49]. SFA mainly includes 21% and 7.23% of Palmitic acid and stearic acid
respectively, whereas, UFA comprises of 40% and 32% of oleic acid and linolenic acid
respectively [49,50]. Jatropha seed contains toxic proteins namely, curcin and phorbol which
makes it non-edible. It can be cultivated on barren lands with sufficient sunlight and low to
medium rain showers. Jatropha oil cakes is used as a manure as it contains potassium, nitrogen
and phosphorous which are good for plant growth containing all essential nutrients [23]. The
leaves, twigs also help in increasing the microbial activity making it environment friendly.
Planting more Jatropha trees can help in averting soil erosion, utilizing barren lands, small
gestation period, pest resistance, low maintenance, cheaper, curbing emissions, controlling
global warming makes it a suitable feedstock for an alternative fuel [23]. Some of the

physiochemical characteristics of Jatropha oil and Diesel are shown in Table 1.3 below.
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Table 1.3. Physio-chemical properties of Diesel and Jatropha oil

Properties Diesel Jatropha oil
Density at 15°C (g/cm?) 0.840 0.920
Viscosity at 40°C (cSt) 241 52
Flash point (°C) 5210 96 240 °C
Fire point (°C) 94 271to 277
Cloud point (°C) -5 81010
Pour point (°C) 3to5
Cetane number 45 to 55 38
Calorific value (MJ/kg) 42 38.2
Auto ignition temperature (°C) 260
Sulphur (% wt.) 0.149 0
Oxygen (% wt.) 0 11.06
lodine number 94

1.5 Hydrogenation of Triglycerides based Biomass

Biomass is a renewable organic material that initiates from the plants and animals.
Triglycerides based biomass are usually edible, inedible plant oil, animal fats, microalgae etc.
Triglyceride is the prime component of oil. The biofuel is classified into I, 11", 111" and 1\V"-
generation fuels based on the obtainability of raw organic compounds. The first generation
biofuels are made by extracting oil from food crops and further transforming them to biofuel
[20,51,52]. However, there is a limit because it causes a scarcity of crops for human use and
raises food prices. The second-generation include wastes from the plant which are not
consumed by human-beings like straw, stem, twigs, leaves, dry leaves, shells etc. for e.g.
Jatropha, Miscanthus as feedstock [53-56]. Second generation biofuels are not in race with
foodstuff vegetation. Third generation biofuels are extracted from waste cooking oil, animal

fats, algae etc. [51,53,57]. Algae has achieved an breakthrough as it can be converted into
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petrol and Diesel but it has sustainability issues Fourth-generation involves many new
techniques which are still worked upon to curb the environmental pollution. These techniques
include carbon-dioxide capturing and inserted into the underground reservoirs. This way it
makes environment carbon negative.

Second and third generation biofuels are produced by undergoing transesterification
process in existence of methyl alcohol and base catalyst which gives Fatty Acid Methyl Esters
(FAME) called as biodiesel [20,53,58-60]. Biodiesel are a good source of plummeting various
exhaust emissions from compression ignition engines like carbon monoxide (CO), oxides of
nitrogen (NOX) particulate matter (PM). However, biodiesel also has few disadvantages like
high viscosity, poor cold flow properties, poor oxidation steadiness, corrosion of seals etc.
Neat biodiesel cannot be run on Cl engines. Cl engines have to undergo the modification which
is not possible in current scenario.

Although transesterification process is much-researched, in contrary hydroprocessing is
attaining a lot of consideration amongst industrialists, researchers and academicians [20]. In
hydroprocessing, plant oil or animal fat undergoes hydrogenation at a raised temperature and
raised pressure along with an existence of a catalyst producing Renewable diesel, which is
similar in its molecular structure to Diesel [20,61,62]. Due to its molecular structure the
pipeline infrastructure laid down for Diesel can be used for Renewable diesel without
undergoing any moderation [20,49]. Hydroprocessing is also termed as hydrogenation, hydro-
deoxygenation (HDO), hydrodesulphurization (HDS), hydro-denitrogenation (HDN) to
remove heteroatoms like sulphur, nitrogen, oxygen etc. These chemical reactions are used to
convert triglycerides to straight carbon chain, alkanes. Other terms used for Renewable diesel
are hydroprocessed vegetable oil [63-65], green Diesel [66-68], hydrogenated oil [69,70],
paraffinic Renewable diesel [71,72] etc. Renewable diesel has high cetane number, better cold

flow properties and almost negligible oxygen in its molecular structure [20,65,73,74]. Exhaust
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emissions produced by combustion of Renewable diesel like CO, PM, NOx and smoke are
lesser than Diesel and biodiesel both [68,73,74]. Also, due to high cetane index of Renewable
diesel, ignition delay (ID) is short [20,65].

1.6 Importance of Hydrogen and Methanol in Producing Biofuel

Methanol or ethanol is used to make biodiesel, whereas hydrogen is utilized to make
Renewable diesel. Methanol may be made from a variety of renewable resources [75]. As a
result, almost 95% of fatty acids with C-16 to C-18 atoms are derived from renewable sources
[57]. The ratio of molecular weights of methanol to feedstock is kept at 6:1 [57]. It is
mandatory to be vigilant on intake of H in process of making of Renewable diesel [68]. Highly
saturated vegetable oil require less quantity of hydrogen and unsaturated feedstocks are usually
chosen for enhancing low temperature operation ability [57]. Hydrogen along with removing
heteroatoms, also helps in converting unsaturated to saturated compounds. Due to Renewable
diesel’s similar molecular structure to that of Diesel, same pipeline infrastructure can be used,
thus lowering the cost on engine modification [20].

1.7 Organization of Thesis

The thesis is divided into six chapters and its outline are enumerated below.

Chapter 1 deliberates about the energy scenario in India and its dependence on the fossil
fuel is increasing with each passing year. It also brings about the urge to find an alternative
fuel which can replace diesel fuel and reduce the carbon footprints to a great extent. It is shown
that how second-generation fuel, especially vegetable oil has physiochemical properties at par
with diesel and its advantages are discussed. Chemical mechanism of transesterification and
hydroprocessing is discussed in brief. It shows how hydroprocessing converts vegetable oil
into sustainable and suitable transportation fuel. The properties of hydro-processed fuel is at

par with diesel and enhanced than biodiesel.
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Chapter 2 elucidates an exhaustive literature review is done. Renewable diesel and its
essential properties are discussed and compared with Diesel. The Renewable diesel production
techniques are enumerated and the effect of its reaction temperature, reaction time and
hydrogen pressure on the conversion efficacy of Renewable diesel is also discussed.
Importance in choosing catalyst is also discussed. The various performance and emission
physiognomies of Renewable diesel are enumerated. Research gaps, and objectives are also
conferred.

Chapter 3 includes the procedure of the production of renewable diesel. Blend formation
of different proportions is listed by mixing renewable diesel and diesel and ternary blends by
blending renewable diesel, diesel and ethanol. The measuring instruments, specifications,
accuracy, uncertainty, and working procedure are discussed. Also, engine set-up development
and the test procedure is described.

Chapter 4 discusses the importance of catalysts in producing renewable diesel. It further
includes the production and characterization of the noble metal catalyst, which is chosen for
the present work to produce renewable diesel from Indian feedstock. It also includes the
various results, comparison of physiochemical properties of blends. It also covers GC and
FTIR respectively for renewable diesel and biodiesel. The engine test conducted on renewable
diesel and its blends with diesel and ethanol are presented with the help of graphs. The best
blend of renewable diesel and diesel were chosen, and ethanol was added to them in three
proportions to study its effect on the engine performance. These findings are then thoroughly
examined and compared to that of diesel. RSM technique is also used for renewable diesel,
ethanol and diesel blends to optimize the various performance and emission characteristics.

Chapter 5 includes conclusion pointing out main findings from the research work and

future scope.
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CHAPTER 2

Literature Review

2.1 Introduction

Dr. Rudolph Diesel created an engine that bears his name, "Diesel engine,” as it is the best
option available globally for its exceptional fuel efficiency, high output, and reliability [32].
Since 1900, vegetable oil has been the best substitute for fossil fuel [49,76]. The French
government and Dr. Rudolph Diesel, believed vegetable oil could be a fuel source to run initial
diesel engines for agricultural applications, participated in the early research on an engine
using neat vegetable oil as a fuel. [75,77-80]. Following Rudolph's demise, the diesel engine
was created to be in accord with the characteristics of diesel fuel in order to operate properly
[78]. Consequently, as time went on, the deterioration of the environment and the irresponsible
use of petrol-diesel prompted the search for an alternate fuel. Due to the high viscosity, it is
not possible to utilize vegetable oil in CI engines directly, so, vegetable oil undergoes various
chemical processes to get converted into the transportation fuel. Some of those chemical
processes are transesterification, pyrolysis, emulsification and hydroprocessing [49].
Hydroprocessing process is one of the processes which converts vegetable oil, animal fats etc.
into n-paraffins and iso-paraffins fuel called as Renewable diesel. Renewable diesel has higher
cetane number, higher heating value, better cold flow properties and better steadiness than
other biofuels [20,81].

This chapter emphasizes usage and significance of diesel engine in India and discusses
about the ongoing research in the field of alternative fuels, especially Renewable diesel
produced from hydroprocessing. It also discusses the production technique for the Renewable
diesel using different feedstock. A comparative analysis was done between much-researched

biodiesel and newly introduced Renewable diesel. This chapter also enumerated the
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performance, emissions and combustion for Diesel, Renewable diesel and biodiesel. The
outcome of the exhaustive literature reviewed is also highlighted in the chapter. Finally, the

research gap, problem statement and objectives of the research are outlined.
2.2 Hydroprocessing Unit

It is very imperative to acknowledge that hydrogen pressure, reaction temperature and
selection of catalyst plays a pivotal part in making of a Renewable diesel. Usually a
hydroprocessing element comprises of three sub elements as follows:

a) Feed preparation
b) Catalyst-feed reaction
c) Separation of product
The process begins by first purging the hydrogen into first subunit so as to remove the
presence of an oxygen if any. After that the selected feedstock is allowed to mix with hydrogen
at a high pressure and high temperature and from there it makes a pathway to the fixed bed
reactor where the mix is reacted through selected catalyst and product is formed. The product
(mixture of both liquid and gas) formed is put into the last sub-element (separator) which
separates gases from liquids [20]. Various gases that are separated are CO,, CO, H.S and
unreacted excess Hz. Liquid is further sent for fractional distillation to obtain products like

diesel, kerosene and naphtha [74].
2.3 Various Techniques Used for the Production of Renewable Diesel

Hydrodeoxygenation, esterification, hydrothermal liquefacation and catalytic
hydroprocessing are some of the chemical reactions that a vegetable oil or animal fats undergo
to produce a biofuel [82]. Figure 2.1 shows the catalytic hydroprocessing for both wet and
solid biomass. As discussed in earlier chapter, Renewable diesel is gaining much attention. It
can be produced by undergoing thermal conversion, biomass to liquid (BTL), hydroprocessing

are some of the chemical processes used for production of Renewable diesel [20,74].
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2.3.1 Hydroprocessing

In hydroprocessing triglycerides are reacted with catalyst in presence of hydrogen at an
elevated temperature and an elevated pressure to yield Renewable diesel. The Renewable
diesel produced is either a normal paraffin or branched paraffin with the molecular
arrangement like diesel [20]. Feedstock that is used for either transesterification or
esterification process, same feedstock is utilized for production of Renewable diesel.
Hydroprocessing can follow three different trails which are: decarboxylation, decarbonylation
or hydrodeoxygenation. All these three different pathways are explained in detail in section
2.4, below.
2.3.2. Thermal Conversion

Thermal conversion converts organic compounds such as waste oils from industries,
sewage, sludges and domestic vegetable wastes into clean, environment friendly
transportation fuel [83]. The reaction happens at raised temperature and pressure. It includes
combustion, gasification or pyrolysis processes [84,85].

a) Combustion: Combustion is a process in which feedstock or any biomass is burnt in
presence of ample amount of oxygen and liberates heat. It gives out byproducts like
carbon-dioxide and water which have more stronger bond energy and hence gives out
more energy [86].

b) Gasification: In this process, biomass is burnt in presence of insufficient amount of
oxygen to liberate heat and the product is called producer gas. Producer gas carries
combination of different gases like N2 (46 to 51%), CO (17 to 23%), CO> (9 to 11%),
H> (7 to 13%), methane (1.6 to 4.6%) [87,88]. Gasification of biomass uses less
oxygen and takes place at lesser temperature with a catalyst [89]. In an absence of a
catalyst, higher temperature is required, however the product formed is free from tar

and methane gas. At a lower temperature reaction catalyst like dolomite, olivine,
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nickel, Fe/Alumina etc. can be used to avert development of tar and methane.
Moreover, the formation of coke deposits, reduces the catalyst activity [21,90,91].

c) Pyrolysis: In this process, biomass is burnt in absence of oxygen and produces
pyrolysis oil and by-product as char [92]. When pyrolysis process is carried out at
500C and fast with vapour residence time as only 2 sec, it can yield pyrolysis oil in
between 75 to 80%, syn gas 13 to 18% and char 12 to 17%. Pyrolysis oil is used to
form additives in transportation fuel as well. It has more CV than feedstock.
Moreover, pyrolysis oil has comparable molecular ratio to that of fossil fuels which
is H2 : C = 1:2 [89]. However its stability is a point of concern as it contains water
and oxygen in its structure which can lead to corrosiveness and instability [93-95].

2.3.3 Biomass To Liquid (BTL)

BTL is known as two-step process where solid biomass under chemical treatment gets
formed into liquid. In the first step, Fischer-tropsch process converts biomass to syngas
(CO+Hy2). Then in second step, this syn gas is polymerized to form hydrocarbon compounds
which are similar to diesel in molecular structure called as Renewable diesel [68,85,96-98].
The biggest advantage of BTL technique is that it a plant’s oil, cellulose, starch as well as
sugar can be used in converting it to transportation fuel [68]. Liquid biomass undergoes
follows different ways under catalytic treatment as cracking, saturation, heteroatom removal
or isomerization processes.

a) Cracking: Heavy weight hydro-carbon molecules under the impact of high pressure
in presence of catalysts are fragmented down into lighter weight hydrocarbon
molecules called as cracking [27,99-101]. Cracking is being performed on crude oil
to get petrol and diesel on a commercial scale. Equation 2.1 below shows how a

triglycerides under cracking when reacted with hydrogen produces carboxylic acid
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and propane. In addition to this, the carboxylic acid can undergo pyrolysis as well
as deoxygenation to produce Renewable diesel [68,102].

RCOOR* +H, — 3R*CH2COOH + C3Hg (2.1)
(Triglyceride + Hydrogen Carboxylicacid +  Propane)

b) Saturation: In saturation, unsaturated compounds and cyclic compounds are
converted to saturated compounds and aromatic compounds respectively by
breaking double bonds to single bonds in presence of excess quantity of H> [68].
Changing a double bond to a single one aids in decreasing oxidation and averting
corrosion in engines. They also don’t react easily due to their stable and less active
nature. Under saturation, carboxylic acid produced via cracking can be converted to
saturated compounds by removing oxygen in its molecular structure.

c) Heteroatom removal: As the name suggests, elimination of heteroatom is done in
this process to prevent the undesirable effect caused by the presence of heteroatoms
like S, N2, and O». These elements when undergo reaction can produce hydrogen
sulphide, ammonia, water and can interfere in the oxidation stability and reduce
calorific value of the fuel as well [68]. With formation of such compounds, it will
affect the operation ability of an engine and reduce its efficiency. Equations 2.2, 2.3
and 2.4 represent various reaction mechanism used to remove heteroatoms.

d) Isomerization: Isomerization is also called as branched paraffin. When unsaturated
H-C compounds are converted to saturated H-C compounds, it improves its calorific
value, oxidation stability, viscosity, density and cetane number in comparison to its
original form (triglycerides). However these n-paraffin have decreased cold flow
properties which is one of the important property which helps in running of an
engine in extreme low temperature regions. With isomerization, although cetane

number decreases but cold flow properties improves [20,41,68,73,103,104].
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Figure 2.1. Catalytic hydroprocessing for organic transformation and progress to fuel
[20,105].

2.4 Various Reaction Mechanism for the Production of Renewable Diesel

through Hydroprocessing Technique

Feedstock are basically triglycerides are reacted at a high temperature, and pressure in
existence of a catalytic agent to form Renewable diesel [106]. Molecular arrangement of R100
is similar to diesel as shown in Figure 2.2. As stated earlier, hydroprocessing is used in
industries to remove heteroatom. Likewise from the Figure 2.2 it is clearly shown that with
an addition of hydrogen, oxygen atom is removed making Renewable diesel more stable than
other biofuels. Hydroprocessing can take place following three distinct pathways as follows:

a) Decarboxylation (DCX): It forms saturated odd number of hydrocarbon compound
with CO> as a by-product.

b) Decarbonylation (DCN): It also forms a saturated odd number of hydrocarbon
compound with carbon-monoxide and water as by-product on further addition of
hydrogen ,and

¢) Hydrodeoxygenation (HDO): Saturated even number of hydrocarbon compound is

formed with water as by-product.
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Figure 2.2 below shows the reaction mechanism for different pathways followed in

hydroprocessing.
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Figure 2.2. Different alleyways of triglycerides over hydroprocessing catalyst [20,64]

From the above mentioned three processes and the Figure 2.2 it is shown that oxygen
is removed by following DCX, DCN or HDO reaction mechanism. Figure 2.2 clearly
illustrates first triglyceride (any vegetable oil) is reacted in presence of hydrogen (6MPa-20
MPa) and temperature (250°C-450°C) to convert unsaturated compound to saturated
compound by breaking double bond [35,64,107,108]. Then more hydrogen is added to carry
out the cracking process. Cracking is usually carried out to reduce the hydrocarbon chain
length and its boiling point falls in the range similar to that of diesel fuel. After cracking
hydrogenated triglycerides is converted to free fatty acids (FFA) giving CsHe as a byproduct.
DCX, DCN or HDO can then be used to convert FFA into n-paraffins. These different
pathways are illustrated in the form of chemical equations (eq 2.2 to eq 2.4) as below. Further
isomerization, cyclization and cracking can form iso-alkanes, aromatics and lighter HC
respectively [64]. N-paraffins obtained have high cetane number and good cold flow
properties like cloud-point (CP), cold-filter plugging point (CFPP). When n-paraffins undergo
isomerization, isomers are formed which have better CP and CFPP than n-paraffins but
reduced cetane number [109].

R-CH2COOH + 3H; & R-CH,CHjs +2H,0 (2.2), [47,110]
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R-CH2COOH + H, & R-CHs + CO + H,0 (2.3), [20,47,68,110,111]
R-CH2COOH + H, & R-CH; +CO> (2.4), [105,110,112]
By-products like CO2, CO and H2O which are produced during hydroprocessing can
partake in methanation reaction and H.O-gas-shift reaction. Methanation reaction consumes
more hydrogen to form methane (CHs) and water, thus being an expensive reaction
mechanism. When the production of methane is almost negligible then the molar ratio of
CO./CO displays an assessment for DCX and DCN reaction [64]. The reactions are shown
below in equations 2.5 to 2.7.
Carbon-dioxide methanation
CO2 + 4H, = CH4 + 2H,0 (2.5)
Carbon-monoxide methanation
CO +3H, <= CHq4+ H20 (2.6)
Water-Gas shift reaction
COz + H, = CO + H;0 (2.7)
Many researchers used various feedstocks following different pathway reactions. A. Srifa et.
al [70] hydroprocessed Palm oil under a nonstop stream in a fixed-bed reactor with working
parameters as temperature (270°C to 420°C), hydrogen pressure (15bar-80bar), LHSV
(0.25/hr to 5/hr), Ha : oil (250 to 2000 N/cm?®), concluded that HDO, DCN, DCX have their
own optimized and limited conditions. When temperature was kept high and pressure low
DCN and DCX were more prominent than HDO. Kikhtyanin et.al [41] worked on Sunflower
oil and observed that with rise in temperature C-17 / C-1g ratio increased which concluded that
DCN/DCX had a higher rate of reaction than the HDO reaction pathway. Guzman et al. [113]
and Krar et al. [114] observed that when hydrogen pressure is low, HDO conversion from
FFA to n-paraffins is not fully attained due to low molar ratio of C-17 / C-1g,and C-15/C-16 in

a Palm oil [115]. Also, Krar et al. [42] in their another research concluded from their
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experiments that DCX and DCN are promoted and facilitated by a rise in the hydrogen:oil
ratio. Oil conversion reduced as the WHSV increased, while the product yield rose was shown
by Nimkarde et al. [55] in their study on Karanja oil. Bezergianni et al. showed in their
experiments that the outcome of temperature and LHSV on the production quality of the used
cooking oil and enumerated that moderate reaction temperatures and LHSVs lead to
conventional fuel (diesel) like alternative fuel production and elevated temperatures and lesser
LHSVs are supplementary for gasoline-like alternative fuel production [105]. Whereas, Yang
et al. [116] argued that LHSV has no major role in the production of Renewable diesel
following any of the reaction mechanism (DCX, DCN, HDO). Simacek et al. [117] showed
in their work that when Rapeseed oil’s reaction temperature was less than 310°C gives
transitional products like FFA and little percentage of triglycerides.

Crude soyabean oil was hydrocracked over ZSM5 zeolite following three different
reaction pathways. It was shown that HDO lead to the production of C-18 H-C chain from
stearic acid (18:0) and C-15 H-C chain from C-16 fatty acids with water as major by-product.
Due to deactivation of hydrocracking over NaZSM5, HDO was also affected with increase in
fatty acids. [118]. Veriansyah et al. [64]did experimentation on hydroprocessing of soyabean
oil. From their observation, it was found that catalyst like nickel-molybdenum (Ni-Mo),
Cobalt-Molybdenum (Co-Mo) and Platinum (Pt) favored HDO reaction and Ruthenium (Ru,
Nickel (Ni) and Palladium (Pd) favored DCX reaction. The highest yield of C-17/C-18 ratio
was found for Ru/Al203 which was 39.6. NiMo was potent for HDO and SiO>—Al20s provided
the suitable acidity for isomerization or cracking of Jatropha oil [119]. Ni with base as Al,O3
yields only DCX H-C chain products [120-123] and Mo with base as Al>Oz yielded only HDO
H-C chain products [77]. Whereas, Kiatkittipong et. al showed that with bimetallic catalyst
NiMo and base as y- Al.O3 showed DCX/DCN higher C-15 to C-16 ratio in the range of 4.8

to 5.8 due to deficiency of hydrogen in the feed [69].
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2.5 Several Operating Parameters and its Consequence on Production of

Renewable Diesel

Many researchers have shown that temperature, pressure and catalyst are pivotal for
the making of Renewable diesel. Each parameter have their importance and are dependent on
each other. Renewable diesel are the hydrocarbon chain having C-15 to C-18 carbon atoms in
their structure with cetane number ranging in between 65 to 90. Many feedstock like Palm oil,
Jatropha oil, Karanja seed oil, Rubber seed oil, Sunflower oil, waste cooking oil, Rapeseed
oil, Soyabean oil have been used to convert them into Renewable diesel at temperature
stretching from 250°C to 450°C and pressure from 1.5MPa to 20MPa under various catalyst
like NiMo/yAl2Os, Pd/y- Al,OzCoMoS/y- AlOz, Mo/ Al203 Ni/ Al203, NiMo/B20s-
aluminium oxide, sulfidedNiMo/yAl>O3, Pd/C, Mesoporous a-alumina etc [64,65,124]. The
Table 2.1 below shows the various experiments conducted at different operating parameters
by different researchers.

Table 2.1 Production of Renewable diesel from different feedstock at varying parameters
Feedstock Operating parameters Catalyst utilized Reference

Temperature, Temp (°C),
Pressure, Pr (MPa), LHSV

or WHSV (h)
Karanja Oil Temp =300 to 380, Pr=1.5to | Commercially sulfide [55,65]
3.5, WHSV=1.1to 5; H/oil CoMo and NiMo catalyst
ratio= 400 to 600 v/v supported on Al,O3
Jatropha oil Temp= 320 to 420; Pr= 8; | NiMoS catalyst supported [125]
WHSV=1102 on thermostable
mesoporous silica doped
titania
Jatropha oil Temp= 200 to 350, Pr= 4, | Ni-Mo/SiO2-Al203; [119]
LHSV=7.6
Jatropha oil Temp= 300 to 400, Pr=61t0 8, | Mesoporous a-alumina | [126]

LHSV= 1-10, H2:oil ratio= | TMN/ a-Al,03
1000 to 2000 lit/hr
Sunflower oil Temp: 280 to 380, Pr: 2 to 8, | NiMo/AlLOs/F [54]
LHSV =0.75 to 3, Hz/0il :400
to 600 Nm3/m?®

Sunflower oil Temp= 360 to 420, rP= 18, commercial hydrocracking | [35]
LFF (Sunflower oil) and H: | supported metal sulfides
flow = 49g/h and 0.049 N m3
/h respectively
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Sunflower oil Temp=280t0 380, Pr=3t0 8, | Pt/HZSM-22 supported on | [114]
WHSV= 1 to 4, Hy/oil = 250 | Al,Ozand Pt/SAPO-11
to 400 N m3/m?®
Sunflower oil Temp= 310 to 360, Pr= 2, | Pd/SAPO-31 [41]
WHSV= 0.9 to 1.6, Hj/oil =
1000 N m3¥/m?®
Palm oil Temp=350t0 450, Pr=21t0 6, | Commercialized 5%by wt | [69]
Reaction time= 0.25 to5 hr Pd/C & synthesized
NiMo/y-Al;0s3,
Palm oil Temp= 350, Pr= 40 to 90, | NiMo/y- aluminum oxide [113]
WHSV= 2,
Hy/oil= 20 mol/mol
Palm oil Temp=300 to 400, Pr=3t0 6, | NiMo/y- Al,O3 [67]
H2/oil molar ratio of 20:1
Rapeseed Qil Temp= 310, Pr=3.5, WHSV= | multiple grades of sulfide | [127]
2, Ho/feed =100 mol/mol CoMo/y-Al;03
Rapeseed Oil Temp= 310 to 360, Pr= 7 to | NiMo/Al,O; [128]
15, WHSV= 1.0, HJ/oil= 920
N m¥m?
Rapeseed Oil Temp= 260 to 280, Pr= 3.5, | NiMo/Al:03,  Mo/AlOs3, | [120]
WHSV=0.2510 4.0 Ni/Al20s
Rapeseed Qil Temp= 260 to 340, Pr= 7, | NiO and MoOs | [129]
LHSV=1h7, concentration in varying
H./oil=22 g h* proportions
Rapeseed Oil Temp= 260, Pr= 3.5, WHSV= | Sulfided NiMo/y-Al,Os [65,121]
1 to 4, Ho/feed= 50 mol/mol
Rapeseed Oil Temp= 320 to 380, Pr= 4, | Co-Mo/ Al;03 +SiO> [65,130]
WHSV= 1h, Ho/oil= 240m?/
m3
Soybean Oil Temp= 350 to 400, Pr= 1 to | NiMo/y- Al;O3 [131]
20, batch process
Soybean Qil Temp= 360, Pr= 14, batch NiMo/y- Al;,O3 [132]
Soybean Qil Temp= 400, Pr=9.2, batch NiMo/y- Al,O3, Pd/y- [64]
A|203COMOS/Y- A|203,
Ni/SiOz— A|203/’y- A|203,
Ru/ A|203
Waste Cooking | Temp= 350 to 390, Pr=13.8, | commercial hydrocracking | [65,105]
oil WHSV= 1.5, catalyst
H2/o0il= 6000 scfb
Waste Cooking | Temp= 370, Pr=8.27 to 9.65, | commercial hydrocracking | [102]
oil H2/QOil ratio= 543 to 890 catalyst
nm3/m?, LHSV: 0.5t0 1.5 h!
Waste Cooking | Temp= 300 to 350, Pr=7, NiMo /B,Os3 supported on [133]
oil batch Al2O3
Waste Cooking | Temp= 330 to 398, Pr=8.3, | commercial hydrotreating [53,65]
oil WHSV= 1.0, H2/oil= 4000 catalyst
scfb
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2.5.1 Catalyst and its Effect on Production of Renewable Diesel
Catalyst involvement in producing a Renewable diesel is of a lot of significance.

Selecting an appropriate catalyst in terms of its dynamic nature, supporter selection, stability,
permeability and to handle the unsaturated vegetable oil for high yield of a transportation fuel
is very important [134]. The catalyst selection’s reduction rate and yield is also dependent
upon the type of feedstock chosen for conversion to alternative fuel [111]. Other effective
characteristics like temperature, pressure, LHSV, WHSV and Hz:molar ratio also effect the
catalyst selection criteria [135]. Increased temperature can reduce catalyst activity which can
be improved by inserting more hydrogen, but with increase in hydrogen concentration,
chances of water formation gets increased. So similar things have to be taken into
consideration while selecting catalyst for the experiments [68].

Catalyst is broadly classified into two terms:

a) Noble metals

b) Transition metals

Noble metal catalyst are very active and have thermal stability. Noble metals also help in
oxidation of CO, HC and Nitrogen. However these catalysts are expensive and short-lived.
Few of the frequently utilized noble metal catalysts are ruthenium (Ru), Palladium (Pd),
Platinum (Pt) and Rhodium (Rh) etc [41,69,114]. Transition metal catalyst are not as much
active as noble metals and have low thermal stability. Some of the commonly used transition
metal catalyst are Cobalt (Co), Nickle (Ni), Molybdenum (Mo), and Tungsten (W)
[63,77,113,121,136,137]. Transition metal catalyst can further be sub divided into two
categories that is homogeneous and heterogeneous. Homogeneous are already listed above
and heterogeneous are like NiMo, NiCo, CoMo etc. Out of these two sub-categories,
heterogeneous catalyst are more active than homogeneous and can deoxygenate at a faster

rate [120]. Since the reaction is taken in existence of a catalyst is an exothermic reaction so
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the reaction temperature rises and coke formation takes place. Coke formation decreases
catalyst activity and hence more hydrogen is to be supplied to keep the reaction in a working
condition. However, addition of more and more hydrogen leads to the formation of water
vapours which has an undesirable effect on activity and stability [68]. Various authors have
pointed out many reasons for catalyst’s deactivation like:

a) Deposits of coke on catalyst surface due to exothermic reactions.

b) Chemisorption of heteroatoms like Nitrogen and Sulphur.

c) Sintering or a thermal action that causes clustering and a decrease in the
surface:volume ratio of the catalyst. Usually, this causes the catalyst's structure to
change, losing active sites.

d) Decrease in strength of catalyst due to impregnation

So it becomes important to check the nature, temperature, consumption of hydrogen as

well during hydroprocessing process to keep the activity of a catalyst high. As, replacing
catalyst on each reaction can be a costly affair. It is the tendency of catalyst to undergo
reversible or irreversible deactivation during hydro-de-oxygenation process [77]. As per
Furimsky E [138] molybdenum carbides and molybdenum nitrides have capacity to adsorb,
activate and transfer active hydrogen to the reactant molecule. Active hydrogen existing on
catalyst surface decides the reaction rate for hydroprocessing mechanism. Reactant
molecule’s adsorption rate should be slower than hydrogen adsorption and active rate reaction
[77]. Carbides and nitrides deactivate catalyst because of coke development which is not the
case in sulfides [77]. However, sulfide catalyst are an unease to the environment. Coke
formation is usually seen to be lower amid temperature range of 350°C to 375°C. Noble metals
have a tendency to carry out reaction at lower temperature which will enhance the catalytic
activity and increasing the conversion rate. Kikhtyanin et al. [41]performed experiment on

Sunflower oil using Pd/SAPO-31 catalyst, temp. 310°C to 360°C, pr. of 2MPa with WHSV
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as 0.9 —to 6 h™! to improve its low-temperature properties. Products formed were in the range
of Cy7 and Cyg with normal and branched paraffins. High initial reactivity for the hydro-
conversion of Sunflower oil and good isomerization capabilities were shown by the Pd/
SAPO-31 catalyst, although deactivation was seen after a few hours of procedure taking place.
At a temperature of 360°C with high WHSV resulted a dip in iso-alkane/n-alkane ratio due to
fast deactivation. This deactivation was due to the thermal action of the metal particles. The
concentration of Pd was same before and after reaction, but the dispersion reduced to 11%
from 50%. It was also concluded in their study that during de-carboxylation of dodecanoic
acid over Pd/C catalyst and time-on-stream the fatty acids blocked the SAPO-31 acidic sites
which prevented conversion of isomers from normal alkanes. Yanyong et al. [119]
deoxygenated both fatty acids and triglycerides waste cooking oil over two different catalysts,
sulfided Ni-Mo/Al13-Mont and Ru/Al13-montmorillonite.  Sulfided Ni-Mo/Al13-
montmorillonite showed slow deactivation in first 10hrs, after which it increased due to
NiMosS collapse. Whereas, Ru/Al13-Mont showed no deactivation as it was on-stream for 72
hours and after specified time, there was no Sulphur found in WCO and gave a yield of 83.6%.
Whereas, sulfided Ni-Mo/Al13-Mont yield decreased from 83.5% to 76.8% after 72 hrs due
to deactivation of a catalyst.

Transition metal catalyst like sulfides of Ni, Co and Mo actively help in
hydrodesulfurization, hydrodeoxygenation and hydrodenitrogenation. Reaction temperature
in case of sulfides (hydrogen-sulfide and carbon di sulfide) range from 280°C to 350°C.
Hydrogen consumed and coke deposition is less in case of H2S. Senol et al. [139] in their work
have shown that the conversion rate of methyl heptanoate increased with the increased
concentration of H>S from 67-76% on NiMo catalyst and 34-55% on CoMo catalyst. Similarly
for ethyl heptanoate conversion was from 63 to 83% and 37 to 65% on NiMo and CoMo

catalyst respectively. Whereas, CS, had not much effect on the conversion due to production
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of coke. Kiatkittipong et al. [69] and Keng et al. [124] did experiment on three different types
of oil, crude Palm oil (CPO), degummed Palm oil (DPO) and Palm fatty acid distillate (PFAD)
to convert them to hydroprocessed fuel. CPO under the operating conditions of 400°C and
4MPa in presence of Pd/C catalyst gave maximum yield of 51%. They also observed that Pd/C
was more active in nature than Pd/C than sulfided NiMo/y-Al.O3 for FFA. Removing of
degummed from Palm oil can lead to more yield of 81% and at mild conditions of temperature
375°C and half an hour for reaction time. High acid content of waste cooking oil was
hydrotreated on ruthenium catalyst supported on al-polyoxocation-pillared montmorillonite
by Yanyong et al. and Young et al. [119,140-142]. Operating parameters selected were
temperature 350°C, pressure 20 bar with LHSV as 15.2 h™%, and hydrogen to oil ratio as 400
ml/ml. With catalyst Ru-SiO2 improved pour point to 20°C and with addition of Al13-mont,
it was further improved to -15°C and produced n-paraffins and iso-paraffins in the range of
C15 to C18. Ru/H-Y was incapable of producing diesel like structure, however it produced
gasoline like similar structure (C5 to C10).

Sotelo et al. [143] hydrotreated Rapeseed oil using noble metal with zeolite as support and
transition metals with alumina as support, Pt/H-Y, Pt/H-ZSM and NiMo/y-Al,03 [144]. It was
concluded from their results that liquid hydrocarbon of highest yield was obtained using
NiMo/y-Al,O3 catalyst with poor cold flow temperature due to its moderate acidic nature.
Whereas, zeolite catalysts produced more of branched paraffins in the boiling temperature
range of Cs to Cz2 [144]. Authors have also concluded that since transition metal catalyst have
higher capacity to remove oxygen and have low cost, so they are mostly suited for converting
triglycerides to hydro-processed fuel using hydroprocessing.

Commercial hydrocracking catalyst have been used by many researchers on Sunflower
oil, Palm oil and waste cooking oil [35,102,145]. Daria et al. [130] evaluated the percentage

of Rapeseed oil getting converted to n-alkanes using three different processes like hydro-
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decarbonylation, hydro-decarboxylation, and hydro-deoxygenation with a commercial
CoMo/Al;,0z3-SiO2 hydrotreating catalyst. With rise in temperature, 320°C to 380°C,
proportion of Ci7 and Cyg increased from 16% to 28% by weight. Also, with increase in
temperature, hydro-deoxygenation overpowered other two reaction mechanism.
CoMol/supporter catalyst helped in dipping the quantity of monoaromatic and polycyclic
aromatic hydrocarbons in the Rapeseed oil. Bezergianni et al. [102] performed similar
experiment on WCO with three different commercial catalyst based on hydrocracking
intensity. Catalyst A was hydrocracking catalyst, B was mild and third one was severe
hydrocracking catalyst. Highest yield was seen for catalyst A. Catalyst B removed maximum
heteroatoms and saturated 99% of unsaturated bonds. Catalyst C had low efficiency with more
gases produced. Toba et al. [133] showed that Ni based catalyst are better than Co based
catalyst for hydro-deoxygenation and converted 100% of WCO into hydrocarbon chain. The
non-sulfided NiPTA/AI>Os3 catalyst was developed by Liu et al. [146] for hydrotreatment of
Jatropha oil. This catalyst was initially prepared by Ni/ Al,Oz and then it was further co-
precipitated with impregnation of Ni/ Al.Oz with PTA solution. 98.5% of Jatropha oil was
converted to green diesel at 360°C, 30bar and 0.8h™%. It was inferred that non-sulfided catalyst
are exceedingly active along with environment friendly. The carinata oil was hydrotreated by
Zhao et al. [147] with Zn/Mo/ Al>0O3 and only Al2Os. Hydroprocessed fuel that was produced
with Zn and Mo on support with Al2O3 had lesser acidity than Al,Oz alone. Al,Oz with metal
helps in hydro-deoxygenation mechanism and increases H-C content. For maximum yield
Zn/Mo molar ratio was 2:1, beyond which the H-C content started to decrease as it led to
deactivation of a catalyst. In presence of single transition metal catalyst like Ni or Mo, H-C
conversion went from 30 to 80% from 260°C to 270°C. However when bi-metallic transition
metal catalyst were take like NiMo, yield increased from 90 to 100% from 260°C to 270°C

after one hour of reaction time [120]. Nimkarde et al. [55] hydroprocessed Karanja oil on a

Performance, Emission and Combustion Studies of a Renewable Diesel in a Compression
Ignition Engine Page |29



sulfide CoMo/Al203 and NiMo/Al203 on a fixed bed reactor. It was observed from the studies
that higher temperature and H/oil ratio made the conversion fast. At NiMo/Al>0390.5% yield
was obtained. Monnier et al. [148] prepared nitrides of Mo/Al>Os, W/AI;O3 and Va/ Al;0O3
with ammonia for hydrotreatment by removing oxygen of Canola oil and oleic acid at a
temperature range of 380°C to 410°C and 7.15 MPa pressure. Molybdenum nitride performed
superior to W and vanadium in removing oxygen and converting oleic acid to straight chain
alkanes. Decarbonylation and decarboxylation helped in deoxygenating oleic acid supported
on Vanadium catalyst. Molybdenum-nitride produced 8times more octadecane to that of
vanadium and tungsten nitride. Pomace oil was hydrotreated by using HZSM-5, FCC and
CoMo catalysts. CoMo catalyst gave highest percentage of alkanes while FCC and HZSM-5
gave aromatic components [149].

Apart from nitrides, phosphide catalysts as well play vital part in improving the catalyst’s
action. Soyabean oil was hydro-deoxygenated (HDO) by using 25% of each Ni2P/SiO,
Ni.P/H-Y zeolite catalyst by Zarchin et al. [150]. Ni.P/H-Y zeolite showed an active
inclination towards hydrocracking and isomerization. During HDO, water vapours were
produced which hindered the activity of catalysts by reducing its acidity. 99.5% of oxygen
was removed during HDO and Ni,P/H-Y zeolite was found to be stable even after running for
more than 250hours and producing 50% of light H-C compounds. Ayodele et al. [151] added
fluoride to NiMoFOs/zeolite catalyst to increase the surface area by increasing pore area and
volume. Temperature 633K, pressure 20bars and 100ml of hydrogen/min was found to be
optimized condition for producing n-octadecane (75%) and i-octadecane (23%).

Zeolites is used in converting triglycerides to saturated compounds. Li et al. [152]
examined Meso-Y, SAPO-34 and HY zeolites.Meso-Y gave 53% of alkanes and 13.4% of
aromatic hydrocarbon compounds. 40.5% was the maximum yield with Meso-Y at 673K from

WCO. Jatropha oil was hydroprocessed using bimetallic NiMo and NiW supported on
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mesoporous SAPO-11. Under 648 to 723K, 60 to 80 bars, 84% by weight liquid hydrocarbon
compound was produced with 40% of kerosene and 20% of light-weight gasoline. It was also
concluded that little variations in silica percentage in SAPO-11, catalyst remain unaffected
during HDO of Jatropha oil [153].

Researchers have also studied model compounds and their effect on hydro-
deoxygenation. Deliy et al. [154] used hydro-deoxygenation process using model compounds
like methyl Palmitate and methyl heptanoate were used. CoMo/y- Al,03 and NiMo/y- Al203
catalysts were used at temperature 573 K and pressure 35 bars. NiMo/y- Al>Oz gives higher
conversion for C16 hydrocarbon chain. Decanoic acid, oleic acid, stearic acid, Palmitic acid
and linoleic acid are some of the model compounds used by researchers. Snare et al. [108]
Pd/C5 catalyst of weight 5% for temperature range of 573 to 633K and 15 to 27 bars was used
for unsaturated fatty acid, and methyl oleate model compounds. Siew et al. [155] studied the
morphology of two different SBA-15 having sphere-like and necklace-like structures which
were created as supports for Pd. Pd diffusion on necklace-like SBA-15 was higher than sphere-
like SBA-15 which further helped in substantial removal of oxygen.

Cotton seed oil underwent co-hydroprocessing in a tickle bed reactor at 30 bar and 578 to
618 K on sulphided CoMo/Al,03 [21]. Catalyst was stable beyond 300 hrs. The authors
discovered that the selectivity of diesel-like fuel was 91%and conversion efficiency was 90%.
Activated carbon is inexpensive, has a large BET surface area, many pores, a low acidity, and
allows for easy metal recovery from used catalyst [156]. Jatropha oil (5, 15, 25%) with gas oil
was also co-hydroprocessed by Rajesh et al. [157] on CoMo/C catalyst and an increase in n-
and i-paraffins was found and pure Jatropha oil was hydrotreated on mesoporous titanosilicate
support. Blends of Sunflower oil and a gas oil was co-hydroprocessed and catalyzed on
sulphided NiO (3%), MoO3 (12%) -y- Al.O3 with 0, 15 and 30 % of zeolite by weight and

100% conversion to H-C compound was obtained [63].
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This literature review on catalyst has served an in-depth understanding of active
metals, catalyst supports, promoters, catalytic activity, yield, selectivity in hydroprocessing of
triglycerides and fatty acids. Acidic support and zeolites are favorable for hydrocracking and
removal of oxygen. To achieve high selectivity using deoxygenation process on triglycerides
and fatty acids, catalyst are incorporated high metal dispersion and moderate acidic support.
2.5.2 Temperature and its Effect on Production of Renewable Diesel

Like catalyst, temperature also has vital role in forming of products under
hydroprocessing. Sunflower oil was hydroprocessed in the 360 to 420 °C range, producing
hydrocarbon mixtures with a high concentration of saturated hydrocarbons and little aromatic
content. The reaction temperature has a substantial impact on products’ configuration. Authors
concluded that when the reaction temperature was raised from 360°C to 420°C, composition
of main hydrocarbon products of hydroprocessed Sunflower oil like n-alkanes (Ci7 and
Cs) dipped from 53 to 5% by wt. However, the product of hydro-processing at 420 °C
included more than 5% by weight of aromatic hydrocarbons, but the percentage of aromatics
in the products formed at 360 °C was negligible [35]. Catalyst sulfideTMN/ ¢- Al.O3 was used
on Jatropha oil. With raise in temperature (300°C to 340°C), C15 to C18 hydrocarbon
compounds increased [126]. Nimkarde et al. [55] in their work have shown that Karanja oil
when hydro-processed on Ni/y- Al2O3 at a higher temperature of 653 K, 90.5% of oil
conversion was reported. Bezergianni et al. [102] however concluded from their studies that
with increase in reaction temperature the conversion efficiency decreases. At 330°C, 90% of
conversion was obtained from WCO to n-paraffins. At the same time, it was observed by the
authors that increased temperature favored removal of 99% of nitrogen and Sulphur. Bromine
index decreased with increased temperature which further increases saturation of double
bonds, however hydrogen consumption increased. Anand et al. and Jha et al. [125,126] both

worked on Jatropha oil using sulfideTMN/ g- Al.0z and CoMo respectively found that with
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increase in temperature C15 to C18 hydrocarbon compounds were formed and at lower
temperatures oligomerised compounds are formed. Kikhtyanin et al. [41] observed that
decarboxylation or decarbonylation increases the C17-C18 ratio by increasing the reaction
temperature and decreasing supply of feedstock oil on catalyst PA/SAPO-31. Additionally, it
was noted that i-paraffins reduced as temperature rose. For operating temperatures of
330°Cto 350°C, it was revealed that the proportion of C17 to C18 H-
C chain spanned from 75 to 80%.. Hancsok et al. [114] used Pt/HZSM-22/AlI203 and at
350°C, isomerization of pre-hydrogenated sunflower oil was 100% converted. It was found in
Kubicka et al. [120] experiments that Rapeseed oil was converted 100% into n-alkanes at
270°C and below 270°C, only 80 to 90% conversion was seen. Whereas, Simacek et al. [35]
found similar results at 360°C with n-C17 and n-C18. Kiatkittipong et al. [69] also worked on
pre-hydrogenated Palm oil and took three different categories like crude Palm oil (CPO),
degummed Palm oil (DPO) and Palm fatty acid distillate (PFAD). They were studied under
different operating conditions of temperature, pressure and WHSV. It was found out that CPO
at 400°C and 40 bar gave a yield of 51%. For DPO, yield calculated was 70% and for PFAD
diesel yield of 81% was calculated at 375°C. Pinto et al. [149] hydro-processed olive pomace
oil at adequate temperature range of 300 to 430°C to produce H-C compounds. From their
experiments it was concluded that olive pomace oil (OPO) without using any catalyst can have
the conversion efficiency of above 90% by volume. With increase in reaction temperature to
430°C and reaction time, H-C conversion further increased to 99% by volume. However,
authors also reacted OPO with different catalyst like CoMo/AlOg, fluid catalytic cracking
and HZSM-5. CoMo/ Al>Oz produced n-alkanes whereas, rest of the two catalysts produced
aromatic compounds. Under the cracking reactions, they also observed the increase in Co and
CO2 gases by 30 to 40%. Srifa et al. [70] presented in their work that with rise in temperature,

yield of Palm oil to hydrocarbons also increased from 270°C to 300°C. It was observed that
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when Palm oil was hydroprocessed at 270°C, it started to solidify at ambient temperature due
to the existence of some Palmitic and stearic acid. However beyond 420°C, it was also
observed that the conversion percentage dipped to 37.9% from 89.8%.

Rajesh et al. [157] co-processed Jatropha oil with gas oil at various temperatures and
studied their effect on the hydrocarbon compounds produced. 5, 10 and 20% of JO was taken
in gas oil. Hydro-desulphurization was evaluated at three varying operating temperatures of
330°C, 350°C and 380°C. Amongst all these temperatures maximum removal of Sulphur was
found at 350°C and beyond which the removal rate decreased. 40ppm, 124 ppm, 154ppm and
220ppm of sulphur proportion was in neat gas oil (GO), 5%, 10% and 15% of JO in GO
respectively. Alike effects were obtained by Bezergianni et al. [109] co-processed WCO with
heavy atm gas oil (HAGO) and operated it at varying temperatures as mentioned above. They
also observed that at 370°C Sulphur elimination rate increased from 89% to 99.24%. However
while using catalyst CoMo and 10 and 30% of WCO in HAGO, desulphurization rate reduced
t0 87.12% and 80.93% respectively.

Only saturation and heteroatom elimination occur when the temperature is low, but
cracking also takes place when the temperature is high. On the same terms hydrogen
consumed is less at lower temperatures. Bezergianni et al. [158] deliberated the temperature
effect on the mixture of WCO and heavy gas oil (HGO). More hydrogen is consumed with
increase in proportion of WCO in HGO as it helps in removal of oxygen molecule from the
triglycerides and improves cracking activity. Boyas et al. [143] deliberated the outcome of
temperature on hydro-cracking of Rapeseed oil from 300 to 400°C. At 350°C, product
obtained was semi-solid. At temperatures 350°C, 375°C and 380°C, yield procured was 78%,
76% and 52% respectively. This drop was attributed to cracking of C17 to C22 hydrocarbons
and developing of lighter chain hydrocarbons like C13 to Ci6. Rising temperature from 375°C

to 400°C, further increased the formation of light hydrocarbon compounds.
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2.5.3 Outcome of Hydrogen Pressure on Production of Renewable Diesel

Presence of hydrogen at high pressure in hydroprocessing is vital. Hydrogen helps in
removing of oxygen and other heteroatoms from the feedstock which is to be converted into
the fuel. At the same time, it is also very critical to check on hydrogen consumption. Pinto et
al. [149] have hydro-treated olive pomace oil (OPQ) at temperature range of 300°C to 430°C
with the supply of H> pressure of 11bar initially. This hydrogen pressure led to the conversion
of organic compounds in which hydrocarbons was in dominance. Without utilizing any
catalysts, 90% by volume of hydrocarbons were produced. Nimkarde et al. [55] researched
that hydrogen pressure whose involvement is pivotal on the hydrogenation process,
isomerization mechanism and cracking of triglycerides. Feedstock selected was Karanja oil
and hydrogen pressure was varied from 1.5MPa to 3MPa with catalyst like CoMo and NiMo.
At 1.5 MPa using CoMo and NiMo catalysts separately conversion efficiency was found to
be 60.1% and 62.1% respectively which further increased with 3MPa with CoMo and NiMo
to 85.6% and 88.4% respectively. However authors brought this also to notice that with
increase in hydrogen pressure, operating cost also increases. Yuhan et al. [159] hydrotreated
Cs fatty acid, octadecanoic acid (C18:0 -Stearic acid, C18:1 -oleic acid, C18:2 -linoleic acid)
along with impurities Ci6 to Coo at pressures 2 to 8MPa. At 3MPa Ci7 yield dipped from
10.19% to 7.39% from 3MPa to 8MPa and for C1g yield at 3MPa was 7.18% which increased
to 10.68% at 8MPa. This decrease and increase in yield with rise in pressure is because, C17
is obtained via HDCX or HDCN reaction mechanism and Cg follows de-oxygenation reaction
mechanism. This concluded that higher hydrogen pressure favour the HDO reaction
mechanism. Alike outcomes were achieved by Sotelo et al. [143] which emphasized that n-
C17:n-Cgg yield ratios at various temperatures of 350°C, 375°C, and 400°C were 2.2, 1.6, and
1.5, respectively in a batch-reactor. This implies that with decrease in pressure

decarboxylation and decarbonylation decreases. However Huber et al. and Simacek et al.
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[129,160] have shown that yield of n-C17 > n-Cyg at constant hydrogen pressure (7MPa) in a
continuous reactor. Sotelo et al. [143] also concluded that in batch reactor hydrogen pressure
decreases which leads to decrease in decarbonylation. Chen [161] in his work has shown that
both temperature and pressure play vital role in formation of gaseous products but in an
opposite way. With increase in pressure, gaseous products decrease, whereas with increase in
temperature, gaseous products increase. It was also reviewed that increasing pressure reduces
making of aromatic hydrocarbons, maximum diesel conversion was found at 40 bar by
Kiatkittipong et al. [69]. Palm oil conversion increased with surge in Hz pressure, whereas,
pressure did not affect the diesel conversion in case of degummed pal oil and crude pal, oil.
Reverse gas-shift reaction occurred at higher hydrogen pressure and led to good amount of
CO which declines the active sites of catalyst. Fatty acids consume less hydrogen in contrast
to degummed and crude Palm oil.

Guzman et al. [113] established that aromatic compounds were seen in maracuja and
soybean oil at a higher pressure of 90 bars and none was located at lower pressure of 25 bars..
The reason for this is attributed to Palm oil’s components like linoleic (C18:2) and linolenic
in the molar ration of C18:2 and C18:3 respectively. Whereas, maracuja and soybean oil
contains 71% and 64% by wt. respectively. Bezergianni et al. [162] studied the efficiency of
using three parameters: hydrogen:oil, pressure, and LHSV. Three tests covered a range
between 82.7 and 96.5 bar were used to study hydrotreatment pressure, a crucial factor in
hydrotreatment reactions. The highest production of 71.36 % for alternative fuel that
resembles diesel is achieved at the maximum pressure. Additionally, when pressure rises, the
output of fuel that is similar to diesel declines. Yield of 5.16% at 82.7 bar decreased to

4.03% at 96.5 bar. Additionally, as pressure rises, oxygen removal efficiency rises as well.
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2.6 Characteristics of Renewable Diesel used in Cl Engines

Fuel properties, performance, emission and combustion characteristics will be studied
in this topic.

2.6.1 Physio-chemical Properties of a Renewable Diesel

Physio-chemical properties are important to know before any fuel can be run on an
existing CI engine.

Renewable diesel is deliberated as drop-in-fuel as already mentioned in previous
chapter due to its similar molecular structure alike diesel. The viscosity of Renewable diesel
is more than diesel but much lesser than biodiesel [163]. From the various researches
conducted the viscosity for Renewable diesel lies in between 3 to 4mm/s? which is at par with
diesel as its value also lies in the same range [66,74]. It is imperative to have viscosity as per
ASTM D445 standards, otherwise very less viscosity can lead to leakages from fuel pumps
and can hence lead to malfunction of an engine in the longer run [163]. Higher viscosity
means, higher surface tension which leads to lesser Webber number. Therefore, Renewable
diesel has higher Webber number than diesel. Density is dependent of temperature.
Bezergianni et al. [74] and Das et al. [164] and many other researchers have shown in their
work that the density is measured at 15°C and some of them like Simacek et al. [128] and
Koul et al. [49]have shown density to be measured at 40°C. depending upon the different
feedstocks taken for conversion, the density of Renewable diesel was found in between 775
to 816kg/m? [60,62,65,165].

Density of Renewable diesel is lesser than diesel which leads to more consumption of
fuel for producing same output as while using diesel fuel [20,65,73,74]. Fuel quantity is raised
by 3 to 6% for Renewable diesel [166,167]. Kuronen et al. [166] suggested that blending

Renewable diesel with diesel can improve its density. Since Renewable diesel has more
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hydrocarbons in its H-C chain, therefore its density is lesser than diesel. This Renewable diesel
under hydroprocessing can form n-alkanes as well as iso-alkanes.

Straight-chain hydrocarbons have a high cetane number, whereas iso-alkanes or
branched hydrocarbons have better cold flow properties [73,168]. A higher cetane number
leads to lesser ignition delays and improves the speed of auto-ignition [76]. Since Renewable
diesel is free from heteroatoms, so its cetane number ranges from 80 to 99
[49,66,74,76,81,163,169]. Sugiyama et al. [170] experimented on NEXBTL to understand the
effect on emission and performance characteristics. They also observed that spray
characteristics for Renewable diesel and diesel were very similar.

Renewable diesel has enhanced cold-flow characteristics than both diesel and much-
explored biodiesel spanned from -31°C to -6°C [49]. Hartikka et al. [171] and Knothe [76]
have shown in their studies that cloud point (CP) can further be improved by isomerization
which drops the temperature further to -55°C, but the cetane number decreases. Branched-
chain hydrocarbons can flow better than n-alkanes. Simacek et al. [128] showed in their paper
that Rapeseed when converted to Renewable diesel at 420°C, the cold flow characteristics
were similar to the diesel. Alike outcomes were achieved by Pitz et. al [172]. Hydroprocessing
done on sunflower oil using PtYHZSM-22/ alumina by Hancsok et al. [114] showed a decline
in cloud point from 23°C to -23°C. Bezergianni et al. [109] also showed that during the hydro-
cracking process, by increasing temperature, isomerization is preferred.

Calorific value is another significant physico-chemical property of the fuel. CV of
Renewable diesel is smaller than diesel but greater than biodiesel. Aatola et al. [173]
conveyed CV to be between 42 to 47MJ/kg. Renewable diesel's CV is marginally lower than
diesel but significantly superior to biodiesel [163]. This is because Renewable diesel has a
better CV than biodiesel as during hydroprocessing oxygen is removed from the feedstock,

improving its calorific value as well as oxidation stability. Al-Muhtaseb et al. [174] evaluated
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CV of Renewable diesel using the feedstock as waste dates in presence of Pd/C and Pt/C
catalysts which were 44.1MJ/kg and 43.8 MJ/Kg respectively. Whereas Pinto et al. [149]
showed in their paper that Renewable diesel produced from Crambe oil has CV of 40.6MJ/Kg.
Singh et al. [175] stated that due to the very good cetane index of Renewable diesel, it can
also be considered a very good option for a cetane index improver for organic fluids.

These physico-chemical properties also help in determining the emission and
performance parameters. Makinen et al. [71] stored hydro-processed fuel for 8 months and
found it to be unaltered which confirmed oxidation stability. Few researchers have worked on
the bulk modulus of fuel as well. Lapuerta et al. [176] showed that hydro-processed vegetable
oil is less compressible and hence has a higher bulk modulus between 5SMPa to 15MPa which
Is more than diesel.

2.6.2 Performance Characteristics of a Renewable Diesel

Renewable diesel has lesser density and lesser calorific value than diesel. During
combustion, the heat released by Renewable diesel is 4 to 5% lower than diesel fuel. Also,
due to less density the fuel intake is more for an engine with same specifications running on
both diesel as well as Renewable diesel. The consumption of Renewable diesel is increased
by 4% to 6% [166,167]. Some researchers have shown that the efficiency of a diesel engine
operated on Renewable diesel was observed to be increased by 1% [72,173,177]. Due to
higher cetane index of Renewable diesel, Sugiyama et al. [170] verified that the time taken
for injection was 3 to 5% higher than that of diesel with working pressures of 40MPa to
200MPa. Additionally, they came to the conclusion that both diesel and renewable diesel had
identical droplet sizes and spray angles. Crepeau et al. [96] results were also in
synchronization with Sugiyama et al. [170] but for Gas-to-liquid fuel. Based on these studies
conducted it was inferred by authors that despite 5% lesser energy content in the fuel there

was no power loss, reason being higher ignition duration of Renewable diesel than diesel and
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according to Bernoulli's equation, fuel flow rate is inverse proportion to square root of density
[72,96,167,170].

Ogunkoya et al. [178] have verified from their experiments that isomerized Renewable
diesel when produced from Canola oil undergoing deoxygenation had potential to replace
diesel fuel. At BMEP of 1.26 bar had a mechanical efficiency of 59.8% which is just 3.2%
lesser than diesel. Also, the pressure inside the cylinder was high with rising load on an
engine. Kim et al. [179] tested sixteen different kinds of fuels. The samples consisted of iso-
alkanes, biodiesel and diesel. 1.5 It of engine and passenger car was used for conducting
experiments. Minimum power loss was seen with iso-alkanes and diesel blends and maximum
loss was evaluated in case of bio-diesel and diesel compositions. With increase in proportion
of alkanes or iso-alkanes with diesel, BSFC decreases and for the same conditions BSFC
increased for diesel and biodiesel (BD) blend. The reason for this is accredited to the H-C
chain of n- and iso-alkanes which is from C-15 to C-1s. Fuel efficiency of n-alkanes and iso-
alkanes blended with diesel was far superior than BD-+diesel compositions due to
nonexistence of oxygen atoms in their molecular arrangement [74,170,179-181]. It was
shown by Sugiyama et al. [170] that by advancing injection rate of fuel at a low load of 32Nm
and 110Nm, BSEC decreased and optimized value was obtained at -4° after TDC and +6 °
after TDC respectively. Also, fuel consumption of Renewable diesel at low and medium load
decreased by 4.3% and 5.3% respectively. Due to HRD’s higher CV by 14% in comparison
to BD, it showed lesser BSFC [182].

Kumar et al. [61,65] worked on spray mean diameter (SMD) of diesel, hydro-
processed vegetable oil (HVO), and their blends. SMD of HVO is 20.4mm and Diesel is
16.1mm. The experiments resulted that with rise in proportion of HVO in a blend, SMD also
increased. Due to lower CV of HVO, heat release rate was lesser by 4 to 15% than diesel

which also resulted in lesser cylinder crowning pressure. This further led to lower BTE and
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more BSEC. For hydrotreating fatty acids produced from Canola oil, both a batch technique
and a continuous process were used by Ogunkoya et al. [178]. At 12.6 MPa, the most effective
brake thermal efficiency is found in biodiesel, and there was a drop of 8% in Renewable diesel
prepared from batch procedure. At higher pressure of 3.77 bar, Jet fuel efficiency exceeded
Renewable diesel’s efficiency by 5%. Caprotti et al. [183] performed test on Toyota truck
using 5% BD and different proportions of iso-HVO in diesel. Fuel consumption drops as the
percentage of iso-HVO rises. Due to isomerized HVO, the startability in cold regoins was
found to be at par with diesel. It was recommended by authors to use 20% of HVO in diesel
to improve the cold flow properties. Miller 50 and Miller 70, advanced valve timings were
tested upon HVO by Imperato et al. [184]. NOx reduced by 3% and fuel was conserved by
5% by mass. When Miller timing was kept at 50° CA and scavenging angle was -30° CA, the
fuel consumed was similar to the base timing of 15°CA and at scavenging of 60°CA. Reducing
scavenging angle by -45°CA leads to increase in consumption of fuel by 230g/kWhr. Fuel
consumption increased by 13% when Miller timing was 50°CA and negative scavenging,
however emissions remained same. Hartikka et al. [171] also concluded that spray angle for
HVO and diesel is similar by running heavy duty engine and passenger car on neat HVO. For
BD and diesel blends many researchers have suggested to use higher carbon chain alcohols
which help in lowering down the flash point and hence helps in reducing long ignition delays
[169,185,186]. Mattson et al. [36] stated during pre-mixed combustion phase, Renewable
diesel released lesser heat rate than diesel, however with increase in load that is during
diffusion combustion phase more heat was released which helped in kindling the fuel-air
mixture sufficiently. Caton et al. [187]have shown in their experiments on turbocharged CI
engine which was fuelled with HRD produced from algae that at varying rpm and load
conditions, the combustion duration (CD) showed an increase of 1.5 deg CA from 0.5 deg CA

with respect to fossil fuel. Comparable results were acquired from algae HRD by Petersen et
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al. [188] on DI-2-S marine diesel engine. The cause for this was credited to lesser and longer
pre-mixing and combustion duration respectively due to shorter ignition delay. Aatola et al.
[173] and Gomez et al. also obtained extended combustion duration and credited this to lack

of aromatic compounds, lesser oxygen and shorter ID.

2.6.3 Emission Characteristics of a Renewable Diesel

Controlling emissions have become a major challenge for all researchers. Finding a
suitable and sustainable fuel which is environment friendly is something researchers are
researching for tirelessly. Kim et al. [179] in their study have shown that paraffins and iso-
paraffins emit lesser THC and CO harmful emissions than that of biodiesel. With 50% of iso-
paraffin, paraffin and BD with diesel showed reduction in particulate matter than neat diesel.
However NOx was higher at full load conditions for all blends than diesel. Ogunkoya et al.
[178] represented that due to Renewable diesel’s better ignition qualities like shorter ignition
delay, lack of aromatic and better calorific value leads to complete combustion which in turn
leads to lower carbon-dioxide, carbon-monoxide, NO and smoke opacity. However HC
emissions are slightly on the higher side. Hartikka et al. [171] have shown decrease in HC
emissions as well along with NOx, CO and PM. They have attributed the reason to H:C ratio,
higher cetane number along with absence of aromatics in H-C chain. Due to lesser carbon
atoms in relation to hydrogen leads to lesser flame temperature and hence quenching in
combustion chamber leads to lesser NOx formation than diesel fuel. They also attributed lesser
NOXx to exhaust gas reheat system, diesel particulate filter, and oxidation catalyst installed in
a Cl engine on which experiment was conducted. NOx and PM emission was reduced by 2%
and 39% respectively. Sugiyama et al. [170] shown in their study that by advancing rate of
injection at lower load of 1400rpm, 32N-m and injection pressure of 50MPa) HC and CO
emissions did not surpass the setting point for diesel and smoke opacity did not worsen. With

medium load of 2000rpm, 110N-m and 100MPa injection pressure, optimum value was
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obtained at +6° after TDC and HC, CO did not worsen. Singh et al. [182] observed that
Renewable diesel produced from Jatropha methyl ester and Rapeseed methyl ester had lesser
NOXx in comparison to the base biodiesel. Singh et al. [182] Emission results obtained authors
showed decrease in PM, HC and CO emissions when CI engine was run on hydro-processed
Renewable diesel (HRD) and BD. However there was a rise in NOx emissions. NOx was 29%
more in BD than HRD and PM more by 27% for HRD than BD. With rise in the engine load,
CO and HC decreased but NOx increased. Kumar et al. [61] have concluded from their work
that hydroprocessed fuel obtained from WCO and a blend of D70H30 (70% of Diesel and
30% of HVO) is an enhanced combination to substitute diesel in CI engine. HC and CO
emissions reduced till H30, after which it started to increase. At all loads, NO and smoke was
lesser than diesel because of the existence of small quantity of oxygen which helped in
complete combustion and lowered combustion temperature. Imperato et al. [184] performed
test on HVO by using Miller timing technique which helped in reducing NOx by 3% and
smoke was reduced to 0.06 from 0.18. Along with advancement of crank angle, scavenging
angle was also mottled. If Miller timing (MT) is increased from 30°CA to 70°CA then ignition
delay becomes longer by 3°CA which gives more time for mixing/combustion and thus
increasing peak pressure of cylinder which is as high as four times to that of the base line. Due
to creation of high pressure, high temperature spots are created which can lead to increase in
NOx emissions. For lesser NOx emissions, Miller timing was decided as 50°CA with negative
scavenging angles, however fuel consumption increased.

Hartikka et al. [171]studied the technical specifications of HVO on heavy duty
vehicles. From their study, it was concluded that running CI engine on neat HVO reduces
NOx by 95, particulate emissions by 32%, and carbon-monoxide emissions by 255 and
hydrocarbon emissions by 31%. Whereas, using same fuel in passenger cars helps in reducing

NOx by 2% PM by 39% and other unfettered emissions were also reduced. There was no
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clogging or any chemical instability seen while using HVO in an engine. Due to lower
viscosity of Renewable diesel and its run carried over NEDC, it showed reduced emissions in
comparison to BD working on same conditions [189-191]. As per study done by Singh et al.
[62], they concluded that HRD when run on a Cl engine showed reduction in fuel consumption
by 17% and increase in BTE by 10%. Many researchers have shown that NOx emissions either
rises or dips. It was concluded that only cetane number is not the factor that can show reduction
in NOx however, oxygen present in the molecular arrangement is also one of the reason.
Karavalakis et al. [192] and Devendra et al. [62] conducted experiment trial on a Cummins
ISX15 vehicle with 400 hp engine (2014 model) and on a Cummins ISB6.7 vehicle with 220
HP engine (2010 model) [62]. However a 43% of reduction was seen in particulate matter.
The particle size of Renewable diesel was evaluated as 23% lesser than diesel. Due to good
reactivity of Renewable diesel at lower temperatures, which improves the diesel particulate

filter’s (DPF) ability to regenerate.

2.7 Summary

From the exhaustive literature review, the subsequent major findings can be drawn:

e Renewable diesel actually works as a drop-in fuel, meaning that it can work on an existing
Cl engine without any modifications and existing pipeline infrastructure can be used
without causing any operational problems.

e Reaction temperature, hydrogen pressure, and catalyst play a vital role in the diesel
selectivity. A higher reaction temperature causes the products to crack, which further
lowers the diesel selectivity. Higher hydrogen pressure reduces the gaseous products
formation but it inhibits the isomerization. Catalytic hydro-treatment of liquid biomass
leads to higher calorific value, paraffinic nature, better oxidation stability and non-

corrosive in nature.
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e Mild-hydrocracking leads to higher cetane index of the products formed but at the same
time it deteriorates cold flow properties as products formed are n-alkanes instead of i-
alkanes. Because of high cetane number of renewable diesel, combustion starts more
quickly under low and medium loads than under high loads. A high cetane number
enhances cold starts and lowers smoke, noise, and emissions percentage.

e Adding smaller quantity of vegetable oil to petroleum feedstock for co-hydroprocessing
can increase the production of fuel products and some of their attributes.

e Higher LHSV helps in improving the isomerization. Iso-Renewable diesel blended with
diesel has higher cetane value, calorific value, and oxidation stability than BD or
Renewable diesel.

e Due to the lower density of renewable diesel compared to diesel, fuel consumption rises
by 3-6%.

e The intake of hydrogen increases along with the ratio of hydrogen to oil. Efficiency of
conversion diminishes as the hydrogen to oil ratio rises.

e Spray characteristics which are fuel permeation, for both Renewable diesel and diesel, the
droplet size and spray angle are nearly identical.

e Due to desired physio-chemical characteristics but low acidity, acidic support materials
such as ZrO2, TiO2, and zeolites are favoured over basic and neutral support materials.
The most popular active metals, however, are noble metals like palladium and platinum
and transition metals like nickel, molybdenum, and cobalt. Bimetallic complexes also
often exhibit increased activity for hydro-deoxygenation at lower reaction temperatures.

e Arreduction in particulate matter, NOx, HC, CO, smoke opacity and unregulated emissions
was observed for heavy duty and light-duty vehicles. Also, oxidation stability of

Renewable diesel was far better than FAME.
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2.8 Research Gaps

Based on the exhaustive literature review, subsequent research gaps were enumerated.

o Only Soybean, Karanja, Rapeseed, Palm oil and waste cooking oil have been
extensively used for producing Renewable diesel using hydro-processing technology. There

are many other vegetable oils that are yet to be explored.

o Existing catalyst are used for commercial heteroatom removal which are less effective

for hydroprocessing of biomass-based oils.

o Water vapours generated during a hydro-deoxygenation reaction at a high temperature

decrease the catalyst's activity, longevity, and selection.

o Work on testing of fuel for vehicle application is limited, most of the work done is
based on New European Driving Cycle (NEDC) with limited vehicles in comparison to the

engines used for agriculture.

2.9 Objectives

The following research objectives are envisaged for the current research work.

1. Selection of a suitable Indian based feedstock vegetable oil for the production of

Renewable diesel.
2. Selection of appropriate catalyst for the hydroprocessing.

3. Study of effect of various parameters that is reaction temperature, hydrogen pressure

on diesel selectivity.

4. Production of Renewable diesel using the parameters such as temperature, pressure

and appropriate catalyst.
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5. To check the storage stability.

6. Determination and analysis of the physicochemical properties of the Renewable diesel
produced and blends of Renewable diesel, diesel and ternary blends of Renewable diesel,

diesel and ethanol and compare the results with the diesel.

7. Determining and exploring a diesel engine's performance, combustion, and emission

characteristics while using the produced renewable diesel as well as binary and ternary blends.

8. Response Surface Methodology is used to optimize fuel blends and engine operating

conditions for optimal performance and emission characteristics.
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CHAPTER 3
SYSTEM DEVELOPMENT AND METHODOLOGY

3.1 Introduction

The chapter elucidates all the steps executed to carry out the research in a proper
methodical way as highlighted in preceding chapter of the problem statement section. Figure

3.1 below gives the summary of research work carried out in a flowchart.

Selection of Indian origin, non- :
edible oll and selectionof D Bevelopment e desibio

catalyst ‘

Determination of Physiochemical — Production of Renewable Diesel
characteristics of fuel using Hydroprocessing

|

Applicati f RSM, optimizati
System Development for Engine — s IOF;eOChniqU:p LS

Testing l

Determination and analysis of
performance, combustion and
emission characteristics

Figure 3.1. Research Methodology Flowchart

The flowchart shows that based on literature survey, Indian origin, non-edible
feedstock was chosen to undergo hydroprocessing. A noble metal catalyst was selected to
carry out the hydroprocessing at an elevated temperature and pressure in high pressure stirred
reactor (HPSR) to obtain Renewable diesel and its characterization was elucidated. The
production and characterization of biodiesel is also explained. Moreover, the characterization
of catalyst was also studied. Various physiochemical characteristics were found out and
compared to conventional fuel, Diesel. The storage stability of Renewable diesel was tested
for twelve months and is discussed in detail. Several fuel samples were made by mixing
Renewable diesel and Diesel and ternary blends were also formed by mixing ethanol with

Diesel and Renewable diesel and were tested on developed CI engine test rig for their
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performance and emissions. The blend was optimised using the Response Surface
Methodology (RSM) optimization method, which can produce results that are optimal in terms
of emissions and performance. In the end, accuracy and uncertainty of all equipment used for

experimentation purpose is also discussed.
3.2 Selection of Vegetable Oil and Catalyst

Jatropha cucras belongs to a family of Euphorbiaceae. Jatropha cucras was chosen for
the present work due to its various advantages of being cultivated on barren lands with
minimum water requirements. Its by-products like straw, husk, twigs, leaves etc can be used
as a manure. It can be easily grown in Indian environment. It contains 72% of unsaturated
fatty acids (UFA) and 28.23% saturated fatty acids (SFA) [49]. For the present work
ruthenium was selected as a catalyst. Ruthenium is a noble metal [119,144,193]. Ruthenium
is effective than nickle-copper supported alumina, copper-molybdenum supported alumina,
nickle - molybdenum supported alumina etc. Little work has been performed on Jatropha oil
and ruthenium (Ru) combination. Since ruthenium is a noble metal so, it is pricier but it has
an advantage of carrying out reactions at a lower temperature which usually does not happen
in case of other base catalyst, nitrides or sulphides [23,68,134]. It also saves on time of
chemical reaction process. On commercializing ruthenium on a larger front will help in

reducing the cost of fuel production with substantial profits.
3.3 Preparation of a Catalyst

As already discussed in section 3.3 about ruthenium catalyst and its advantages. So, in
hydroprocessing of JO, catalyst preparation was done using wet-impregnation technique. This
technique is used for heterogeneous catalyst as it is simple and cost effective. Three different
aqueous solution of cerium nitrate hexahydrate (5gm) mixed with 15 ml of distilled H.O,
manganese acetate (0.274gm) mixed with 50ml of distilled H2O and ruthenium chloride

(0.248gm) mixed with 50 ml of distilled H>.O were prepared. These solutions were poured
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drop-wise over support of calcined alumina (5gm) to make it totally wet. This support obtained
was then dried at 100°C into a solid substance, which was further calcined for 180 minutes at
500°C. The support included 5% each of cerium and magnesium and 2% of ruthenium of the
catalyst weight. For hydroprocessing process, the catalyst prepared was first activated under

hydrogen pressure of 2 bar at 200°C for 180 minutes each time.
3.4 Production of Renewable Diesel using Hydroprocessing

Renewable diesel was produced with the help of High Pressure Stirred Reactor
(HPSR) of Amar equipment. It consisted of a batch reactor in which reactants like Jatropha
oil and catalyst was kept. It had a capacity of 100 ml. Reactor had a capacity to withhold the
temperature till 500°C and pressure up to 100 bars. It has a heater temperature controller that
goes up to 500 °C and an electrical ceramic band heater with insulation and coating. The
reactants will be stirred inside the reactor with the help of a four bladed turbine stirrer. It has
a programmable Proportional Integral Derivative (PID) SS controller, alarm for an elevated
temperature and motor speed controller. Water was allowed to flow through a spiral cooling
pipe so that temperature could be regulated. The picture and the line diagram of the HPSR is
shown below in Plate.3.1 and Figure 3.2 respectively.

In the present work, cerium (Ce) and manganese (Mn) promoted catalyst containing
ruthenium (Ru) was selected. Ru was supported on aluminium oxide (Al203) as a catalyst. In
a reactor vessel, 20 gm (w/w) of Jatropha oil (JO) was mixed with 0.40 gm of catalyst which
was 0.02 times the weight of JO. Reactor was tightly sealed and nitrogen (N) gas was purged
into the vessel so as to prevent any chemical alteration due to oxygen present inside the
reactor. Then hydrogen (H2) gas was supplied and kept constant at 4.5 MPa with the supply
of heat until the temperature reached 320°C. The reaction time was 3.5 hours. As soon as the
chemical reaction was over, vessel was permitted to cool down to the surrounding conditions.

Gases were released by slowly opening the valve. Reactor was opened and the liquid called
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as Renewable diesel was collected in a beaker and was filtered and weighed. Reactor was
cleaned with an acetone. Renewable diesel then underwent fractional distillation following
the ASTM D2892 and 5236 standards. Renewable diesel’s boiling range was found out to be

in between 190 - 360°C.

Plate. 3.1. Experimental set-up for Renewable diesel production high pressure stirred
reactor (HPSR)

Temperature
indicator and
controller

Pressure
indicator

Safety valve

I

| edter |\

Pressure Sensor

Motor Speed
Controller

Motor Speed
Display

Figure 3.2. Schematic diagram of HPSR

3.5 Production of Biodiesel
For the present work, JO was accessed from ‘Gobind Machinery Works’, New Delhi.
It has fatty acid upto 13.2%. Due to JO’s higher fatty acid content, first esterification process

and then transesterification process was conducted for biodiesel production. During
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esterification process, JO was mixed with KOH and H2SO4 to reduce free fatty acid below 2%
[194].
3.5.1 Esterification of Jatropha Oil

In the first stage JO was heated at 120°C for an hour to remove any water content in
oil. After this JO was cooled down to 60°C. To reduce free fatty acid content to 2% and to
avoid saponification, p-toulene sulphonic acid (PTSA) is mixed with 20% (w/w) methanol
(CH3OH) in a different beaker to obtain the catalyst concentration of 0.5% (w/w). The catalyst
prepared was added to the solution of Jatropha oil and CH3OH which was heated at 60°C for
about two hours on a hotplate magnetic stirrer. The chemical equation of esterification process
Is shown in equation 3.1

Fatty Acid + Alcohol - Ester + Water
R-CO=0H + CH30H - R-CO=0CH3s +H,0 (3.1)

3.5.2 Transesterification of Esterified Jatropha Oil

Esterified Jatropha oil and CH3OH was taken in 6:1 ratio. This molar ratio of esterified
oil and methanol was mixed with 0.5% concentration of sodium hydroxide (NaOH). The
solution was covered and heated on magnetic stirrer at 60°C for 45 minutes till a clear layer
of glycerol is visible at the flask’s bottom. The resultant solution was placed in a separating
funnel and allowed to sit for 24 hours. By-product glycerol was settled at the bottom and was
then removed. The remaining solution was the Jatropha oil biodiesel, which was further
washed with warm water so that any surplus catalyst or an alcohol will be removed. Washing
continued till a transparent layer of water was settled at the bottom and hence removed. Final
product of biodiesel formed was again heated at 100°C to remove any moisture content if
present. Transesterification process is chemically represented in Figure 3.3 below. Various

steps in making of biodiesel from Jatropha oil are presented in Plate 3.2.
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Figure 3.3. Chemical reaction during transesterification process

Plate 3.2. Steps in biodiesel production from Jatropha oil

a) Transesterification b) Glycerol separation c) Washing d) Biodiesel (B100)
3.6 Ethanol

Ethanol is an alcohol. Ethanol was obtained from Agarwal Chemicals, Delhi. It was
99% anhydrous. Ethanol being renewable source can be produced from agricultural wastes.
Various processes involved in the production of ethanol are thermochemical process,
biochemical process or carbon-monoxide hydrogenation. Both thermochemical and
biochemical fall under cellulosic production processes. Ethanol is usually supplied through

specially designed pipelines due to its high volatility and affinity for water

3.7 Preparation Fuel Sample Test Blends

Diesel was mixed with renewable diesel obtained by hydroprocessing in a variety of
volumetric ratios. To create a one-litre sample of fuel for the various tests to be carried out,
10%, 20%, 30%, 40%, and 50% of renewable diesel were mixed with 90%, 80%, 70%, 60%,
and 50% of diesel, respectively. These fuels were blended on a volume basis. Apart from these
blends, ternary blends were also formed by mixing Diesel, Renewable diesel and ethanol on

volume basis. Ethanol was taken as 5%, 10% and 15%, Renewable diesel was taken as 20%
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and 30% and rest was diesel fuel. Percentage of ethanol was limited to 15% as beyond 15%,
phase separation was observed in fuel samples. Table 3.1 and Table 3.2 below demonstrates
the various proportions in which these fuels were blended with each other with their
nomenclature. The prepared fuel samples are shown in Plate 3.3 and Plate 3.4. Also, phase
separation of ternary fuel samples having 20% of ethanol is represented in plate 3.5.

Table 3.1 Composition of various fuel samples blends of Diesel and Renewable diesel

Nomenclature of a blend % of Diesel in a blend % of Renewable diesel in a
formed blend
D100 100 0
R100 0 100
D90R10 90 10
D80R20 80 20
D70R30 70 30
D60R40 60 40
D50R50 50 50

Plate 3.3 Fuel sample blends of Diesel and Renewable diesel

Table 3.2 Composition of ternary fuel sample blends of diesel Renewable diesel and
Ethanol
% of Diesel in a % of Renewable

Nomenclature of a % of Ethanol in a

blend formed blend diesel in a blend blend
R20 E5 75 20 5
R20 E10 70 20 10
R20 E15 65 20 15
R30 E5 65 30 5
R30 E10 60 30 10
R30 E15 55 30 15
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£

Plate 3.5 Phase separation in fuel sample blends with 20% as ethanol
3.8. Test Methods for Determination of Physicochemical Properties

Different test samples of 500 ml each was taken to determine the fuel sample’s
physicochemical characteristics. These characteristics like viscosity, density, calorific value,
cloud point etc., must always be assessed for better understanding of the trends observed
during engine trials. Equipment used for assessing the various characteristics of fuels are
explained in following sub-topics. The characteristics of the test samples
3.8.1 Kinematic Viscosity

Kinematic viscosity was measured with the Viscometer, by Petrotest as shown in Plate
3.6. Fuel samples were tested for viscosity at a temperature of 40°C using plate 3.6 following
ASTM D445 principles. The capillary tube was opened and a specific amount of measured
sample was allowed to freely pass through it. Fuel sample was passed through a capillary

tube with an upper level till it passed through the lower level. Time was recorded in seconds
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and was multiplied by capillary constant as shown in eq 3.2, to get the value of kinematic
viscosity in mm?/s, or cSt.

v=k*t (3.2)
Where;
v : Kinematic viscosity in mm?/sec;
k : is the Constant; in mm?/sec? (k= 0.005675 mm?/ sec?) and
t:is Time, in sec

S=gEiEE )

1 B

, :I‘e!_nperature
mdicator

U-shaped
Ostwald capillary
tube

Water Bath

Plate 3.6 Viscometer

3.8.2 Density Meter

Plate 3.7 shows the "Anton Par Density Meter, Model DMA 4500" was used to
measure density of fuel samples. Equipment measured the specific gravity of test fuel samples
using ASTM D-4052 at a temperature of 15°C. Firstly, 10ml of toluene was injected through
the sample injection port to rinse the test fuel pipeline thoroughly. Then 10 ml of fuel sample
was injected into the injection port. The repeatability was tested three times and found to be
adequate each time. Furthermore, the average of the three measurements was used as the final

value for each sample.
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Plate 3.7 Density meter
3.8.3 Calorific Value

The term “calorific value” refers to how much heat a substance emits when it
completely burns [163]. Heating value of a substance is also known as a CV[163]. A Parr
6100 O2 bomb calorimeter presented in Plate 3.8, is utilized to find CV of fuel samples by
placing them in a crucible. Crucible filled with measured fuel sample was then placed in a
hermetically sealed bomb. It has nichrome wire which was connected to electrodes touching
the fuel sample. Thereafter, O is supplied to a bomb. Bomb is then filled with oxygen. Bomb
is then kept in water filled jacket in a calorimeter. The fuel sample is lit, causing it to burn.

The heat released is displayed on the bomb calorimeter system's panel.

Plate 3.8 Bomb Calorimeter
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3.8.4 Flash Point

The lowest temperature at which a combustible substance will burn when subjected to
an incendiary device is known as the flash point (FP) [163]. The concentration of generated
vapours, on the other hand, is inadequate to support combustion. Fuel with a low FP has a
high level of volatility. In terms of fuel storage and transportation, the flashpoint is an essential
characteristic. As indicated in Plate 3.9, the flash point was established in this experiment
using Pensky-Martens Automatic Flash Point equipment per ASTM D93 guidelines. A
measured amount of fuel sample is put in a cup and then carefully sealed with a cap. Sample
is then heated. Apertures are periodically unlocked to allow O to enter. The ignition source

is then mechanically immersed into the cup over apertures to check fuel sample's flash [163]

Detachable

Plate 3.9 Flash point apparatus
3.8.5 Cetane Index

The cetane index is essential for determining how well a fuel ignites [163]. A high
cetane index considerably improves performance and combustion with a reduced ignition
delay. [163]. Cetane index also describes the fuel's ability to self-ignite in Cl engines. Cetane
index of fuel must be accurately moderate. Too low cetane index will result in knocking of an
engine resulting in its rupturing and too high cetane index will lead to inadequate blending of
fuel/ air resulting in poor performance and more smoke. In present work, ASTM D4737

standards were followed to calculate cetane index which is shown in equation 3.3 below.
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Cetane index = 45.2 + (0.0892)*T10a + [0.131 + (0.901 * X) * Tsoa] + [0.0523 — (0.420 * X)
* T'g0a] + [0.00049 * (T104) 2 — (T90a) 2] * (107X + 60X?) (3.3)
X=[e®%7] -1,
Z=D-0.85,
D : Density of the fuel sample measured at "15 °C,
T1oa, 50A, 90A : Recovery/Boiling temperature for obtaining 10%, 50% and 90% vol. /vol.
distilled fuel.
3.8.6 Distillation

The basic process of separation known as distillation identifies the characteristics of a
liquid [49]. The equipment used for conducting distillation of the fuel samples is shown in
Plate 3.10 below. It works as per ASTM D86 norms. Distillation equipment has a distillation
flask for keeping the fuel. The temperature is recorded at the moment when the first condensed
drop leaves the condenser [195]. At regular intervals, condensate temperature and the

corresponding volume is measured and recorded.

Distillation
flask

Heater

Plate 3.10 Distillation equipment
3.8.7 Cold Flow Properties

For transportation fuel to be practically applicable during winters, three indispensable

parameters are measured: a) Cloud point (CP), b) Pour point (PP), and c) Cold Flow Plugging
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Point (CFPP). In regions with lower temperatures, fuel crystal clouds are formed and makes
fuel viscous [20,49,74-76].
3.8.7.1 Cloud Point and Pour Point

The moment at which fuel cools to its low temperature and crystals begin to form
visibly forming hazy or cloudy is referred to as the fuel's cloud point. [163]. Pour point of the
fuel is termed as the lowermost temperature wherein fuel is unable to pour [196]. Both cloud
point and pour point play a crucial role in operation ability of an engine during low
temperatures. An equipment of the Koehler brand, as shown in Plate 3.11, is used to measure
the fuel's cloud point and pour point. Cloud point and pour point was measured following
ASTMD2500 and ASTMD97 standards respectively. Fuel sample is put into the test tube and
placed inside the cold chamber through an aperture on the top. The test tube is fitted with a
cork with small opening in the middle for inserting RTD (Resistance Temperature Detector)
temperature sensor. The temperature at which fuel stops flowing is noted as pour point and

the temperature at which test tube starts becoming cloudy is recorded as the cloud point.

Overhead sample
apperture

Temperature

display unit

Cold chamber

Plate 3.11 Cloud Point and Pour Point equipment
3.8.7.2 Cold Filter Plugging Point
The lowest temperature of fuel at a specific time, beyond which fuel cannot pass

through the filter is CFPP [163]. Equipment used for determining cold filter plugging point
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(CFPP) is set up by Linetronic Technologies as shown in Plate 3.12 It was following ASTM
D6371 standards. In this set-up, specified amount of fuel sample is sucked into capillary
through vacuum mechanism and cooled in a pre-cooled bath at — 34 °C temperature. As soon
as fuel stops to flow through the 10-micron filter within one minute, is noted as the CFPP of

the fuel sample.

Low Temperature Unit

Plate 3.12 Cold Filter Plugging Point Apparatus
3.8.8 Lubricity

A lubricant plays a vital part in maintaining lubricity. Fuel works like a lubricant in an
engine. The lubricity of fuel was determined with the High Frequency Reciprocating Rig
(HFRR), make Ducom TR-282 as shown in Plate 3.13 below following ASTM D 6079
standards. A 2 ml of fuel sample is placed into a reservoir at a standard temperature. A vibrator
arm is weighed with 200 gm of weight and lowered till it touches the test disk, sunken in fuel
sample. Reciprocating arm starts reciprocating at 50Hz with 1mm of stroke for approximately
1hr and 15 minutes allowing the ball to rub on the test disk. Due to rubbing, a wear scar is
formed on the test ball, which is measured under CCD camera with a 5-layer optical lens
having a focusing range from 3cm to infinity. The size of wear scar is viewed on a PC using
SCARVIEW software. The dimension of the wear scar is noted as the lubricity of the fuel

sample.
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Plate 3.13 High Frequency Reciprocating Rig

3.8.9 Gas Chromatograph and Mass Spectrometer (GC-MS)

The gas-chromatograph mass-spectrometer (GC - MS) accurately separates and
analyses the fuel samples into various constituents that it comprises. A Shimadzu QP-2010
equipped with Agilent DB-2887 column with specifications as 10m*0.53mm*3.0um, and
flame ionization detector was used for biodiesel and Renewable diesel derived from Jatropha
oil. GC-MS is shown in Plate 3.14. The main components of a GC setup are a) gas cylinder
with a regulator, b) a gas flow regulator, c) an injection port, d) a column, e) an indicator, and
f) recorder. A predetermined temperature is set for the injection port, column, and detector. In
GC the components are separated in gaseous state (mobile phase) and liquid (stationary state).
Compounds are boosted by an inert gas. Depending upon the boiling point of each component
present in a compound decides its elu\\sion from column. This separates the components from
the mixture. Retention time is how long it takes for elusion to happen. Once the components
are separated from the compound and leave from GC-column, mass spectrometer ionises and
fragments these components and expedites these ionised molecules using electron or chemical
ionisation sources. These disintegrated ions are a function of their mass / Charge ratios. Peak
zones represent an amount of a compound. Each peak shown in a GC - MS graph, generates
a unique mass spectrum which shows a specific compound.

Fuel sample of 0.1 u 1, was added into a column at 350 °C, keeping detector and

injector temperatures constant. A programmable temperature checker was used to adjust the
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GC oven's temperature, which was raised gradually at an interval of 15°C/min. Nitrogen, an
inert gas transported liquid samples through the column. Thus, GC-MS helps in analysing the
constituents present in the fuel sample and furthermore aids in determining their

physicochemical properties.

Plate 3.14 Gas Chromatograph and Mass Spectrometer

3.8.10 Fourier Transform Infra-Red Spectroscopy (FTIR)

The Nicolet 380 model from Thermo Fisher Scientific is used for the FTIR analysis of
the fuel sample. Plate 3.15 depicts the equipment. The instrument is a Fourier transform
infrared spectrometer, which splits an infrared beam into two components that, after passing
through an optical system, produce an interference pattern when they recombine.

The molecular arrangement of chemical groups, particularly functional groups which
is present in a molecule is determined by Fourier Transform Infrared Radiation (FTIR) based
upon the explicit vibrational energy of a specific molecular bond [49]. The reference spectrum
is formed by applying the FT to a standard infrared (I.R.) plot, and then inserting sample into
the 1.R.'s trail to obtain inserted sample's spectrum. To create an FTIR spectrum, the reference

and sample spectrums were combined and entered into the software.
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Plate 3.15 FTIR set-up

3.9 Selection of Compression Ignition Engine

In a country like India, where economy largely depends on agriculture, almost 5
million light and medium duty diesel engines are still in use. Knowing the fact that diesel
engines is the core reason to the prevailing environmental conditions, diesel engines are still
in use. Modifying an engine is an option but it will take its own time to reach and gear up to
rural places in India. Therefore, considering this fact that modifying an engine is not a good
option in present scenario, the renewable fuel and its blend with Diesel should be tested on
the existing engine design. It will be a significant step towards moving ahead with the
alternative fuel in the existing design engine and at the same time mitigating environmental
pollution.

In the present experiment, a Kirloskar single-cylinder, 4-stroke, light duty, upright,
stationary, H20 cooled, DI, 3.5kW power and rated speed of 1500rpm was used. Appendix 1
gives diesel engine's specifications. These engines are robust. Cylinder make was of cast iron,
had a liner of toughened high phosphorous cast iron. Engine has a wet-sump lubrication
system. Oil is sent to crankshaft. This helps in resistance to wear. An overhead camshaft
operates the inlet and exhaust valves. This crankshaft drives the overhead camshaft with the

help of two-pairs of bevel gears. Camshaft end drove the fuel pump. Engine is attached with
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tank of water and blower, which helps in cooling the engine while in operation. Engine set-up
is presented in Plate 3.16. Engine is fitted with eddy current dynamometer shown in the

labelled Plate 3.17, which measures torque and power supply.

Plate 3.16. Test Enginé

For proper load transmission, a high precision strain gauge is fixed to the
dynamometer. At the arm of the dynamometer, is attached a magnetic pick-up type of sensor
which determines the rpm. Strain gauge, magnetic pick-up type sensor are fixed to a
dynamometer is shown in Plate 3.18. The engine and dynamometer were supplied with 350
litre and 120 litre of cooling water per hour respectively. Water flow was controlled by two
rotameters installed on the panel as shown in Plate 3.19. ‘Kubeler’ make piezoelectric
transducer measured in-cylinder pressure. Crank angle encoder was placed towards end of the
eddy current dynamometer to load an engine. These sensors sent signals to the computer with
an aid of NI USB 6210, a data acquisition system shown in Plate 3.20. The data sent, was read
and analysed by ‘ENGINESOFT’ software, installed on a computer. The complete assembly

of an engine system is presented in Figure 3.4.
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Caloreter

rotameter

Plate 3.19 Rotameters Plate. 3.20 NI USB 6210 Data acquisition system

Two separate fuel chambers were connected to the engine test rig. One tank contained
diesel and another tank contained alternate fuel or diesel blends. Fuel flow was measured by
calibrated standard burette (20cc by volume) and a stop watch. The control panel shown in
Plate 3.17 shows sensor indicator, fuel burette, fuel valve, manometer for air, load indicator,
rpm indicator and rotameters. Control panel was also responsible for loading and unloading
of an engine.

Diesel

Biofuel
Blend
B R

Load Controller

Pressure Sensor
Surge
Exhaust ‘ Tank

Emission Analyser

Figure 3.4. Engine experimental set-up
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During combustion of the fuel, harmful exhaust emissions are emitted. Pollutants like
CO, CO2, NOx and UBHC were measured by AVL 1000 gas-analyser. Smoke was measured
with AVL DISMOKE 480 BT smokemeter. Gas analyser and smokemeter used in the present

experimental work are showed in Plate 3.21 and specifications are listed in Appendix-2 and

Appendix-3 respectively.

Plate 3.21. AVL DISMOKE smoke meter and AVL DITEST gas analyser
3.10 Selection of Engine Test Parameters

Engine research necessitates identification of relevant test parameters. The engine was
tested per IS:10000. The engine’s most important parameters and calculated engine
parameters are given below:
A) Observed parameters

1. Engine load

2. Engine speed

3. Air flow rate

4. Fuel consumption rate

5. Temperature

6. In-cylinder pressure

7. Engine-exhaust emissions CO, CO, HC and NOx

8. Smoke opacity

B) Calculated parameters
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1. Brake Thermal Efficiency (BTE)

2. Brake Specific Energy Consumption (BSEC)
3. Pressure rise rate

4. Heat release rate (HRR)

5. Ignition delay

6. Duration for combustion
3.11. Observation and Calculation Methods

Two fuel tanks, a fuel intake reading device, unit for determining the rate of airflow,
an eddy current dynamometer, an RPM meter, a temperature display unit, an in-cylinder
pressure instrument, and emissions measuring devices are the main components of the
experimental setup. It was customary to run an engine on diesel initially for half an hour to
heat it before the experiment was carried out. The observations for reference of diesel data
were obtained only after running an engine for 30 mins. Following the warm-up stage, fuel
line was substituted for alternate fuel and its blends, by linking to an engine for readings. The
load on the drive shaft was adjusted using the eddy current dynamometer.

3.11.1 Brake Power (BP) and Brake Mean Effective Pressure (BMEP)

Brake power is the power generated at the driving shaft of an engine. BP is calculated

by using the formula given below in equation 3.4 to 3.6.

2nNT
Bp = 27
60+x1000

(kW) (3.4)

Where N : speed of an engine, rpm and T : Torque in Nm
T = Force applied on dynamometer (F) * Length of the dynamometer arm (L) (3.5)

From equation 3.3 and 3.4

2nNFL
BP =
60+1000

(kW) (3.6)

L=0.185m
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Rated power of the selected engine for the present experimental work was 3.5 kW.
The minimum and maximum load calculated for the engine attached to dynamometer is 0.3
Kg and 17.3 Kg. All engine trials were carried out at different loads for emission and
performance characteristics.
BMEP is the average pressure applied during the combustion process on the piston. It is

calculated by using the equation 3.7 given below.

BMEP= — =227 (3.7)

L+xA*N*101.325

All the performance, emission and combustion readings were documented on every load for
different test fuel samples.

Brake specific energy consumption (BSEC): Amount of energy of fuel utilised by engine
to give one unit of power. From equation 3.8 it is clear that BSEC is closely attributed to the

CV of the fuel. It is also dependent upon the viscosity of fuel. It is represented in MJ/kWh.

mp+CV+3600

BSEC = 5P (o)

; ms: mass of fuel in kgs, CV: calorific valuein MJ (3.8)

Brake Thermal Efficiency (BTE) specifies the efficiency with which the chemical energy
of fuel is transformed into useful work. It is represented in % and its symbol is n)gte. From the

equation 3.9, it clearly shows that BTE a BP and indirectly proportional to mass of the fuel

(m¢) and calorific value (CV).

BP+100
CVx* mg

NBTE = (3.9)

3.11.2 Measurement of Engine Speed

The toothed end of the dynamometer shaft was fitted with a magnetic pick up type rpm
sensor. Magnetic pick-up type of sensor contained permanent magnet, yoke, and coil. This
sensor was in close proximity to a toothed gear. An AC voltage pulse was created in the coil
as each tooth moved by the sensor. Each tooth produced a pulse. More pulses were created

when the gear turned faster. The data acquisition system received these impulse signals
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digitally. The data acquisition system's calculated engine rpm, which was then displayed on
the control panel and in the computer's ENGINESOFT database. Plate 3.18 already shows the
rpm sensor.
3.11.3 Measurement of Air Flow Rate

An air sensor (turbine type flow metre) was mounted within the control panel to
measure air flow. The air flow sensor is shown in plate 3.22 below. Utilizing the fluid's
mechanical energy to turn a "pinwheel™ (rotor) in the flow stream, turbine flow metres
measure the flow rate. The rotor's blades are arranged to allow energy from the air stream to
be converted into rotational energy. Bearings serve to support the rotor shaft. The rotor rotates
faster in response to the fluid's velocity. Each blade or implanted piece of metal produces a
pulse, making magnetic blade movement detection common. The pulse signal is processed by
the transmitter and sent to the data acquisition system, which determines the fluid flow. The
air flow data was stored in the enginesoft database and the sensor indication on the control
panel. Furthermore, another approach for validating sensor data was available. It was based

on the air box and orifice approach.

Plate 3.22 Air flow sensor

Equation 3.10 below shows the differential pressure across the orifice that is inserted in the
air flow channel provides the air flow rate.

Mass of air (m) = Cq * A * \ (2ghwpwpa) (3.10)
Where Cq = Co-efficient of discharge of orifice (0.6 in the present case); A = Orifice area;

g : acceleration due to gravity;
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hw : height of water column;
pw . density of water, and
pa: density of air
3.11.4 Measurement of Fuel Consumption Rate

The amount of fuel consumed is determined by how long it takes an engine to use a
certain amount of fuel. Product of volumetric fuel consumption and fuel's density gives the
mass of fuel consumed. A fuel flow sensor (Plate 3.23) installed inside the control panel
measured fuel consumption volumetrically in current setup. The data acquisition system
received the sensor signal. Fuel consumption could be obtained automatically as well as
manually. At several instances, the sensor data was verified by manually timing 20cc fuel
consumptions in the burette while blocking the fuel cock. The fuel sensor data, on the other

hand, was found to be more accurate.

Plate 3.23 Fuel flow sensor

3.11.5 Measurement of Temperature

To measure exhaust gas temperatures, Chromel-Aluminum K-type thermocouples
shown in Plate 3.24 were attached to a six-channel digital panel metre. A millivolt source was
used to calibrate the metre up to 800 °C. The sensor was installed near the engine's exhaust

manifold. The temperature data was recorded in the ENGINESOFT database as well as the
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sensor indicator on the control panel. The emission data was manually obtained from the

analysers' printed results as well as the computer's engine-soft database.

Plate 3.24 K-type thermocouple

3.11.6 Measurement of In-cylinder Pressure

The pressure generated inside the cylinder due to combustion was calculated using a
‘Kubeler' piezoelectric transducer. A transducer's signals were sent to a charge amplifier,
which boosted the signals while reducing signal noise. The signals were then transferred to a
data acquisition system, which combined them with the outputs from the crank angle encoder
to create a pressure versus crank angle graph in software placed on a computer. For each
degree of crank angle rotation, pressure data was generated. For the in-cylinder pressure vs

crank angle data in this investigation, fifty continuous cycles were averaged. Pressure sensor

is attached on an engine’s head in Plate 3.25 shown below.

e . -

Pressure transducer

Plate 3.25 Kubeler piezoelectric transducer
3.11.7 Measurement of Exhaust Emissions
On combustion of fuel, exhaust gases are emitted out from the diesel engine. Exhaust

emission majorly constitute UBHC, CO, CO2, NOx and smoke. The probe of AVL di-gas
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analyser and smoke meter is introduced into the exhaust outlet of an engine to measure the
concentration levels of major pollutants. These concentration levels are displayed on the
personal computer which is connected to gas analyser and smoke meter. Gas analyser and
smoke meter is shown in plate 3.21and their specifications in Appendix-2 and Appendix-3
respectively.
3.11.8 Calculation of Heat Release Rate (HRR)

The quantity of chemical energy produced by fuel upon combustion is referred to as
"heat release” [197]. For studying combustion properly, assessing HRR is of great prominence
as it affects engine efficiency and power output. To evaluate HRR, Heywood’s [8] method
was adopted for the current study and it is represented in equation 3.10. According to this
method HRR is in accordance with Ist law of thermodynamics, which states that combustion
chamber is treated as a single zone wherein, change in pressure is directly correlated to
quantity of energy liberated by fuel undergoing burning [8,198]. Apart from single zone
model, there is multi-zone model wherein burned and unburned areas are considered
separately and an operator has to keep a continuous track of it [195]. It also comes with certain
disadvantages due to uncertainties during separating burned and unburned zone [199] which
is why single zone was preferred in the present work. Equation to calculate HRR is given

below in equation 3.11

Q@ _ Y ,pi&

dpP dQw
e = y-1 de

o a6 (3.11)

+ ﬁ * I x
dQ/d6 : Time taken wrt net heat release in engine’s cylinder (J/°CA);
dQw/d6 : Heat transfer rate wrt wall (J/°CA),

v : ratio of specific heats;

P : Cylinder pressure (bar);

V : Gas volume (m?3)

0 : Crank angle (°)
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The time fuel takes for combustion to start after fuel injection is called the ignition
delay. The ignition delay was computed in this study as the time interval in terms of crank
angle degree. The amount of time it takes for heat to be emitted from fuel from beginning to

end is known as the combustion duration.
3.12 Engine Trial Methodology

In engine set-up as shown in Figure 3.4, there are two tanks, one for diesel fuel and
another one for fuel samples. The pipeline from tank to the common valve is checked for any
air bubble. Before cranking an engine, the fuel level in the tanks is kept at sufficient level for
operating an engine smoothly. Engine was initially fed with neat Diesel and run at no load
condition until the time engine warmed up and was stabilized. During this time, data
acquisition system was connected to LabVIEW-based ENGINESOFT software which was
installed on the personal computer. Sensors placed at various location on an engine started to
receive signals and sensors were set to minimum resolution.

After attaining steady state conditions, the valve for the diesel supply was closed and
valve of fuel test sample chamber was switched open. Engine was run for at least thirty
minutes on test sample until engine got stabilized following steps by Bekal et al. [200]. All
the readings were taken on each fuel sample with the periodically calibrated instruments. Load
varied from 0% to 100% in an interval of 20%. At each load, airflow rate, fuel-flow rate, rpm,
exhaust temperature and pollutants were recorded. Average of 50 cycles were taken for
recording combustion data. All trials were carried out, following 1S:10000 standards. Engine
was run on neat Diesel, neat Renewable diesel, binary blends and ternary blends as explained

earlier. All test were carried out at normal temperature and atmospheric pressure conditions.
3.13 Experimental Accuracies and Uncertainties

Any instrument used for measurement in the present experimental work were all

calibrated periodically and it was made sure that they display higher accuracy. Table 3.3 below
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shows accuracy, range and uncertainty percentage associated with various measurements and
calculated parameters. All the measurements taken were repeated during the experimental
trials and the average of was found in the permissible range, hence exhibiting higher accuracy.

Table 3.3 Accuracy of measuring instruments

Measuring Measurement Limits Precision | Uncertainty
Parameters Principle %
Engine Load Strain gauge load cell | 0to 25 kg +0.1kg +0.2
Engine Speed Magnetic pick-up 0to 200 rpm | £20 rpm +0.12
Time Stop-watch - +05% +0.2
Exhaust Temperature | K-type thermocouple | 0to1000°C | +1°C +0.2
Crank angle encoder | Optical 0to720°CA | £0.2°CA +0.25
Cylinder Pressure Piezoelectric 0to 200 bar | £1 bar +0.2
Fuel consumption Turbine flow type - - +0.25
Air consumption Level sensor - - +05
BP - - - +0.5
BTE - - - +0.5
BSEC - - - +04
HC Non-dispersive 0to + 10ppm +0.12
infrared (NDIR) 30000ppm
NO Electrochemical 0to + 50ppm +1.1
5000ppm
Cco Non-dispersive 0to 15% +0.01% +05
infrared (NDIR)
Smoke opacity Light extinction 0 to 99% 0.1% +15
measurement

Uncertainty provides the broadest possible absolute alteration between reported value and true
value [201,202]. Uncertainty can be found out by the equation 3.12 given below.
Uo?= U124 U2+ U2+ Us’+ ... (3.12)
Where, Uo: overall uncertainty (%)

Ui, Uy, Us, etc are the uncertainty percentages of different physiochemical properties like,

kinematic viscosity, density and other parameters. For physiochemical properties, reading was

Performance, Emission and Combustion Studies of a Renewable Diesel in a Compression
Ignition Engine Page |75



taken five times and the uncertainty percentage was found out to be less than 0.1%, hence it
was neglected. Observed values were similar in each test as the equipment underwent timely

calibration and had high precision.
3.14 Optimization of Output Factors Using Response Surface Methodology

Series of experiments were conducted on an engine to calculate performance and
emission characteristics using many blends. However, it was viable to use an optimization
technique to cut down on the time and expense of experimentation. The optimization method
known as Response Surface Methodology (RSM) was used to find the optimal ratio of
Renewable Diesel and Diesel to achieve the optimum BTE and reduced emissions. RSM is
the huge range of statistical and numerical methodologies that are valuable for exhibiting and
analysing issues, comprising of various response variables. Every factor has an impact on each
response variable. This technique intends to optimize the response variable by studying an
impact of various input factors so that cost is reduced and time is saved on the number of
experiments to be executed. Designing of experiment was performed with the help of
MINITAB 17 software. Figure 3.5 shows the step wise flowchart for applying RSM technique

carried out in the present study.

Define input
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Figure 3.5 Step-by-step mechanism for applying RSM model
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The first step in the RSM technique is to define the input variable and response
variables and selection of suitable experimental design. Response variables are the ones who
are effected by input variables. Various response variables considered are as BTE, CO, HC,
NO and smoke opacity. Input factors taken are BMEP in bar and percentage of Renewable
diesel, and ethanol in a diesel by volume. Lower, and higher range was defined for input

factors as presented in Table 3.4 below.

Table 3.4. Various input factors and their levels

Input Variables / Factors Levels
Low High
BMEP (bar) 0.7812 4.1670
Renewable diesel (%) 20 30
Ethanol (%) 5 15

Once the input variables are selected, an appropriate design, Central Composite Face
Centred Design (CCFCD) was selected. CCFCD helps in predicting the results precisely and
practically only fewer number of experiments can be conducted, saving both on time and cost
[122,203,204]. CCFCD optimization allows for the assessment of a large number of variables
and also the significance of each factor [205]. As shown in Figure 3.6, CCFCD has six axial
points, eight cube points and six centre-points in a cube. Various experimental trials conducted
on CCFCD design are tabulated in Table 3.4 below. Factor values which are in the mid-range
level are located at the centre points whereas other factor values (extreme range) are located

at the corner points.
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Axial points
@ Centre points

Figure 3.6 Geometric structure of CCFCD
As is known that various variables in CI engine during combustion hold a non-linear
relation, so it is a complex phenomenon. To portray these complex non-linear relationships of
various variables, a second-order regression equation is generated between various responses

and input variables, selected in the beginning of the model, shown in eq 3.13

Z=py+ Z§c=1 Br X + Tkt 21 Brm XX + € (3.13)
Where,

Z = Forecasted value of a response, k= linear coefficient, m= quadratic coefficient, = regression

coefficient, I= number of input factors, e= random error in the response value.

Number of trials conducted on CCFCD model are tabulated in Table 3.5 below. Twenty trials
of experiments were conducted in accordance with the input factors.

Total no. of runs = 2™+ 2m + q (3.14)
where,

m : number of independent variables,

2™ : number of factorial points or corner points,

2m : number of axial points and

g : number of replicated centre points.

Hence, total number of experimental runs = 20
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Table 3.5  Design array of experimental trials

BMEP | RENEWABLE | ETHANOL | BTE co HC NO SMOKE
.No. | (bar) | DIESEL (%) (%) (%) | (9/kWhr) | (g/kWhr) | (g/kWhr) (%)
1 07812 20 5 17.847 | 4.750345 9.823 13.78044 3.5
2 | 24741 25 10 28.48 | 4.426419 4.5801 4.864206 | 17.1615
3 | 24741 25 5 28.884 | 4.213069 4.3298 5141933 | 18.15
4 | 24141 25 15 26.15 | 4.604569 4.7301 4.807369 | 16.4115
5 |0.7812 30 15 14.85 | 4.678345 | 111337 | 12.34744 1.4
6 | 24741 30 10 28.32 | 4.354269 4.7126 4.757206 | 16.823
7 4.167 20 15 28.35 31.289 3.167 3.482412 49.9
8 | 24741 25 10 28.48 4.524 4.867 5.0235 17.265
9 4.167 25 10 30.502 | 30.4999 3.176 3.161195 50.9
10 | 4.167 30 5 30.47 30.161 3.186 3.298195 52.1
11 | 2.4741 25 10 28.543 | 4.6264 4.766 4.9652 17.065
12 | 2.4741 25 10 28.333 | 4.3264 4.5129 473239 | 16.948
13 | 2.4741 20 10 28.64 | 4.498569 4.4476 4.971206 17.5
14 | 4.167 20 5 30.97 30.412 2.87 3.458791 55
15 | 0.7812 30 5 17.48 | 4.579345 10.265 13.1339 2.3
16 | 4.167 30 15 27.9 30.889 3.385 3.317412 | 48.5534
17 | 2.4741 25 10 28.4973 | 4.2265 4.62986 4.86433 | 17.365
18 | 0.7812 20 15 15.524 | 4.8703 10.447 12.55744 2.2
19 | 0.7812 25 10 17.425 | 4.68819 | 10.54035 | 12.7993 2.4
20 | 2.4741 25 10 28.232 | 4.4876 4.786 4.5488 17.056
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CHAPTER 4

Results and Discussions

4.1 Introduction

The findings from a number of experiments are thoroughly explained in this chapter.
The characterization of the catalyst prepared from wet impregnation technique is explained
with the help of the figures obtained. The physio-chemical physiognomies of diesel and
biodiesel are compared to Renewable diesel. Also the effect on the physiochemical properties
was observed when Renewable diesel and diesel were blended as a binary fuel. Ethanol being
environment friendly was also added in certain percentages in the blend of diesel and
Renewable diesel making it a ternary blend and change in the physiochemical properties was
studied and is explained in detail. In the later stage, Cl engine was run on various binary and
ternary blends. Performance characteristics (BTE, BSEC, exhaust gas temperature), exhaust
emissions (NO, CO, CO», HC, smoke opacity) and combustion characteristics (HRR, P-©
curve, combustion duration and ignition delay) was studied and elucidated in detail with
figures, curves etc. in the end, RSM multi-objective optimization model is discussed and an

optimum binary and ternary blend is obtained which can make CI engine run efficiently.

4.2 Catalyst Characterization

Preparation of a catalyst is discussed in section 3.4. Figure 4.1 shows the XRD profile
of a catalyst prepared from a wet impregnation method. The highest peak is observed at 66.89°
and second and third highest at 46.54° and 37.59° respectively. Metals used in the preparation
of a catalyst are low in percentage and high dispersion on the support, individual peaks of
metals cannot be seen. The nature of aluminium oxide is not affected by the impregnation
technique used for metals. Outcomes obtained by Sankaranarayanan et.al and Mishra et.al

were comparable [63,206]. Figure 4.2 presents Scanning Electron Microscope (SEM) pictures
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of a catalyst at 20, 10 and Sum. SEM is carried out to study morphology and surface

topography of the catalyst prepared.
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Figure 4.1. XRD profile of a catalyst

Figure 4.2. SEM images of a catalyst at 20um, 10pum and Spum

4.3 Product Analysis

Product analysis is one of the important parameters in identifying the various
components, chemical mixtures, chemical groups like functional groups present in any organic
material at a molecular level [49]. GC-MS and FTIR are the two different techniques
considered for product analysis. It is very essential as it identifies esters, alcohols, aldehydes

etc. as they have substantial influence on the physiochemical properties of a compound.
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4.3.1 GC-MS of Biodiesel Derived from Jatropha Oil

Figure 4.3 shows the GC outline of a biodiesel having a hydrocarbon chain length from
C-15to C-25. The total percentage of SFA and USFA found in the derived biodiesel was found
to be 27.59% and 71.93% respectively. SFA like methyl Palmitate (16.8%) and methyl stearate
(10.79%) and USFA like methyl linoleate (39.58%) and methyl oleate (32.41%) were the

major constituents of the biodiesel. Methyl linoleate being the dominant constituent.
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Figure. 4.3 Gas- chromatograph of a biodiesel derived from Jatropha oil

4.3.2 GC-MS of Renewable Diesel Derived from Jatropha Oil

As observed, the hydrocarbon chain length in Renewable diesel was seen from C-11
to C-18, as shown in Figure 4.4. Major constituents witnessed were heptadecane (13.47%),
hexadecane (10.52%) and pentadecane (5.28%). Other constituents present in small
percentages observed were tricosane, octadecane, nanodecane, tetradecane, dodecane,
undecane and decane. Any hydrocarbon chain having even number of C-atoms concludes the

hydrogenation mechanism [29,178,207]. From the Figure 4.4 it is established that with
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increase in H-C sequence length, increases the energy density and decreases volatility. This
enhances the fuel's ability to ignite [178]. Additionally, it was noted that JO initially had
28.23% SFA, which after undergoing hydrogenation process was increased to approximately
62%. There are few isomers also that are formed which help in improving the cold flow

properties of a fuel.
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Figure. 4.4 Gas- chromatograph of a Renewable diesel derived from Jatropha oil

4.3.3. FTIR Analysis of Biodiesel Derived from Jatropha Oil

In FTIR, under the exposed I.R radiations, various molecules with single and double
bonds existing in any fuel sample like CH, NH, OH C=0 bonds are delicate and are measured
in a wavelength spectral of 400 to 4000 per cm [208,209]. Figure 4.5 shows that transmittance
of C-O bond is on the higher side with peak intensity at 1171 per cm which falls in the range
of 1100 to 1300 per cm. Transmittance percentage is very low at 1740 per cm which

corresponds to COOH group ( 1740 to 1755 per cm). This also infers that there is a small
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presence of esters which is also confirmed in GC-MS analysis. C-H bond stretching is
observed in biodiesel at wavenumber 2855 per cm and 2925 per cm and it is on the lower side.
Outcomes are in synchronization with Rajeshwari et.al [209]. Methyl group in biodiesel

infrared adsorption range is shown in between wavelength spectral of 1362 to 1385 per cm.
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Figure 4.5. FTIR analysis of Biodiesel derived from Jatropha oil

4.3.4. FTIR Analysis of Renewable Diesel Derived from Jatropha Oil

Each molecule in its molecular structure has its vibration and energy associated with
it. Figure 4.6 shows transmittance percentage for R100 at 1740 per cm is high which concludes
removal of carboxylic group (COOH) due to hydroprocessing. C-H absorption falls in between
the range of 2700 to 3100 per cm and same is seen for Renewable diesel at 2855 per cm, 2923
per cm and 2956 per cm. The peaks at 1377 and 1463 wavenumber show the presence of
methyl group inferring presence of large number of n-paraffins and smaller number of isomers.
The conclusion is in-line with the work done by Chatterjee et al. [209] and Janampelli et al.

[210].
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Figure 4.6. FTIR analysis of Renewable diesel derived from Jatropha oil

4.4. Physio-chemical Properties of Fuel and its Blends

Physicochemical properties are one of the important characteristics for any fuel.

Section 3 already provides an explanation of the various instruments used to measure the

physical-chemical characteristics of fuel and blends. According to ASTMD standards, an

assessment of the chemical characteristics was done. Various physio-chemical properties are

explained in the section below in detail. Table 4.1 and Table 4.2 shows the various physio

chemical properties of blends of diesel and Renewable diesel and blends of diesel, Renewable

diesel and ethanol.

Table 4.1 Comparison in Properties of Diesel, Biodiesel, Renewable Diesel, and

blends
Property D100 | B100 R100 R10D90 | R20D80 | R30D70 | R40D60 | R50D50
Kinematic Viscosity 242 | 5.09 2.75 2.55 2.60 2.64 2.68 2.71
at 40°C, cSt
Density at 15°C, 837 | 859.6 819.2 834.4 831.87 | 830.6 829.5 828.22
kg/m3
Flash Point, °C 59 162 67.2 60.0 60.6 61.9 63.2 63.7
Calorific Value, 4257 | 40.9 41.80 42.42 42.30 42.09 41.93 41.87
MJ/kg
Cloud Point, °C -0.82 | 4 5.9 -1.2 -1.7 -2.6 2.7 -3.3
CFPP, °C -12 -6 -14 -12.3 -12.8 -13.1 -13.3 -135
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Cetane index

46.77

47.97

66.3
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146
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94.6

Table 4.2 Comparison in Properties of Diesel, Renewable Diesel, Ethanol and their

Property Diesel | R100 | E100 Rzogls?nds R20E10 | R20E15 | R30E5 | R30E10 | R30E15
Viscosity, cSt 2.42 2.75 | 1.076 | 255 2.52 2.47 2.61 2.57 2.5
Density, gm/cm® | 837 819.2 | 764.1 | 830.65 | 828.44 |824.14 |829.09 |826.11 | 823.46
Calorific Value, | 4257 |41.8 |26.8 40.19 39.51 39.01 | 39.88 39.17 | 38.92
MJ/kg
CFPP, °C -12 -14 | -51 -16.08 -16.92 -17.81 | -17.22 | -18.11 | -19.99
Cloud Point -1.09 | -59 |-117.3 |-276 -3.01 -3.37 -3.66 -3.95 -4.31
Cetane index 46.77 | 663 |72 51.16 49.08 4729 | 53.29 5121 | 50.06
Flash point 59 67.2 | 135 61.51 60.76 59.81 | 62.11 61.32 | 60.34
Lubricity 177 196 178.9 178.6 1782 | 1811 180.8 | 180.4
4.4.1 Density

Density is one of the significant properties for any fuel. Density of Jatropha oil is
highest which is 920 kg/m®. Density of a biodiesel and Renewable diesel derived from Jatropha
oil is 859.6 kg/m® and 819.2 kg/m®respectively and density of diesel is 837 kg/m?. The density
of Renewable diesel is lesser than diesel. As per the ASTMD1298 and EN590 standards the
density of the fuel should be in between 820 to 860 kg/and 820 to 845 kg/m? respectively. The
figure 4.7 below shows the density of diesel, Renewable diesel and various blends of Diesel
and Renewable diesel of different percentage by volume. From figure 4.7 it is evidently noted,
with addition of Renewable diesel in diesel the density of blends further decreases. D100 is
the densest fuel among the fuel samples and R100 is the lowest. Since the density of
Renewable diesel is less, which aids in proper atomization which further leads to less exhaust
emissions than diesel [112,211]. However, due to surge in temperature of fuel while

undergoing burning process, density is further decreased, which leads to lesser energy content,
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and lesser power. Consequently, fuel usage is increased to make up for the loss of power

[49,53,166,171].
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Figure 4.7. Density variation for test fuel samples

Figure 4.8 shows the variation in density of ternary blends of various proportions by
volume. It is observed that ethanol’s (764.11 kg/m®) density is lowest amongst all the test fuel
samples. Due to less density of an ethanol and Renewable diesel, pour speed is high and energy
content is low. Pouring speed of any fuel is inversely proportional to Vdensity [20,24,65,212].
From the bar graph it is clear that with an increase in ethanol percentage (5%-15%) and
Renewable diesel (20%-30%), density of fuel samples decreases due to their lesser density
than diesel and they replace diesel’s share in blends. From the Table 4.2 and Figure 4.8 it is
observed that blends like D75R20E5, D70R20E10 and D60R30ES5 have density values as
830.65kg/m3, 828.44 kg/m?® and 829.09 kg/m® which is at par with diesel and could be
deliberated as an another option to replace diesel fuel. All the values of density measured for

blends is within the range as per ASTMD1298 and EN590 standards.
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Figure. 4.8. Density variation for ternary test fuel samples

4.4.2 Kinematic Viscosity

Viscosity is a property which makes combustion process easier and affects emission
quality. Less viscosity, high atomization, better mixing will lead to lesser emissions and vice-
versa. As per ASTM D445 and EN590 standards kinematic viscosity of the fuel to be
operational in a diesel engine should be in between 1.9 to 4.1cSt. Temperature also has an
impact over the viscosity. If the temperature decreases, viscosity increases which can lead to
plugging of filters, inadequate lubrication, leakage which can further result into less power
output and higher fuel consumption [20,163,176,213]. From the Figure 4.9 and Table 4.2
viscosity of D100, R100, D90R10, D80R20, D70R30, D60R40, D50R50 is 2.42, 2.75, 2.55,
2.60, 2.64, 2.68, 2.71cSt respectively. From the Figure 4.9 and the values of viscosity for each
test sample, it is seen with a rise in Renewable diesel proportion, the viscosity of the blend is
increasing, but it is within the range as per ASTM D445 standards. Also, viscosity of R100 is
lesser than biodiesel (5.09cSt) [73,75]. Renewable diesel has very little or no oxygen than
biodiesel leading to lesser surface tension, which is one more reason for Renewable diesel’s

lesser viscosity [100,146,214].
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Figure 4.9. Kinematic viscosity variation for test fuel samples

Table 4.2 apart from showing the viscosity of D100 and R100, the viscosity of E100,
D75R20E5, D70R20E10, D65R20E15, D65R30E5, D60R30E10, D55R30E15 is 1.076, 2.55,
2.52,2.47,2.61, 2.57, 2.50 cSt respectively. According to Figure 4.10, viscosity decreases as
ethanol's percentage in a blend increases because it has a lower cetane index and more oxygen.
Nonetheless, lesser cetane index and more oxygen can lead to better mixing and better
combustion rate [215]. It is also observed by keeping the percentage of ethanol constant and
increasing the percentage of Renewable diesel the viscosity increases from 2.55¢St (R20E5)
to 2.61cSt (R30E5) which compensates for the decreased viscosity otherwise. Due to the
volume proportion of Renewable Diesel being higher than that of ethanol in all blends, it is

dominant. The viscosity of binary and ternary blends spans between R100 and D100.

Kinematie Viscosity, cSt
n

Diesel R100 E100 R20E5 R20E10 R20E15 R30E5 R30E10 R30E1S

Figure. 4.10. Kinematic viscosity variation of ternary test fuel samples
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4.4 .3 Calorific Value

Calorific value is also called the heating value of any organic compound. Calorific
value is the energy that is liberated by an organic substance when it undergoes the combustion
in presence of oxygen and gives by-products like carbon di-oxide and water
[20,60,73,74,206,216]. From the Figure 4.11, it is seen that the calorific value of the diesel is
highest due to no oxygen present in its molecular structure. CV for Renewable diesel is lesser
than diesel and higher than biodiesel, as it undergoes hydroprocessing and most of the oxygen
molecules are removed [20,49]. CV of D100, R100, D90R10, D80R20, D70R30, D60R40,
D50R50 is 42.57, 41.80, 42.42, 42.30, 42.09, 41.93 and 41.87MJ/Kkg respectively. From the
values it is elucidated that with an addition of Renewable diesel in diesel by volume the
calorific value decreases, but is in between the diesel and Renewable diesel. Other way round,
it can also be said that more percentage of diesel in Renewable diesel, CV for Renewable diesel

was enhanced at the same time.

Calorific Value. MI/kg
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Figure. 4.11. Calorific value variation for test fuel samples

Figure 4.12 shows the CV for the ternary blends in which ethanol (26.8MJ/kg) has the
lowest CV. Calorific value of D75R20E5, D70R20E10, D65R20E15, DG65R30ES5,

D60R30E10, D55R30E15 is 40.19, 39.51, 39.01, 39.88, 39.17, 38.92 MJ/kg. It is also
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observed, when keeping ethanol percentage constant and increasing R100 percentage by

volume, CV of ternary blends is higher than when increasing percentage of E100 by volume.
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Figure. 4.12. Calorific value variation for ternary test fuel samples
4.4.4 Distillation

Distillation is a process where a compound having different mixtures in it are separated
from each other depending upon their boiling temperature. VVaporization and condensation is
the basic fundamental for any distillation. Diesel has a hydrocarbon chain length from C-10 to
C-16, and its boiling point ranges from 155°C to 345°C [92]. If any fuel comes in a similar
range to that of diesel, it has a high probability to replace diesel fuel as per the Brazilian
National Agency of Petroleum, Natural Gas and Biofuels (NAP)[217]. In present study, diesel
had a boiling temperature of 342°C and Renewable diesel 326°C. From the Figure 4.13 it is
observed that the concluding temperature of R100 is 326°C and binary blends lies between
331°C to 336°C, which shows that these fuel samples are volatile in nature which leads to
better atomization, better mixing and lesser smoke. On the similar terms when biodiesel’s
concluding temperature is studied, it is 356°C which shows less volatility, improper mixing,
incomplete combustion, more unburnt particles and higher smoke opacity [49,217]. It is also
detected at 98% of distillation, renewable diesel’s end temperature is lower than diesel, so

lesser emission is seen in Renewable diesel due to presence of lesser number of compounds
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with higher molecular weight. It is in line with Stella, Koul et al., Panel et al. and Sonthalia et
al. [49,68,81,82,218].
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Figure. 4.13. Distillation at 10%, 50%, 90% and 98% recovery for diesel, Renewable diesel,
biodiesel and blends.

4.4.5 Cetane Index

One of the crucial factors that determines how well a fuel will ignite and contributes
to maintaining the burning process is the cetane index. More the value of cetane index, less is
the ID and more is the CD [112]. Reduced ID also corresponds to longer combustion
durations, which will result in complete combustion and less smoke and emissions. [73,208].
From the Figure 4.14, it is witnessed that cetane index of the Renewable diesel is highest
amongst all the fuel samples which is 66.3 and lowest is of diesel, 46.77. With an addition of
Renewable diesel in diesel it is indicated in Figure 4.14 that cetane index of the binary blends
increases and is greater than that of diesel. R100 and various binary blends have better ignition
probability than diesel. Cetane index for various binary blends like D90R10, D80R20,

D70R30, D60R40, D50R50 is 48.52, 50.01, 51.54, 51.7 and 54.4 respectively.
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Figure 4.14. Cetane index variation for various diesel, Renewable diesel and binary test fuel
samples

In Figure 4.15, ethanol has cetane index of 7.2 which is the least in the test samples. It
Is also observed that since cetane index of E100 is lowest, so when it is added with Renewable
diesel and diesel, cetane index decreases but throughout in all ternary blends, cetane index is
more than diesel. Keeping volume percentage of Renewable diesel constant and increasing
E100 percentage, cetane index of the blend slightly decreases. However when ethanol
percentage by volume is kept constant and proportion by volume of Renewable diesel is
augmented, a slight increase in cetane index of ternary blend can be witnessed which is due
to the presence of renewable diesel’s higher cetane index and its percentage of share
increasing in a blend formed. The results are in synchronization with De-gang Li [208]. Cetane
index of R20E5, R20E10, R20E15, R30E5, R30E10, R30E15 is 51.16, 49.08, 47.29, 53.29,

51.21, and 50.06 respectively.
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Figure. 4.15. Cetane index variation for diesel, ethanol, Renewable diesel and
ternary blends
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4.4.6 Cold Flow Properties

For any diesel engine to work in lower temperature regions is also important and for
that it is imperative to check the cold flow properties (CFP) of fuel. CFP of the n-paraffin is
comparatively lesser than iso-paraffin. However n-paraffin have better cetane index than iso-
paraffin. In the present research cloud point (CP) and cold filter plugging point (CFPP) were
studied. Both CFPP and CP are the indicators which show the ability of the fuel to be
operational in low temperature zones. Figure 4.16 and 4.17 shows the CP of binary blends and
ternary blends respectively. From Figure 4.16 it is clearly observed that R100 (-5.883°C) has
highest and diesel (-0.81°C) has lowest cloud point. This can also be validated from GC graph
(Figure 4.4) as well which shows R100 has isomers which are responsible for its better cold
flow properties. Additionally, the CP of blends has increased due to the inclusion of renewable
diesel, allowing these blends to run in CI engines with ease in extremely low temperatures.
The CP for various binary blends like D90R10, D80R20, D70R30, D60R40, and D50R50 is
-1.2,-1.7,-2.6, -2.7 and -3.3°C respectively. The CP of ethanol is -117.3 °C for ethanol which
is more than Renewable diesel also. So with addition of ethanol in ternary blends, it is seen
that CP of all the blends have further improved in comparison to binary blends. CP for
D75R20E5, D70R20E10, D65R20E15, D65R30E5, D60R30E10, D55R30E15 is -2.76, -3.01,
-3.37,-3.66, -3.95, and -4.31°C. As far as CFPP is concerned, both R100 (-14°C) and E100 (-
51°C) have lesser CFPP than diesel (-12°C) which is an added advantage for them to work in
low temperature areas. With an addition of R100 and E100, CFPP improved. Figure 4.18 and
4.19 shows the CFPP values for binary and ternary blends along with diesel, Renewable diesel
and ethanol. CFPP for various binary blends are D90OR10 (-12.3°C), D80R20 (-12.8°C),
D70R30 (-13.1°C), D60R40 (-13.3°C), D50R50 (-13.5°C). Similarly CFPP for ternary blends

are R20E5 (-16.08°C), R20E10 (-16.92°C), R20E15 (-17.81°C), R30E5 (-17.22°C), R30E10
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(-18.11°C), R30E15 (-19.99°C). Additionally, it has been noticed that the CFPP has improved

more since the inclusion of ethanol.
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Figure 4.16. Cloud Point variation for various diesel, Renewable diesel and binary test fuel
samples

Diesel R100 R20ES5 RI0E10 R20E15 R30E5 R30E10 R30E1S
0 o - — — — - .
-1 —E

> - b o o s

e

Cloud Point, °C

Figure 4.17. Cloud point variation for diesel, Renewable diesel and ternary blends
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Figure 4.18. Cold filter plugging point variation for diesel, Renewable diesel and binary test
fuel samples
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Figure 4.19. Cold filter plugging point variation for diesel, Renewable diesel, ethanol and
their ternary blends.

4.4.7 Flash Point

Flash point is an indicator for security. High the flash point, safer is the fuel. When
flash point is high, volatility is low and less vapours are formed and chances of catching fire
is minimum. As per ASTM D975 guidelines, FP is supposed to be more than 52°C. Diesel has
FP of 59°C, R100 has 67.2°C and ethanol has 13.5°C which is lowest. Ethanol has a tendency
to evaporate very easily and thus effecting its lubrication property as well. Ethanol is one of
the additive that is added in biodiesel (162°C) to improve its FP. From Figure 4.20, with
increase in R100 in diesel, FP of blends improved and was in between diesel and Renewable
diesel. Similarly with addition of ethanol in ternary blends FP decreased. It is observed from
Figure 4.21, when ethanol percentage by volume is kept constant and R100 percentage is
increased, FP increased but vice-versa when R100 is kept constant and E100 percentage is

increased.
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Figure 4.20. Flash point variation for diesel, Renewable diesel and binary test fuel samples
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Figure 4.21 Flash point variation for diesel, Renewable diesel, ethanol and their ternary
blends.

4.4.8 Lubricity

One of the crucial elements for any engine's effective operation is lubrication.. During
hydroprocessing of feedstock, various heteroatoms like sulphur, nitrogen etc., are removed
which results in low lubricity. Biodiesel (371 microns) has higher lubricity than diesel (177
microns) and R100 (196 microns). Due to small scar diameter and more unsaturation than
R100 and diesel, biodiesel has more lubricity. With the addition of approximately 2% of
biodiesel in R100 or D100, their lubricity can be improved [219]. However no such addition

was done in present research. From Figure 4.22 with an increase in the amount of R100 in
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blends, it has been noted, their lubricity improved. Lubricity of various binary blends like
D90R10, D80R20, D70R30, D60R40, and D50R50 is 178.7, 179.3, 181.6, 182.7 and 183.6

microns respectively.
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Figure. 4.22. Lubricity variation for diesel, Renewable diesel and binary test fuel samples

Lubricity of ethanol is lowest as its vaporization speed is very high. With addition of ethanol,
the lubricity slightly decreased. There was hardly any major change found in lubricity of
ternary blends to that of binary blends as seen from Figure 4.23. It is in synchronization with

Kuszewski et. al [220].
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Figure 4.23. Lubricity variation for diesel, Renewable diesel and ternary blends of ethanol,
diesel and Renewable diesel.

4.5. Storage Stability and its Effect on Fuel Properties

Fuel has to be stored for the period of six months to one year so that it can be used as

and when required. Due to the presence of double or triple bonds, oxygen, and sulphur in its
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fuel’s molecular structure, as well as physical circumstances like light, air, and temperature,
several chemical reactions within the fuel occur during the storage time. In the present work,
over the course of a year, changes in kinematic viscosity, density, and calorific value were
noted monthly. All these blends made out of diesel and Renewable diesel were kept covered
in glass beakers under normal room temperature, away from direct sunlight. Figure 4.24 shows
the change in viscosity for twelve months. It is understood that there is a surge in viscosity of
neat Renewable diesel and slight increase in blends. It is due to the fact that Renewable
Diesel's molecules contain very little oxygen. Out of all fuel samples, R100 had the maximum
increase in viscosity, however it was in a specified range as per ASTM D4625 and ASTM
D5304 [221]. It is imperative to have viscosity as per ASTM standards, otherwise with high
viscosity, fuel filters can get clogged and improper atomization will take place. Kinematic
viscosity of R100 has increased from 2.82 to 3.19cSt, D100 (2.47 to 2.76¢St), D90R10 (2.53
to 2.83cSt), D8OR20 (2.59 to 2.87cSt), D70R30 (2.62 to 2.91cSt), D60R40 (2.66 to 3.0cSt)
and D50R50 (2.71 to 3.06¢St).

The density of the fuel samples also showed a small increase. From the Figure 4.25,
maximum increase of 0.42% was seen in R100 which might be because of the existence of
small amount of O in its molecular arrangement and lesser number of hydrocarbons and
lowest 0.346% in case of D100. Density of other binary blends like D90R10, D80R20,
D70R30, D60R40, and D50R50 also increased by 0.42, 0.36, 0.33, 0.35 and 0.37%
respectively but it was lesser than that of R100. So, it better to use blends wherein density

change is minimum over a year [73,74,180].
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for twelve months
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Figure 4.25. Variation in Density of diesel, Renewable diesel and their blends for twelve
months

Contrary to viscosity and density, fuel samples calorific value dropped during the
course of a year. It is a known fact that CV of biodiesel is very low due to presence of oxygen
in it. However R100 (41.8MJ/kg) has better CV than biodiesel (40.9MJ/kg) and at par with
diesel (42.57 MJ/kg). CV for diesel is the best amongst all the fuel samples prepared. Calorific
value for diesel decreased from 42.57 to 41.77MJ/kg and for Renewable diesel (41.8 to

40.31MJ/Kkg). This is due to the reason that diesel has no oxygen content in its H-C chain and
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R100 has slight presence of oxygen in its H-C chain. For other blends like D90R10, D80R20,
D70R30, D60R40, and D50R50, their CV also decreased slightly.

From the studies conducted for viscosity, density and calorific value it can be observed
that these blends can be used in operating CI engine even after storing for one year without

having any marginal change in their above-mentioned properties.
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Figure 4.26. Variation in calorific value of diesel, Renewable diesel and their blends for
twelve months

4.6. Engine Combustion Characteristics for Diesel, Renewable Diesel and
their Blends

Burning fuel with oxygen present causes it to generate heat during the combustion
process. If there is complete combustion, it will give less emissions.. Calorific value and
cetane index have pivotal role to play in carrying out proper combustion in a Cl engine.
Various parameters checked during combustion are heat release rate (HRR), Pressure-angle

curve (P-0), peak pressure etc.
4.6.1 Heat Release Rate (HRR)

HRR for various fuel samples is compared to that of diesel in Figure 4.27. It is seen
that maximum HRR is for diesel which is 56.14J/°CA and lowest for Renewable diesel which
is 45.69 J/°CA at full load. Highest HRR of diesel can be credited due to its higher calorific

value and better atomization. It is witnessed that with increase in Renewable diesel percentage,
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HRR for the blends decreases. However the values of HRR lies in between the diesel and
Renewable diesel. The reason for lesser HRR for binary blends and R100 is its early start, less
ignition delay due to high cetane index. In addition to this, more heat is released in diffusion
phase than in a premixed phase. Due to shorter ignition delay, fuel quantity burnt is less, hence
lesser HRR. Same outcomes were attained by Sugiyama et. al [170], Singh et. al [222] and

Sonthalia et. al [144].
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Figure. 4.27. Heat release rate variation of diesel, Renewable diesel and their blends at full
load

4.6.2 In-cylinder Pressure (P-O curve)

The most crucial factor in determining the pressure rise and fall with respect to the
combustion phases occurring within the combustor of a CI engine is the inside-cylinder
pressure curve. During the first stage which is premixed phase, piston is close to top dead
centre (TDC), hence pressure is maximum during that stage. Consequently, during expansion
stroke which is the diffusion phase, pressure starts receding and is lowest at the end when
piston reaches bottom dead centre (BDC). Pressure transducer is installed on an engine which
is described in detail in chapter 3, is used to sense pressure at different crank angles of an
engine. In Figure 4.28, it is seen, diesel has highest peak pressure (72.65bar) and lowest is for

R100 (66.54bar). Various binary blends like D90R10, D80R20, D70R30, D60R40 and
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D50R50 have highest peak pressure as 71.07, 70.28, 69.01, 67.71 and 67.512 bar respectively.
From these values and Figure 4.28, it is witnessed that with adding of Renewable diesel, the
peak pressure falls because of lesser HRR in pre-mixed phase. Furthermore, a possible
additional factor is an improvement in cetane index, which further results in a shortened
ignition timing. It is also seen from the smooth curve obtained for Renewable diesel, the

pressure is rising gradually.
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Figure. 4.28. Variation in in-cylinder pressure of diesel, Renewable diesel and their blends
at different crank angles at full load

4.6.3. Variation in In-cylinder Pressure at VVarious Loads

From the Figure 4.29 it is witnessed, with rise in load, pressure is increasing. It is
observed that as load rises, additional fuel is pumped into system leads to more HRR and
hence pressure will increase gradually. So, with increase in load, peak pressure will increase.
From the bar graphs it is clearly depicted that diesel’s peak pressure has be high throughout
on all loads and Renewable diesel’s has been lowest. As explained earlier in section 4.6.1 that
due to higher cetane index leading to shorter ID and amount of fuel burnt is less which leads
to less HRR and less peak pressure. Also, for renewable diesel, lesser fuel is burnt in
comparison to diesel is due to R100’s lesser density than D100. On the same reasons, same

trend can be seen in blends with higher percentage of Renewable diesel.
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Figure. 4.29. Variation in peak pressure of diesel, Renewable diesel and their blends at
varying loads.

4.6.4 Ignition Delay (ID)

The period of time between the moment fuel is injected and the beginning of
combustion is known as the ignition delay. Combustion was considered to commence when
the heat release turned into positive. Ignition delay is measured in degree crank angles (°CA).
From the Figure 4.30, it is detected with rise in load, ID is reduced. When load on an engine
is increased, more fuel is burnt which releases more temperature and more pressure which
increases heat release rate and thus results in a reduced igniting lag. Renewable diesel due to
its higher cetane index property has the shortest ID amongst all fuel samples. At full load, ID
of Renewable diesel is the lowest due to its high cetane index. Highest being of diesel as its

cetane index is lesser than that of Renewable diesel.
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Figure. 4.30. Variation in ignition delay of diesel, Renewable diesel and their blends at
varying loads.
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4.6.5 Combustion Duration (CD)

Combustion duration is the time period when mass fraction is burnt from 10% to 90%
of the mixture [144]. It has been shown that as the load increases, the combustion duration
increases leading to increased power output. Fuel quantity likewise rises as the load does and
to burn it, the duration for combustion also increases [61]. It is seen in Figure 4.27 that due to
shorter ignition delay in Renewable diesel heat released during pre-mixed phase is less and
due to accumulation of fuel in diffusion phase heat released is quicker and more than diesel.
Due to this quick heat release, time duration for combustion is less. Figure 4.31 shows
distinctly that with rising proportion of Renewable diesel, the combustion duration decreases
and as we move towards diesel, the combustion duration increases due to diesel’s lesser CI
and renewable diesel’s higher CI. The results are similar to Thiyagarajan et al. [211]. There
was an increasing trend seen in CD for all fuel samples while increasing load from 20% to
100%. For diesel it was 42.5 t0 62.5°CA, D90R10 41.5t0 60.5 °CA, D20R80 40.5 to 58.5°CA,
D70R30 39.5t0 57.5°CA, D60R40 38.5 to 56.5°CA, D50R50 37.5 to 54.5°CA and R100 35.5

to 52.5°CA.
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Figure. 4.31. Variation in combustion duration of diesel, Renewable diesel and their blends
at varying loads.
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4.6.6 Burning Rate at Different Crank Angles

Figure 4.32 shows the various crank angles at which 10, 50 and 90% of heat is released
by burning 10, 50 and 90% of the fuel sample. The bar graphs also signifies the crank angle
at full load. 10% of CA (10CA) was considered as the commencement of combustion, CA50
showed close of pre-mixed combustion stage and CA90 showed the end of combustion or
diffusion phase. It is observed from Figure 4.32 that CA10 is lowest for R100 which implies
that due to higher cetane index of R100, ignition starts earlier than D100. Similarly, CA90
occurs earlier for R100 than D100 due to rapid combustion taking place in diffusion stage
which is also seen in section 4.6.5. It is observed here that though the cetane index for
Renewable diesel is highest amongst all test fuels, however, its rate of burning is lesser than
diesel. Furthermore, it is seen that for diesel CA50 is highest and lowest for Renewable diesel
which is the reason for lesser HRR and is also verified in section 4.6.1. With addition of
Renewable diesel in a blend, CA50 decreases. CA50 for diesel happens at 19.2°CA, D90R10
at 18.3°CA, D80R20 17.4°CA, D70R30 17°CA, D60R40 16.6°CA, D50R50 15.8°CA and
R100 14.8°CA The decrease is due to the fact of shorter ignition delay as is also verified in

section 4.6.5 above.
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Figure. 4.32. Crank angle versus MFB at full load for various fuel samples
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4.7 Engine Performance Characteristics of Diesel, Renewable diesel and

their Blends

Engine performance is one of the basic and vital feature for knowing about the
engine’s efficiency and its operation ability successfully. It helps in optimizing the fuel
consumption and helps beforehand in predicting any faults or repairs. In this research work,
BTE, BSEC and EGT were studied and are explained in detail with the help of graphs in below

mentioned sub-sections.
4.7.1 Brake Thermal Efficiency (BTE)

Using Figure 4.33, it is shown that when engine load increases, BTE also rises. The
reason for the increase in BTE at greater loads is because more fluid is pumped at higher loads,
making A/F mixture rich, which releases greater energy and results in a higher BTE.
Additionally, it has been noted that a blend's BTE falls as the proportion of Renewable diesel
increases. This is because of the lesser CV and high viscosity of Renewable diesel. Due to
high viscosity of R100, there might not be the proper mixing of R100 with air which releases
less heat and leading to lesser BTE [112]. BTE of diesel, D90R10, D80R20, D70R30,
D60R40, D50R50 and Renewable diesel is 31.19%, 29.68%, 28.94%, 28.24%, 27.68% and
27.21% respectively. Diesel has the highest BTE and lowest for Renewable diesel.
Comparable outcomes are found by Singh et al. [62], Sonthalia et al. [144] and Dolanimi et

al. [178].
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Figure 4.33. Brake thermal efficiency of various fuel samples at varying load
4.7.2. Brake Specific Energy Consumption (BSEC)

Brake specific energy consumption of fuel samples at various loads are shown in
Figure 4.34 below. It is seen with increasing load, BSEC of fuel is decreasing which results
in higher BTE as discussed in section 4.7.1. With addition of Renewable diesel in the blends,
the BSEC is increasing due to lesser CV of R100 in contrast to diesel. Higher calorific value
implies lesser brake specific energy consumption. Due to lesser CV, the air-fuel mixture
heating value reduces and energy consumption increases [200,222]. It is seen that diesel has
lowest BSEC and highest is for Renewable diesel. BSEC at full load for diesel, D90R10,
D80R20, D70R30, D60R40, D50R50 and Renewable diesel is 11.54, 11.93, 12.13, 12.44,

12.75, 13, and 13.27MJ/kWhr respectively.
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Figure 4.34. Brake specific energy consumption of various fuel samples at varying load
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4.7.3. Exhaust Gas Temperature (EGT)

Exhaust gas temperature of diesel, Renewable diesel and their blends is shown in
Figure 4.35 at varying load conditions. EGT rises as the load increases. R100 possesses the
greatest EGT in compared to diesel. Additionally, it has been found that when the percentage
of R100 in blends rises, so does the EGT. The reason can be attributed to the heat release rate
which is more in diffusion combustion stage. Moreover the density of Renewable diesel is
less which leads to more fuel intake, hence high BSEC and high EGT. In addition to that
another reason for higher EGT than diesel can be given to a small amount of oxygen included
in renewable diesel, which aids in complete combustion and releases more carbon-dioxide,
hence more heat and higher exhaust temperature during end stages of combustion. EGT at full
load for diesel, D90R10, D80R20, D70R30, D60R40, D50R50 and Renewable diesel is

416°C, 420.6°C, 426.3°C, 431.4°C, 436.5°C, 440.8°C and 449.5°C respectively.
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Figure 4.35. Exhaust Gas Temperature of various fuel samples at varying load

4.8 Engine Exhaust Emission Characteristics of Diesel, Renewable diesel
and their Blends

This section discusses numerous exhaust pollutants that are produced as a by-product

of fuel combustion inside CI engines. Hydrocarbon (HC), Carbon-monoxide (CO), Nitrogen
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oxide (NO) and smoke opacity are studied in detail. All these listed emissions are calculated

with AVL gas analyzer and smokemeter as discussed in Chapter 3 in detail.

4.8.1 Hydrocarbon Emissions (HC)

Hydrocarbon emissions are shown for various blends at varying load in Figure 4.36
below. Due to the quenching effect, leaner air-fuel mixture, and low flame turbulence, it is
observed that HC emissions are maximum for all fuel samples at the beginning of the
combustion at the lowest load. However, when load increases, HC emissions fall as a result
of increased heat release and improved fuel mixing once combustion starts to sustain [20]. It
is observed that highest HC emissions are emitted by R100 (2.75g/kWh) and lowest by D100
(2.501g/kWh). In Figure 4.36 at full load, maximum HC emissions is reduced in case of
D70R30 by 14.48%, in comparison to other blends (D90R10: 5.8%, D80R20: 10.32%,
D60R40: 7.48% and D50R50: 2.52%). Even though the heat released by these blends is lower
than diesel still HC emission was lesser than diesel. The reason for lesser HC emission can be
attributed to better combustion because of more paraffinic structure and lesser aromatic
structure. As is known that longer hydrocarbon chains require more energy to break the bonds
but in case of Renewable diesel, hydrocarbon chain length is smaller, so it requires lesser
amount of energy for breaking bonds [178]. With addition of Renewable diesel up to 30% by
volume in the blend, the HC emissions have reduced due to reduced heat release capacity.
However with increase in Renewable diesel percentage, HRR further decreases and it is
unable to withstand combustion leading to increased HC emissions. Also, from Figure 4.36 it
is seen that at full load, till D70R30, hydrocarbon emissions have reduced but on further
increasing Renewable diesel proportion by volume, HC emission increases. There was an

increase of 9.76% seen in case of R100 when compared to D100.
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Figure 4.36. Hydrocarbon emissions by different fuel samples at varying load conditions

4.8.2. Carbon-monoxide Emissions (CO)

Carbon-monoxide emissions for different fuel samples at varied load conditions is depicted in
Figure 4.37 below. It is seen that till 50% of the applied load, CO is less and after that it starts
to increase. At full load, CO emissions are highest. More fuel is fed into the combustion
chamber when the engine is completely loaded, keeping the air-fuel mixture rich and lowering
the amount of oxygen [182,223]. Due to less oxygen present in rich mixture, incomplete
combustion takes place leading to high CO. Amongst all the fuel samples present, Renewable
diesel has highest percentage of CO (32.49%). This is due to the reason that lesser amount of
heat is released leading to lesser combustion temperature, further leads to incomplete
combustion. Hence highest CO emission. For other blends like D90R10, D80R20, D70R30,
D60R40, D50R50, CO emission decreased by 5.09%, 9.56%, 13.84%, 12.46% and 6.86%
respectively. This is due to the reason that due to presence of more paraffinic structure and
higher cetane index, better combustion occurred, which contributed to a fall in CO emissions.
Also, it is inferred from experimental results that D70R30 has the maximum percentage
decrease of CO whereas, 3.403% CO increase was observed in R100. The trend seen for CO

emission is similar to that of HC emission with respect to decrease in emissions till D70R30.
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Figure 4.37. Carbon-monoxide emissions by different fuel samples at varying load
conditions

4.8.3 Nitrogen-oxide Emission (NO)

With an increase in combustion chamber’s temperature at the exhaust, NO also
increases. As per Zeldovich mechanism, NO is formed at higher temperature [61,182]. Higher
temperatures result in reactant molecules having greater thermal energy and a higher
frequency of collisions, which speeds up the reaction. Apart from combustion temperature,
NO formation also depends upon time taken for chemical reaction to take place and
availability of oxygen. During stoichiometric A/F mixture, NO formation is very high. From
Figure 4.38, it is observed that at full load Renewable diesel (3.101g/kWhr) has lowest NO
emissions and diesel (4.039g/kWh) has the highest. Renewable diesel has higher cetane index
which leads to shorter ignition delay. Due to reduced ignition lag in Renewable diesel and the
blends, the time taken to release heat during pre-mixed combustion phase is lesser which leads
to low combustion temperature and hence lesser NO emissions. Similar results were obtained
by Singh et al. [224]. It is seen that with increased load and increased proportion of Renewable
diesel, NO emissions decreases. NO emission for D90R10, D80R20, D70R30, D60R40,
D50R50 and Renewable diesel has decreased by 2.86%, 9.98%, 12.66%, 15.6%, and 16.76%

and by 23.23% at full load respectively.

Performance, Emission and Combustion Studies of a Renewable Diesel in a Compression
Ignition Engine Page [112



—
e}

._.
~
L
T

—
[39]

=
2
o
a
2 10 T
S
g 8
5
g 61 ,
T 4
D
&l
o 2
=
P
0 } } } }
0 1 2 3 4 5
Brake Mean Effective Pressure, bar
D100 R100 D90R10 DROR20 =——D70R30 D60R40 —e—DS0RS50

Figure 4.38. Nitrogen-oxide emissions by different fuel samples at varying load conditions

4.8.4 Smoke Opacity

The reason for smoke opacity to arise happened due to incomplete combustion taking place.
Figure 4.39 depicts the deviation in smoke opacity for different fuel samples at varying loads
when compared with each other. It is learnt that smoke opacity is seen to be decreasing for
fuels which have lesser aromatic content and whose diffusion combustion stage is away from
TDC [222]. In the experimental results presented in terms of the curves, shows that with
increase in load, smoke increases. Smoke opacity of R100 and its blends is lesser than D100.
Smoke opacity of D90R10, D80R20, D70R30, D60R40, D50R50, R100 and D100 is 59.1%,
55.9%, 54.1%, 55.8%, 56.3%, 57.8% and 62.4% respectively at full load. Since Renewable
diesel has less aromatic structure so smoke formed is less. In addition to it, higher cetane index
of renewable diesel and lower premixed combustion stage, air and fuel got sufficient time to
mix which resulted in complete combustion and hence less smoke opacity. Comparable
outcomes were achieved by Singh et al. [224], Ogunkoya et al. [178] and Prokopowicz et al.
[165]. It was also observed that D70R30 blend has the lowest (54.1%) and diesel has highest
(62.4%) smoke opacity amongst all fuel samples. Smoke is observed to increase with an

increase in renewable diesel beyond D70R30. It is because combustion temperature starts
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decreasing due to lesser HRR and is unable to sustain combustion and leads to increase in

smoke opacity.
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Figure 4.39. Smoke Opacity of different fuel samples at varying load conditions

4.9. Combustion Characteristics of Diesel, Renewable Diesel and Ethanol
Blends (Ternary blends)

In earlier section binary blends’ combustion, performance and emission characteristics were
deliberated on the basis of various tests conducted on CI engines. It was observed that D70R30
has least emissions than diesel but BTE was lower. At the same time D80R20 has lesser
emissions but higher BTE than D70R30. To compensate for the loss in BTE, ethanol was
explored by making a ternary blend of diesel, Renewable diesel and ethanol. The combustion,
performance, and emission characteristics of D80R20, D70R30, R100, and D100 were
evaluated and compared to those of 20% and 30% of Renewable Diesel blended with 5%,

10%, and 15% of ethanol by volume.
4.9.1. Heat Release Rate for Ternary Blends

Heat release rate for various ternary blends was studied at peak load. D80R20, D70R30

results were compared to that of R20E5, R20E10, R20E15, R30E5, R30E10 and R30E15.
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From the Figure 4.40, 4.41 and 4.42, it is observed that HRR for ternary blends is more than
binary blends (D80R20 and D70R30). As the concentration of ethanol has increased, HRR
has also increased. It is realized that maximum heat release has been with 15% of ethanol and
this was higher than that of diesel. HRR for D100, R30E15 and R20E15 is 56.13J/°CA,
59.83J/°CA and 61.74 J/°CA and. Comparable outcomes were derived by Rakopoulos et al.
[140] and Wu-goa et al. [225]. The primary physio-chemical properties of ethanol include a
low cetane index, which increases ignition lag and shortens combustion period. During
premixed combustion stage, due to ethanol’s low density and low viscosity, better atomization
leads to better mingling which further leads to quick burning and hence higher HRR than
diesel. Also, during ignition delay, at some points fuel gets accumulated and many hot spots
are created. These hot spots in presence of oxygen present in ethanol helps in combustion
process during the flame propagation. Although the calorific value of ethanol is low but

ignition delay gives fuel sufficient time to release maximum heat [112].
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Figure 4.40 Heat Release Rate at peak load with 5% blending of an ethanol
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Figure 4.41 Heat Release Rate at peak load with 10% blending of an ethanol
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Figure 4.42 Heat Release Rate at peak load with 15% blending of an ethanol

4.9.2. In-cylinder Pressure (P-© Curve) for Ternary Blends

Figure 4.43, 4.44 and 4.45 below shows the deviation in peak pressure for several
ternary blends at the highest load. Peak pressure indicates maximum burning pressure. Peak
pressure of ternary blends is seen to be more than binary blends. Since ethanol has a low
cetane index and a low ignition delay, combustion time has risen, leading to a rise in pressure
rise. Moreover, due to increase in ignition delay, oxygen gets accumulated at various locations

inside the combustion chamber which creates hot spots for Renewable diesel and diesel.
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Figure 4.43 Variation in in-cylinder peak pressure at peak load with 5% blending of an
ethanol
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Figure 4.44 Variation in in-cylinder peak pressure at peak load with 10% blending of an

ethanol
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Figure 4.45. Variation in in-cylinder peak pressure at peak load with 15% blending of an
ethanol
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At these hot spots Renewable diesel and diesel in ternary blends gets more oxygen and enough
time to burn which releases quick heat release rate and high peak pressures. However,
throughout the combustion process, peak pressure of ternary blends has been lesser than the
diesel’s peak pressure. The cause is accredited to E100’s high latent heat of vaporization
which cools down air temperature and in turn reduces pressure. Also, CV of ethanol is lesser
than D100 and with increasing ethanol share, peak pressure reduces. Comparable outcomes
are in-line with Li et al. [140], Ning et al. [116] and Kim et al. [141]. Highest peak pressure
amongst all ternary blends is for R20E5which is 71.25 bar and for diesel is 72.65 bar.
4.9.3. Variation in In-cylinder Pressure of Ternary Blends at Various Loads

Peak pressure of various binary as well as ternary blends with 5%, 10% and 15% of
ethanol is studied at different loads and is represented as a bar graph in Figure 4.46, 4.47 and
4.48 respectively. It is observed in all the figures shown below that with increase in load, peak
pressure also increases. Amongst all these fuels, R100 has the lowest peak pressure (66.6 bar)
due to its high cetane index which results in less ignition delay, lesser HRR in pre-mixed
combustion stage and hence lesser peak pressure. Also, with increase in renewable diesel
proportion by volume, keeping ethanol constant the oxygen content present in both renewable
diesel and ethanol creates a quenching effect and since CV of both the mentioned fuels is
lesser than D100, so the peak pressure reduces. Moreover, high hidden heat of evaporation of
E100 leads to reduced temperature, hence reduced combustion pressure. R20E5 has higher
peak pressure of 71.25bar than R30E5 has a peak pressure of 70.78bar at full load. Similarly
R20E10, R20E15, R30E10 and R30E15 have 70.89 bar, 70.56 bar, 70.23 bar, and 69.62bar
respectively. With increase in share of ethanol, 1D is increased due to low cetane index, which
further increases CD and peak cylinder pressure shift towards TDC which results in decrease
of peak pressure. This is in synchronization with Hulwan et al. [215], Geo et al. [112] and

Ning et al. [116].

Performance, Emission and Combustion Studies of a Renewable Diesel in a Compression
Ignition Engine Page |118



|0

2 2
2 e e e oo c
] .m o g =)
° b < 8 by m
S @ i S K=
w o) 1 E Q
o o
o —
= o £
£2 noS
@ 9 @ m ie]
" o & & <
§ ow =2 TTHCHA 2 B =
2 =] 3 B A ) %)
o = 71 8 3
S Ty
S 08 28R
{ m L @ " m [<B)
..m rUI _ - —_
sid 279 2fg ZT
hilil e &3 8 o S
R I o : S
3 S o 7o ¥ g
g
iy 2 . 2
g2 @ © 4 o EB————————
N - S g S e
3 = ¥ =
g B W W etORaaeahaCE et tatette
£ . £ .
L= CR=
7 S i 5
= 2
.o g B8
[} (4+] m
8 > >
5 [=] .
g S 2 S ————+—+—
—————— n ¥ 2 S oo o000 oo o o ©
o B ® ® F % @ T @ A -
I - B 5 5
2 Ieq ‘amnssard yeag k=2 Teq 2105821 Yoo
Toq ‘amssaid yeag L T

EH rio00
Page |119

10020
binary and ternary blends is

M r30D70

30%0

60%%
Wariation in load. @
BN R 20DS80

Renewable diesel,

)

an ethanol

EH r3o0E15
4.9.4. Variation in Ignition Delay for Ternary Blends

40%0

E r20E15

20%0
Variation in ignition delay for diesel

£ pioo

Figure 4.48. Variation in in-cylinder peak pressure at various load with 15% blending of

Performance, Emission and Combustion Studies of a Renewable Diesel in a Compression

shown at varying loads in Figure 4.49, 4.50 and 4.51. It is observed that with increasing load,
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ID for each sample fuel is decreasing. It is also observed that least ignition delay is for
Renewable diesel amongst all fuel samples tested at all loads. The reason for this is Renewable
diesel’s highest cetane index amongst all fuel samples and reduced combustion duration.
Highest ignition delay is for R30E15. It is seen that when percentage of ethanol is increased
keeping the percentage of Renewable diesel constant, ID increases. This is because of less
value of cetane index of ethanol which replaces diesel’s share. On same lines, when ethanol
percentage is kept constant and Renewable diesel percentage is increased, ignition delay
decreases, like ID of R20E5 is more than R30ES5. The reason for this decreased ignition delay
is because of higher cetane index of Renewable diesel and it is being dominant with increase

in its percentage in a blend. This is in-line with Geo et al. [112].
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Figure 4.51. Variation in ignition delay at various load with 15% blending of an
ethanol
4.9.5. Variation in Combustion Duration for Ternary Blends

From the Figure 4.52, 4.53 and 4.54 it is shown combustion duration for different fuel
samples at varying load. From the figures given below, it is clearly depicted that with increase
in load, combustion duration increases as this is the time period in which 10 to 90% of the
fuel is burnt. Combustion duration at full load is highest for diesel (62.5°CA) and R20E5
(61.4°CA), R20E10 (61.1°CA), R30ES5 (61°CA) and R30E10 (60.8°CA) are at par with diesel
fuel due to faster diffusion combustion stage. Whereas Renewable diesel has lowest CD
(52.5°CA) due to shorter pre-mixed stage and longer diffusion combustion stage. This is also
the reason why binary fuels like D8B0R20 and D70R30 have lesser combustion duration than
ternary blends. It is seen, with increasing ethanol and R100 percentage, combustion duration
decreases. With increase in percentage of ethanol which replaces diesel percentage by volume,
more oxygen is available and hence forms number of hot spots leading to quick combustion

and improving diffusion combustion stage, thereby making combustion duration faster [112].
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4.10 Engine Performance for Ternary Blends

4.10.1 Brake Thermal Efficiency

Figure 4.55, 4.56 and 4.57 shows variation in BTE for 5, 10 and 15% blending of an
ethanol respectively and its comparison to binary fuel samples (D80R20 and D70R30) and
with D100 and R100. It is clearly observed from all three figures given below that BTE of the
diesel fuel (31.69%) is maximum and Renewable diesel has least (27.21%) amongst all fuel
samples. In binary fuels it was seen that with an increase of Renewable diesel percentage BTE
decreased however it was more than R100. In addition to this, when binary was made ternary
by adding ethanol in it, it was detected that BTE was more in comparison to binary fuels till
10% of ethanol in a blend. Since ethanol has high volatility, less density, temperature of charge
slightly goes down because of high hidden heat of vaporization which further increases the
premixed air-fuel mixture density. Due to this drop in temperature and low cetane index of
ethanol, ignition delay further increases giving more time in the pre-mixed combustion stage
and hence BTE progresses [112,215]. Apart from this, it was also observed that when ethanol
percentage was increased beyond 10%, its BTE decreased. Delay in combustion increased the
charge’s heat capacity, raising temperature and lowering density, which was the cause of BTE
decline. Due to low density, more fuel is consumed for the same output, hence BTE decreases
as shown in Figure 4.47. This is alike to Edwin et al. and Sayin et al. [112,226]. For R20E5,
R20E10, R20E15, R30E5, R30E10 and R30E15 brake thermal efficiency is 30.97, 30.8,

28.35, 30.47, 30.12 and 27.9 respectively.
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4.10.2 Brake Specific Energy Consumption of Ternary Blends

Figure 4.58, 4.59 and 4.60 represent the variation in brake specific energy
consumption of ternary blends along with D80R20, D70R30, R100 and D100. BSEC of R100
is highest as its BTE is lowest amongst all fuel samples tested. Exactly opposite trend can be
seen to what was seen in BTE curve. This is because when less energy is consumed, BTE is
higher and vice-versa. R100, D80R20, D70R30 has higher BSEC than R20E5, R30ES5,
R20E10 and R30E10. Because R100 and E100 have lower calorific value than D100, higher
energy or fuel must be used to create the same amount of output on a Cl engine as is given by
D100. As the percentage of ethanol is beyond 10%, more percentage of fuel is taken up by
ethanol replacing diesel so BSEC further increases as fuel becomes leaner. The increase in

BSEC is also due to less volatility of ethanol [215].
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Figure 4.58 Variation in Brake specific energy consumption at different loads with 5%
blending of an ethanol
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Figure 4.60 Variation in Brake specific energy consumption at different loads with
15% blending of an ethanol
4.10.3 Exhaust Gas Temperature for Ternary Blends

Renewable diesel has highest exhaust gas temperature (449.5°C) and diesel has the
lowest, 416°C at full load. From the Figure 4.61 to 4.63 it is observed that with increasing
ethanol%, EGT decreases. Decrease in EGT is because of more amount of Oz present in
ethanol and lesser heat release rate in diffusion combustion stage which leads to quenching
effect and hence lesser EGT. It was also observed, when percentage of ethanol was kept
constant and percentage of Renewable diesel percentage was increased, EGT increased
comparatively. The cause is due to a larger heat release rate during the diffusion combustion

stage and a lower density, which causes a higher fuel intake and higher BSEC and EGT. EGT
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for R20E5, R20E10, R20E15, R30E5, R30E10 and R30E15 is 417, 415, 413, 420, 419,

417.4°C respectively at full load.
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Figure 4.61 Variation in exhaust gas temperature at different loads with 5% blending of
an ethanol
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Figure 4.62 Variation in exhaust gas temperature at different loads with 10% blending of
an ethanol
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Figure 4.63 Variation in exhaust gas temperature at different loads with 15% blending of
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4.11. Engine Exhaust Emissions for Ternary Blends

4.11.1 Hydro-carbon Emissions for Ternary Blends

Hydrocarbon emissions produced by various fuel samples at various loads have been
represented graphically in Figure 4.64, 4.65 and 4.66 with ethanol as 5%, 10% and 15%
respectively. The comparison of ternary blends is done with R100, D100, D80R20 and
D70R30. From the graphs it is seen that for all fuel samples, with increasing load, HC emission
decreases. This is because, initially the charge is rich and doesn’t get enough of oxygen to
burn completely because of which flame also can’t speed up till end of the cylinder walls and
hence HC in the beginning is higher. With increase in load, charge is mixed in better way,
gets enough time to mix and burns which leads to increase in temperature and pressure and
hence HC emission reduces. It is seen with increasing ethanol% in ternary blends, HC
emissions are increasing. This increase can be accredited to low temperature inside
combustion compartment due to a presence of ethanol having high volatility which forms
quenching layer of unburnt HC. So, due to this low temperature, ethanol is not burnt
completely resulting in formation of unburnt HC emission during an expansion stage [112].
So, as ethanol percentage increases, HC emissions also increases. Lowest HC emission is seen
in D70R30 (2.139g/kWhr) and highest in R30E15 (3.39g/kWhr). Additionally, it has been
found that binary blends emit fewer HC emissions than ternary blends. This is because of the
less aromatic structure in renewable diesel, combustion is sustained and complete combustion

takes place leading to lesser HC emissions.
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4.11.2 Carbon-monoxide Emissions of Ternary Blends

Carbon-monoxide emissions are shown for different sample fuels at varying loads
from Figure 4.67 to 4.69 with 5, 10 and 15% ethanol blending respectively and all these are
compared with D100, R100, D80R20 and D70R30. In all graphs it is represented that R100
has highest CO emissions due to less HRR leading to incomplete combustion. With the
addition of an ethanol in fuel samples, it is observed that CO emission further increases. Since
ethanol has very low viscosity, it vaporizes quickly and hence time available for it to mix
properly with oxygen is very less during compression stroke and hence leads to incomplete
combustion and increase in CO emission. When renewable diesel percentage is increased and
ethanol is kept constant, CO emission still increases. This is because oxygen present in both
renewable diesel and ethanol creates a quenching layer which leads to low temperature zone
and less heat release because there is less time available for combustion to happen completely.
Lower CO emission was seen in D70R30 (27.07g/kWhr) and in ternary fuel samples R20E5

(30.41g/kWhr) and R30E10 (30.26g/Kwhr).
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Figure 4.67 Variation in carbon-monoxide emission at different loads with 5%
blending of an ethanol
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Figure 4.69 Variation in carbon-monoxide emission at different loads with 15%
blending of an ethanol

4.11.3 Nitrogen-oxide Emission for Ternary Blends

More the temperature generated in combustion chamber, more will be the NO formed.
In Figure 4.60, 4.61 and 4.62 variation in NO emission at various loads is represented
graphically. It is observed that diesel has maximum NO emission (4.04g/kWhr) which is
harmful for the environment. R100 has lowest NO emission (3.1g/kWhr) due to lower pre-

mixed combustion stage which lowers the temperature of combustion chamber and time
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available for nitrogen reactions to take place is also less. NO formation declines as ethanol

addition increases. Owing to lower CV, more oxygen content and high volatility of ethanol,

there is a cooling effect which lowers down the flame temperature. When flame temperature

is lowered, it affects the flame propagation as well which lowers down the overall temperature

and hence lesser NO emissions. Also more CO formation and lesser heat release rate during

expansion stage also leads to decrease in NO formation. R20E5, R30E5, R20E10, R30E10,

R20E15 and R30E15 produced 3.46, 3.29, 3.26, 3.06, 3.48 and 3.32g9/kWhr of NO during

combustion.
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4.11.4 Smoke Opacity of Ternary Blends

Graphic representations of the difference in smoke density for various fuels at various
loads are shown in figures 4.73, 4.74, and 4.75. Amongst particulate matter (PM), soot is
responsible for production of smoke. Soot is usually formed when long H-C chains are
thermally cracked in absence of oxygen. At full load, highest smoke was obtained for D100
(62.4%) and lowest was for R30E15 (48%). As conferred previously, presence of renewable
diesel deceases smoke opacity due to lesser aromatic content and smaller H-C chain, PM
emissions are less. With addition of ethanol in a blend, further reduces smoke. Smoke is
usually formed in absence of oxygen. Since ethanol has more oxygen content, very low cetane
index which increases the delay period, so more time is provided for proper mixing of air and
fuel which hence releases less smoke. Presence of oxygen both in renewable diesel and ethanol
even in rich zones and proper mixing of air-fuel mixture seems to be dominant in reducing
smoke. Since oxygen is vital part of ethanol’s structure so it helps in oxidation of soot
particles. This is in synchronization with Edwin et al. [112] and Sayin et al. [226]. At full load,
smoke opacity for R100, R20E5, R20E10, R20E15, R30E5, R30E10 and R30E15 is 57.8, 55,

52.1, 49.9, 52.1, 49.7 and 48% respectively.
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4.12. Response Surface Methodology Model Estimate

Input variables and response variables are of utmost importance in RSM technique.
Their relationship is represented in terms of second order degree polynomial equations shown
in Appendix-4. Response value depends upon input value which is further taken up by
specifying lower and upper limit. In present case BMEP was between 0.7812 to 4.167 bar and
Renewable diesel was between 20 to 30% and ethanol 5 to 15%. The response received from
RSM technique was confirmed by implementing and choosing ANOVA (Analysis Of
Variance) test. The statistical technique known as ANOVA divides observed variance data
into many components to be utilized in further testing. In order to understand more about the
connection between the dependent and independent variables, an ANOVA is employed for
data sets with three or more groups. Simply it identifies whether the correlations obtained are
substantial for full quadratic model or not. Table 4.3 shows the ANOVA for BTE, Table 4.4
and 4.5 shows ANOVA for emissions CO, HC and NO, smoke opacity respectively. On the
extreme left side, it represents Model. Model represents the dependent variables, like in this
case it is BMEP, Renewable diesel and ethanol. Along with models, tables include adjacent
square (SS), probability value (P-value) and fit value (F-value). If the value of P for an input
factor is less than 0.05 then it means all the dependent variables are significant with the
confidence level of 95%. From the Tables 4.3, 4.4 and 4.5 it is clearly observed that all three
input factors have significant effect on the responses. Table 4.6 shows the coefficient of
Determination (R?) and adjusted R? (adj R?). The difference between R? and adj R? should be
less than 2%. Value for R? represents how much fit or precise is the model. This displays the
correlation between the model's accuracy with the experimental data. Whereas, adj R? is used
to counterbalance the effect which is due to any variation done in the model. If the value of
adj R? is closer to 100%, it shows that the model is more precise. Predicted R? helps in

representing the prediction data for the model.
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Table. 4.3 ANOVA for BTE

Source Adj SS F- Value P- Value
Model 574.858 4835.63 0.000
Linear
BMEP (bar) 423.358 32051.14 0.000
Renewable diesel (%0) 0.534 40.43 0.000
Ethanol (%) 16.582 1255.35 0.000
Square
BMEP (bar) * BMEP (bar) 56.434 4272.44 0.000
Renewable diesel (%) * Renewable diesel (%6) 0.001 0.04 0.894
Ethanol (%) * Ethanol (%) 2.623 198.55 0.000
2-Way Interaction
BMEP (bar) * Renewable diesel (%0) 0.001 0.08 0.785
BMEP (bar) * Ethanol (%) 0.007 0.53 0.483
Renewable diesel (%) * Ethanol (%) 0.008 0.63 0.448
Error 0.132
Total 574.990

Table 4.4 ANOVA for CO and HC Emissions
Source Adj SS | F-Value | P-Value | AdjSS | F-Value | P-Value

CO Emissions HC Emissions

Model 2560.09 | 21832.16 | 0.000 157.225 | 1232.32 0.000
Linear
BMEP (bar) 1681.80 | 129039.31 | 0.000 132.678 | 9359.29 | 0.000
Renewable diesel (%0) 0.13 10.29 0.009 0.372 26.21 0.000
Ethanol (%) 0.49 37.66 0.000 0.571 40.26 0.000
Square
BMEP (bar) * BMEP (bar) 479.97 36826.88 | 0.000 13.792 972.92 0.000
Renewable diesel (%) * Renewable | 0.01 0.40 0.628 0.541 0.29 0.603
diesel (%0)
Ethanol (%) * Ethanol (%) 0.00 0.14 0.714 0.022 1.53 0.245
2-Way Interaction
BMEP (bar) * Renewable diesel (%) | 0.01 0.80 0.393 0.044 3.12 0.108
BMEP (bar) * Ethanol (%) 0.24 18.43 0.002 0.124 8.76 0.014
Renewable diesel (%) * Ethanol (%) | 0.00 0.28 0.610 0.003 0.19 0.672
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Error 0.10 0.142
Total 2561.03 157.367
Table 4.5 ANOVA for NO Emissions and Smoke Opacity
Source Adj SS | F-Value | P-Value | AdjSS | F-Value | P-Value
NO Emissions Smoke Opacity
Model 284.179 | 1700.25 0.000 6478.26 | 6591.45 0.000
Linear
BMEP (bar) 229.446 | 12355.04 | 0.000 5985.53 | 54810.96 | 0.000
Renewable diesel (%) 0.195 10.50 0.009 4.79 43.90 0.000
Ethanol (%) 0.530 28.51 0.000 15.84 145.04 0.000
Square
BMEP (bar) * BMEP (bar) 27.358 | 1473.15 | 0.000 249.75 | 2286.98 | 0.000
Renewable diesel (%) * Renewable | 0.004 0.21 0.653 0.00 0.04 0.840
diesel (%0)
Ethanol (%) * Ethanol (%) 0.061 3.27 0.101 0.07 0.65 0.439
2-Way Interaction
BMEP (bar) * Renewable diesel (%) | 0.035 1.90 0.198 0.63 5.78 0.037
BMEP (bar) * Ethanol (%) 0.526 28.35 0.000 5.19 47.57 0.000
Renewable diesel (%) * Ethanol (%) | 0.023 1.26 0.288 0.48 4.37 0.063
Error 0.186 1.09
Total 284.365 6479.35
Table 4.6 Model Evaluation
Model BTE (%) CO HC NO Smoke
(g/kWh) (g/kWh) | (g/kWh) | Opacity (%)
R? 99.98 99.99 99.91 99.93 99.98
Adjusted R? 99.96 99.98 99.83 99.88 99.97
Predicted R? 99.87 99.94 99.58 99.69 99.84

4.13 Surface and Contour Plots for Input Factors and Response Variables

The relationship represented between two independent variables with a dependent /

response variable geometrically is called as contour plot. Contour plots are represented in 2-

dimensional. Whereas Surface plot is a 3-dimensional figure. Both plots are shown on X, Y

and Z axis.
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From Figure 4.76 a, b and c to Figure 4.79 a, b and ¢ shows BTE/CO/HC/NO/Smoke
opacity vs Renewable diesel, Ethanol and BMEP. All these three input factors (BMEP,
Renewable diesel and ethanol) are varied in such an arrangement that one out of these three

factors is held constant at a time.

In Figure 4.76 a) ethanol is kept constant and BMEP and Renewable diesel are varied
to study BTE. It is seen with increase in BMEP, BTE is increased. However as it tends to
increase towards full load, BTE slightly drops. Increase in load leads to increase in fuel
consumption, which decreases BTE. Similarly with increase in Renewable diesel keeping
ethanol constant, it is seen that there is a minor decrease in BTE which is because of less
viscosity and lesser CV of both renewable diesel and ethanol. Similar results are seen in Figure

4.76 b), where renewable diesel is kept constant and ethanol and BMEP are varied.

While holding Renewable diesel constant at a specific amount, BTE first marginally
increases and then falls with a surge in BMEP and rise in ethanol %. Initially BTE increases
because ethanol has high heat of vaporization which leads to increase in pre-mixed charge
density releasing heat which can sustain combustion and hence high BTE. However when
ethanol percentage is increased, oxygen amount present in renewable diesel and majorly in
ethanol increases, leading to high temperature because of complete combustion which further
reduces density of the charge. Due to less density, more fuel is consumed which lowers down

BTE [112,215].

Similar trend is seen in Figure 4.76 c¢) for constant load, BTE declines with rise in
proportion of renewable diesel from 20 to 30% due to lesser HRR during pre-mixed stage
which happened due to renewable diesel’s higher CI and lesser ID. Also, in case of increasing
ethanol from 5 to 15%, BTE first increases due to high HRR. Since ethanol density is very

less and with increase in heat, density of fuel further reduces and consumption of fuel
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increases and a decrease in BTE can be observed beyond E10. The outcomes are comparable

to Edwin et al. [112], Bekal et al. [200].
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c) 3D-Surface and contour plots of BTE vs. Ethanol and Renewable diesel

Figure 4.76. 3D-Surface and contour plots of BTE vs. various input variables
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3D surface plots and contour plots for carbon-monoxide for various input variables are
shown below in Figure 4.77 a, b and c. From the surface and contour plots in Figure 4.77 (a)
and (b), it is seen that with increment in BMEP, keeping ethanol and renewable diesel constant
respectively, CO emission is seen to be increasing. This is due to the fact that ethanol has very
low viscosity, it vaporizes quickly and hence time available for it to mix properly with oxygen
is very less during compression stroke which leads to incomplete combustion and increase in
CO emission. Similarly renewable diesel has less HRR and shorter pre-mixed combustion

stage which is not able to sustain complete combustion with increasing load, so CO increases.

In Figure 4.77 (b) CO emissions are observed for varying ethanol, keeping renewable
diesel constant. With increase in ethanol, keeping Renewable diesel constant, increase in CO
emission is observed. This is due to the reason, ethanol replaces the percentage volume of
renewable diesel and diesel and blend’s oxygen content increases leading to cooling effect

and incomplete combustion.

In addition, with increase in Renewable diesel in Figure 4.77 (c) load constant leads
to decrease in CO as Renewable diesel has lesser aromatic structure and more paraffinic
content which leads to slightly better combustion and hence slight decrease in CO [112,215].
However this is true only when the load is fixed at a mid-value. It is also observed from surface
and contour plots that by increasing ethanol at constant BMEP, CO emissions increases.
Ethanol has more amount of oxygen and leads to quenching effect as it vaporises quickly. So
there is not enough heat to sustain the combustion hence CO increases. From contour plots
(Figure 4.77 c) it is seen that when Renewable diesel is between 29 to 30%, CO is less than
4.2g9/kWhr and ethanol nearing to 15% has CO greater than 4.68g/kWhr. Same thing can be

verified from surface plots.
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Figure 4.77. 3D-Surface and contour plots of CO emissions vs. various input variables

Figure 4.78 a, b and c displays the 3-D surface plot and contour plots for hydrocarbon

emission with respect to various input factors. In Figure 4.78 a, it is seen that with increase in
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BMEP, HC emissions is first highest in the beginning and then it decreases keeping ethanol
constant. Initially HC is highest due to low volatility of ethanol and it doesn’t get enough time
to mix and results in unburnt HC. Gradually with increase in load, and percentage of ethanol
being constant, more fuel is supplied and charge gets enough time to mix and burn and hence
HC emission reduces. Similar results were obtained experimentally. From the contour plots
also, it is depicted, value of HC emission is less than 4g/kWhr for BMEP spanning in between
3to 4 bar. Similarly, keeping ethanol constant and increasing Renewable diesel, HC emissions
marginally is increased. It is because Renewable diesel also has slight oxygen present and its
H-C chain is smaller which requires lesser amount of energy to break the bonds and heat

released is less which leads to more HC emission.

Similar trend is seen for Figure 4.78 (b), keeping Renewable diesel constant and
increasing BMEP, HC decreases and similarly increasing ethanol HC slightly increases which

is in synchronization with the reasons given earlier for Figure 4.78 (a).

In Figure 4.78 c), keeping BMEP constant and increasing Renewable diesel and
ethanol separately, HC emissions increases which is in synchronization with both (a) and (b)
figures. From the contour plots also, it is seen that when ethanol is above approx. 13.5% and
Renewable diesel is above 29%, HC emissions are highest, more than 4.95g/kWhr.

Considering the cumulative effect, similar results were obtained experimentally as well.
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c) 3D-Surface and contour plots of HC emissions vs. Ethanol and Renewable diesel

Figure 4.78. 3D-Surface and contour plots of HC emissions vs. various input variables

3-D surface plots and contours plots have

been shown in Figure 4.79 a, b and C for

NO emissions with respect to various input variables. Figure (a) shows NO emissions when
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ethanol is kept constant. With increase in BMEP, NO emission decreases significantly and
with increase in Renewable diesel, NO emission decreases slightly. The decrease is due to the
fact that presence of ethanol’s high vaporization ability and lower heating value resulted in

decrease in combustion chamber temperature and hence NO emissions decreases.

Similar trend is seen for Figure 4.79 (b). Furthermore, because of the low cetane index
of ethanol and the increase in ethanol proportion, the charge becomes leaner, which results in
a decrease in flame temperature and a reduction in NO emissions. Also due increase in
Renewable diesel and shorter ignition delay, the time taken to release heat during pre-mixed
combustion phase is lesser which leads to low combustion temperature and hence lesser NO
emissions as depicted in Figure 4.79 (c). With rise in load, keeping renewable diesel constant,
renewable diesel (high cetane index) does not get enough time for nitrogen reactions to occur.
Also HRR is low which leads to lower combustion temperature, hence decreased NO

emission. This is in synchronization with Kim et al. [112,179,215].
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c) 3D-Surface and contour plots of NO emissions vs Ethanol and Renewable diesel

Figure 4.79. 3D-Surface and contour plots of NO emissions vs. various input variables
Figure 4.80 a, b and ¢ depicts the 3-D surface and contour plots of smoke opacity with
respect to various input variables. From Figure 4.80 (a) and (b) it is evident that while keeping
ethanol constant or Renewable diesel constant, with increase in BMEP, smoke opacity
increases. This is attributed by the incomplete combustion that occurs at peak load and causes

an increase in smoke.

On the same lines, in Figure 4.80 (c), it is detected that with increasing ethanol content
and Renewable diesel content, keeping BMEP constant, smoke opacity decreases. This is
because Renewable diesel’s lesser aromatic structure and less premixed combustion stage, air
and fuel got sufficient time to mix which resulted in complete combustion and hence less

smoke opacity. This also supports reason for lesser CO in Figure 4.77(c) at mid-value of
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BMEP. In addition to this ethanol’s presence of oxygen increases as it replaces diesel fuel in
a blend, leads to complete combustion and hence lesser smoke. Moreover, on cumulative

basis, both Renewable diesel and ethanol when added to diesel in certain proportions, help in

smoke reduction. This is also verified from contour plots and experiments as well.
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c) 3D-Surface and contour plots of Smoke Opacity vs Ethanol and Renewable diesel

Figure 4.80. 3D-Surface and contour plots of Smoke Opacity vs. various input variables

Performance, Emission and Combustion Studies of a Renewable Diesel in a Compression
Ignition Engine Page |146



4.13.1 Optimization Plot and Validation Test

RSM uses an optimization strategy at the end of methodology to get the optimal values
and see how it affects the response variables and the desirable outcomes. Desirability ranges
in between 0 to 1. Closer the desirability value is to ‘1’ represents that value is closer to ideal
value, whereas ‘0’ represents vice-versa. In the present work, optimization technique was
implied so as to find the optimized value for BMEP and the percentage of Renewable diesel
and ethanol. This helps in reducing cost and saving experimentation time. Table 4.7 represents
the given lower and upper limit values for input factors (BMEP, Renewable diesel and
ethanol) along with weight and significance. Whereas, as far as response variables were
concerned, BTE aim was fixed at maximum and all emissions were fixed at minimum values.
Figure 4.7 is the optimization plot which shows the optimized condition as BMEP at 2.628
bar with optimized blend of Renewable diesel at 30% and ethanol at 7.05% and rest being
diesel. At this optimized condition, the response variables like BTE, CO, HC, NO, Smoke
opacity were optimized at 29.21%, 5.50 g/kWh, 4.32 g/kWh, 4.47 g/kWh, and 19.46 %
respectively.

Table 4.7. Optimization values

Input Factors Lower Limit | Upper Limit Weight Importance Criterion
BMEP (bar) 0.7812 4.1670 1 1 Within range
Renewable diesel (%0) 20 30 1 1 Within range
Ethanol (%) 5 15 1 1 Within range
Response Factors
BTE (%) 14.85 30.97 1 1 Maximize
CO (g/kWh) 4.2135 31.289 1 1 Minimize
HC (g/kWh) 2.87 11.13 1 1 Minimize
NO (g/kWh) 3.161 13.78 1 1 Minimize
Smoke Opacity (%) 1.4 55 1 1 Minimize

Table 4.8 below is a validation table wherein, the values obtained from RSM model
are validated with the values obtained by performing experiments. The desired output is the
direct accuracy of the RSM model. With the engine's input values optimised, the test was run.

Table 4.8 below gives the predicted values of BTE, CO, HC, NO and smoke emissions of the
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optimized blend which were then compared to the experimental values obtained by

performing experiment. The difference between experimental and anticipated results that is

within the acceptable range is provided by residual percentage. Hence regression models

created for optimization of BMEP and percentage of Renewable diesel and ethanol is

beneficial in effectively envisaging experimental values with approximately 92% of accuracy.
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Figure 4.81 Optimization plot for smoke, CO, NO, HC and BTE

Table 4.8 Validation Test

Blend BMEP BTE (6{0) HC NO Smoke
(bar) (%) (9/kwh) | (g/kwh) | (g/kwh) | Opacity
(%)
D63R30E7 | 2.628 Predicted 29.21 55 4.32 4.47 19.46
Value
Experimental | 29.19 5.05 4.16 4.66 20.31
Value
Residual % 0.07 8.18 3.7 4.25 4.36

Performance, Emission

Ignition Engine

and Combustion Studies of a Renewable Diesel in a Compression
Page |148



CHAPTER 5

CONCLUSIONS AND FUTURE SCOPE

5.1 Conclusions

In the present study Renewable diesel was produced from Jatropha oil by undergoing the
hydroprocessing. It has been shown that renewable diesel is a sustainable alternative fuel.
Also, hydroprocessing is promising route to handle the increased environmental pollution

from diesel and better than much researched transesterification process.

1. The physiochemical properties of the Renewable diesel and diesel blends, along with
ternary blends had almost similar values to that of the diesel. All the values lied within
the ASTM D standards.

2. Renewable diesel and its combinations were shown to have better cold flow
characteristics and cetane index than conventional diesel.

3. Renewable diesel and its blends have lower HRR than diesel. Due to high cetane index,
ignition started earlier in case of Renewable diesel and its blends. Peak pressure for
Renewable diesel and its blends was lower than diesel. Same trend was seen for ternary
blends.

4. Brake Thermal efficiency of Renewable diesel and its blends was lesser than diesel.
Lowest BTE was for R100 and highest for D100 as 27.212% and 31.189%
respectively. With increase in the percentage of R100, BTE decreases and BSEC
increases. At full load BSEC for R100 is highest, 13.33 MJ/KW hr and D100 is lowest,
11.54 MJ/KW hr.

5. Values of CO, HC and smoke opacity dropped till R30D70 blend, thereafter, as the
proportion of R100 in the blend rises, the value for smoke rises. At peak load for

R30D70, HC, CO and Smoke was reduced by 14.47%, 13.84% and 13.3%
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respectively. There was a decrease in NO emissions with increase in percentage of
Renewable diesel. At full load NO emissions were reduced by 12.66% for R30D70
and 23.23% for R100.

6. To further reduce emissions, ethanol was added into R20D80 and R30D70 blends.
Ethanol percentage was chosen as 5, 10 and 15%. Beyond 15%, ethanol in a blend of
diesel and renewable diesel proved highly insoluble.

7. With increase in percentage of ethanol, HRR increased. At full load, maximum HRR
for R20E15 was 61.74J/°CAD whereas, for DBOR20 it was 50.16J/°CA. With increase
in addition of ethanol pressure also increased.

8. BTE increased with increase in percentage of ethanol till E10. Beyond E10, BTE
decreased. BTE for R20E5 and R20E10 was increased by 4.35% and 4.05% than
D80R20. Similarly, R30E5, R30E10 was increased by 5.28% and 4.16% than D70R30
respectively. For R20E15 and R30E15, BTE decreased by 4.69% and 3.74% than
D80R20 and D70R30 respectively. BSEC was lower with ethanol in comparison to
binary blends but was higher than diesel. Blends with 15% ethanol had highest BSEC.

9. With increase in percentage of ethanol, CO and HC increases however, CO emissions
are lesser than diesel. Moreover, with increase in ethanol percentage smoke opacity

and NO decreases.

10. At full load conditions, CO for R20E5, R20E10 and R20E15 was reduced by 3.21%,
2.86% and 1.056% and HC was increased by 12.85%, 22.63% and 26.63% than diesel.

11. Ternary blend R30E10 has lowest NO and smoke emissions. NO and smoke opacity
reduced by 24.25% and 20.35% respectively.

12. RSM optimizer tool showed that 30% of Renewable diesel, 7% of ethanol at BMEP

of 2.6 bar, optimized output can be attained.
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5.2 Scope for Future Work

On the basis of the research work performed and knowledge gained, following suggestions
are put forth for the future work.
1. More non-edible feedstock like nag-champa oil, rubber seed oil etc. can be explored
using hydroprocessing for Renewable diesel production.
2. Different software like ASPEN or ANSYS can be applied to study combustion and
other output parameters in detail which can also be experimentally validated.
3. Some additives can be considered while adding ethanol beyond 15% to avoid phase
separation in blends.
4. Catalysts currently in use for industrial hydro-processing of oils derived from biomass

perform less well. Commercial catalysts can be modified further with more work.
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APPENDIX 1

Specifications of Engine Test-Rig

Parameters Specifications
Engine make Kirloskar
Number of cylinders 1

Strokes 4

Rated power 3.5 kW

Speed at rated power 1500 rpm
Bore x Stroke 87.5x 110 mm
Length of connecting rod 234 mm
Orifice diameter 20 mm

Cooling type Water cooled
Compression ratio 17.5:1
Dynamometer Eddy current
Dynamometer arm length 185 mm

Inlet valve opening

4.5° before TDC

Exhaust valve opening

35.5° before BDC

Inlet valve closing

35.5° after BDC

Exhaust valve closing

4.5° after TDC

Fuel injection timing

23° before TDC

Fuel injection pump

MICO inline (mechanical governor, flange mount)

Injection duration 18° CA
Number of injector holes 3
Nozzle diameter 0.148 mm

Performance, Emission and Combustion Studies of a Renewable Diesel in a Compression

Ignition Engine

Page |168



APPENDIX 2

Specifications AVL DITEST 1000 Gas Analyzer

Parameters Specifications
Make AVL
Gases measured O2 (Electro-chemical)
CO, CO2, HC (Infrared)
NO (Electro-chemical)
Dimensions (D*W*H), mm 85*270*320
Weight 2.5 kg
Humidity (non-condensing) In between 10 to 90%
Temperature Operating 5°C to 40°C
Storage 0°C to 50°C
Voltage, Volts 11to 25, DC
Power consumed , VA 20
Measurement Range
Parameter by Volume
Measurement Range 0 to 15%
CO Resolution 0.01%
Precision +0.01%
Measurement Range 0 to 20%
CO2 Resolution 0.1%
Precision +0.2%
Measurement Range 0 to 30000 ppm
HC Resolution 1ppm
Precision + 10ppm
Measurement Range 0 to 5000 ppm
NO Resolution 1ppm
Precision + 50ppm
Measurement Range 0 to 55%
02 Resolution 0.01%
Precision + 1%
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APPENDIX-3

Specifications of AVL MDS 480 Smoke-meter

Parameter Specifications

Make AVL

Dimensions (D*W*H), mm 136*395*285

Weight 3.5kg

Humidity, non-condensing Lesser than 90%

Power consumed, VA ~78

Heating Chamber temp 100°C

Maximum emission temperature 200°C

Source of Light Halogen bulb, 12V, 5W
Detector Selenium Photocell
Measurement

Principle Light Extinction Measurement
Range 0 to 99%

Precision 0.1%

Uncertainty 2.1%

Length 215mm + 2mm
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APPENDIX-4

Optimization Data of Non-Dimensional 2" Order Differential Equations

Response

Equation

BTE, %

8.43+ 11.666 [BMEP (bar)]- 0.010 [RENEWABLE DIESEL (%)]+ 0.5645 [ETHANOL
(%)]- 1.5807 [BMEP (bar)]*[BMEP (bar)]- 0.00054 [RENEWABLE DIESEL (%)]*
[RENEWABLE DIESEL (%)]- 0.03906 [ETHANOL (%)]*[ETHANOL (%)]+ 0.00134
[BMEP (bar)]*[RENEWABLE DIESEL (%)]- 0.00350 [BMEP (bar)]*[ETHANOL(%)]
-0.00128 [RENEWABLE DIESEL (%)] * [ETHANOL (%)]

CO, g/kWh

14.87- 15.232 [BMEP (bar)]- 0.073 RENEWABLE DIESEL (%)- 0.0196[ETHANOL
(%)]+ 4.6066 [BMEP (bar)]*[BMEP (bar)]+ 0.00138 [RENEWABLE DIESEL (%)]*[
RENEWABLEDIESEL (%)]+ 0.00168 [ETHANOL (%)]*[ETHANOL (%)]- 0.00425 [
BTE (bar)]*[RENEWABLE DIESEL (%)]+ 0.02047 [BMEP (bar)]*[ETHANOL (%)]
- 0.00085 [RENEWABLE DIESEL (%)]*[ETHANOL(%)]

HC, g/kWh

11.28- 5.652 [BMEP (bar)]+ 0.130 [RENEWABLE DIESEL (%)]+0.1368[ETHANOL
(%)]+ 0.7814 [BMEP (bar)]*[BMEP (bar)]- 0.00154[RENEWABLE DIESEL (%)]*
[RENEWABLE DIESEL (%)]- 0.00355[ETHANOL (%)]*[ETHANOL (%)]- 0.00878
[BMEP (bar)]*[RENEWABLE DIESEL (%)]- 0.01472 [BMEP (bar)]*[ETHANOL
(%)]+ 0.00073 [RENEWABLE DIESEL (%)]*[ETHANOL (%)]

NO, g/kWh

23.05- 8.774 [BMEP (bar)]- 0.145[RENEWABLE DIESEL (%)]- 0.2938[ETHANOL
(%)]+ 1.1006 BTE (bar)*[BMEP (bar)]+ 0.00152[RENEWABLE DIESEL (%)]*
[RENEWABLE DIESEL (%)]+ 0.00594 [ETHANOL(%)]*[ETHANOL (%)]+ 0.00784
[BMEP (bar)]*[RENEWABLE DIESEL (%)]+ 0.03031 [BMEP (bar)]*[ETHANOL
(%)]+ 0.00216 [RENEWABLE DIESEL (%)]*[ETHANOL (%)]

Smoke
Opacity, %

7.42-0.221 [BMEP (bar)]- 0.237 [RENEWABLE DIESEL (%)]0.389 [ETHANOL (%)
]+ 3.3252 [BMEP (bar)]*[BMEP (bar)]+ 0.00165] RENEWABLE DIESEL (%)]*
[RENEWABLE DIESEL (%)]+ 0.00642 [ETHANOL (%)]*[ETHANOL (%)]- 0.0332
[BMEP (bar)]*[RENEWABLE DIESEL (%)]- 0.0952 [BMEP (bar)]*[ETHANOL(%)]
+0.00977 [RENEWABLE DIESEL (%)]*[ETHANOL (%)]
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