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Abstract

The global depleting fossil fuels reserves, increasing population insisted on looking
into new energy sources. In India, increasing Urban ization by cause of development in
the Industrial and Transportation sectors is leading to a search for new alternative
sources. As observed from the literature the biofuels are the best alternative energy
sources to fulfill Diesel fuel demand by reducing environmental issues.

Among all biofuels, the biodiesel was the best alternative fuel to meet Diesel fuel
demand. Because of the lower maintenance cost, the Compression Ignition (CI) engines
are playing a vital role in Industrial and transportation sectors. The researchers,
scientists, have produced biodiesel from first, second and third generation biodiesel
sources. Among all lipid sources, the Microalgae were the most quickly growing, higher
oil yielding one.

The by-products while algae to biodiesel conversion process are most valuable than
others. The practice of Biodiesel or Diesel in CI engines is leading to increasing NOx
emissions. Among all emissions, the Oxides of Nitrogen (NOx) and Particulate Matter
(PM) are the most harmful emissions to human and environment. To reduce emissions
from the diesel engine, the use of additives in Diesel, biodiesel and their blends is very
well practicing fuel modification technique. The higher cost of phenol, amine-based
antioxidants is causing to increase CI engine operating cost.

The study involves improving the performance of Coconut oil (of high saturated
fatty acids) and Karanja oil (of high unsaturated fatty acids) with the influence of
additives. These oils have different physicochemical properties, eg. Coconut had higher
Oxygen, Cetane number, and lower Calorific value, density than Karanja biodiesel fuel.
To investigate an unmodified diesel engine characteristics, the very finely grounded
mixed culture Microalgae (MCM) biomass particles emulsified in neat Coconut,
Karanja biodiesel fuels. The Triton X-100 surfactant used to prepare stable blends
preparation for avoiding MCM particles sedimentation. Initially, the test runs on the
engine carried out by using base fuels (Diesel, neat Coconut, Karanja biodiesels), all
MCM particles based blends and Lauric acid contained blends at standard operating
parameters (SOPs).

The blending of MCM particles in different proportions (CB+1gAP, CB+2gAP, and
CB+3gAP) in Coconut biodiesel has experimentally proved the reduction of NOx



emissions. However, about this reduction, there are two different opinions by Doctoral
scrutiny committee (DSC) members. Firstly, this could be because of the presence of
Lauric acid in CB, and secondly, this could be because of MCM particles blending in
the same biodiesel. Therefore, the author has selected KB, which is free from Lauric
acid composition. The author experimented with different proportions of Lauric acid,
and MCM particles separately in KB fuel.

The Kinematic viscosity of biodiesel blends increases with either the increase in
MCM particles addition or with Lauric acid volume. The author has observed an
increase in Brake thermal efficiency by cause of the multilevel micro-explosion of
MCM particles. The reduction in NOx emissions is due to the absorption of heat by
MCM particles from the combustion chamber. The properties described above are
influenced to increase CO, HC, and Smoke emissions though there was an increase in
BTE and decrease in NOx emissions than CB, KB fuels.

To overcome the above issues as per the literature is concerned the increase in
injection pressure was the predominantly influencing factor. In the final stage of the
experimental investigation, the author applied 190, 210, 230 and 250 bar injection
pressures on each fuel. In this approach, the increase in brake thermal efficiency, NOx
emissions, and the decrease in CO, HC, and smoke emissions have observed. Finally,
the reduction in NOx emissions has observed with blends of Lauric acid in KB than
MCM particles contained blends, but there was a reduction in Brake thermal efficiency.

At engine, SOPs 3.28% higher ICP (In-cylinder pressure) observed with CB+3gAP
blend than KB+3gAP blend. The 28.02, 26.32% highest BTE observed with CB+1gAP
blend (@ 250 bar IP) and KB+1gAP blend (@ 210 bar IP) respectively. The highest
14.2% NOx emissions reduction observed with KB+30gLA blend at 210 bar IP. The
present investigation revealed that the lower level (1g) addition of MCM particles is
improved the engine performance with a slight penalty in NOx emissions. The higher
level addition (3g) of MCM particles has reduced NOx emissions with a slight
compromise in performance. Overall the MCM particles blends have attained more
performance than Lauric acid blends.

Keywords: Biodiesel, blend, compression ratio, combustion, diesel, engine, emissions,

injection pressure, microalgae, performance.
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CHAPTER 1

Introduction

1.1 General

Globally about 52.5 % of the population lives in urban areas that too in 2050 this
may increase by 70%][1]. The 62% oil, 76% coal, and 82% natural gases consumption
is mostly from major cities in the world, that to fossil oil sources are majorly using for
urban transportation. The population rise in urban areas led to increasing energy
demand and leaving the CO» footprints into the global environment. The green and
sustainability are not possible with Wind, solar and tidal energies by cause of their
disadvantages such as low potential, high cost, and technological shortcomings. The
primary objective of converting residual agricultural biomass into liquid biofuels is to
reduce greenhouse gasses in the environment.

The biomass production involves land, pesticides and time as inputs. However,
the emissions from biomass sources are much lower than fossil fuel sources, but they
require the tradeoff between Oxides of Nitrogen (NOx) and particulate matter (PM)
emissions[2]. The Biofuels broadly classified as Primary and secondary. The primary
biofuels such as wood, pellets, and wood chips, are using in unprocessed form majorly
for cooking, heating, and power generation purposes.

The secondary biofuels are converting by processing of waste agriculture
biomass, into bioethanol, biodiesel, dimethyl and diethyl ethers to utilize in vehicles
and industrial applications. The secondary biofuels further divided into three types of
first, second and third generation. The first generation is from edible, second from
inedible and third is from microorganisms and waste sources[3].

In the case of secondary biofuels, the biodiesel was playing the primary role in
the transportation sector to run Diesel engines. The biodiesel considered as “‘carbon
neutral” fuel as it is emitted Carbon dioxide by its combustion in Diesel engine was
earlier captured from the environment during its cultivation[4]. The research on
Compression Ignition (CI) engines started in the early 18th century. The CI engines are
yielding higher efficiency, durability, superior fuel economy and lower maintenance
than Spark Ignition (SI) engines. Due to the above reasons almost in all the sectors,
these are playing a vital role in light, medium, and heavy-duty applications[5,6].

However, the Diesel engines are emitting the most harmful emissions than Spark



Ignition engines, such as NOx and PM. In general, the in-cylinder and after treatment
techniques widely used for diesel engine emissions reduction. In that, Fuel
modification, Exhaust Gas Recirculation (EGR), Selective Catalytic Reduction (SCR)
converter and Diesel Particulate Filter (DPF) are the most used methods[7].

Among all the above techniques, fuel modification was widely using in-cylinder
treatment method to reduce Diesel engine emissions. This approach need not require
any engine modifications but may increase the engine operational cost by cause of their
high price[8].

1.2 Availability of feedstock’s for Biodiesel production

Based on the global statistics, in the year 2017. The United States, Brazil (6, 4.3
billion liters) are the world largest biodiesel producers. By 2025 United states targetted
to produce 1 billion gallons to become the world largest producer [9]. The oils sources
for biodiesel production categorized as lipid feedstocks and alcohol feedstocks. The
lipid feedstocks are vegetable oils, animal fats, and microorganisms like microalgae
and Cyanobacteria, usage of any feedstock for biodiesel conversion purely based on
their availability.

The Rapeseed oil is widely using in Canada, European countries, Soybean in the
United States, Palm in tropical countries like Indonesia and Malaysia, Coconut in a
coastal country like the Philippines and Karanja, Jatropha in India[10]. World biodiesel
production almost 95% of cases, from edible oil sources such as Rapeseed (84%),
Sunflowers (13%), Palm oil (1%) and others (2%). Edible oils are creating food vs. fuel
problems and require pesticides during cultivation even though cheaper and readily
available[11]. The most viable feedstock’s from inedible sources are Jatropha, Karanja,
Linseed, and Mahua, but some of them are having higher FFA content[12]. In the year
2012, the Planning Commission of India was tried to fulfill 288 MT of Diesel demand

by cultivating and converting biodiesel from Jatropha, Karanja oils[13].
1.3 Importance of Microalgae for fuels production

The First- and second-generation biofuel resources have been insufficient to
fulfill immediate biodiesel demand. Biomass production using algae has mostly been
for CO, fixation, wastewater treatment and to produce co-products such as bio-
fertilizers, biopolymers while producing biodiesel. The prices ($52-91) of biofuels from

algae sources are higher than those of plant-based bioethanol and biodiesel fuels.



However, it has emerged as a more advantageous energy source than wheat or sugar-
beet-based European bioethanol[14].

Based on the source of energy to cultivate microalgae its metabolisms divided
into four type’s photoautotrophic, heterotrophic, mixotrophic and photo-
heterotrophic[15]. The input energies for photoautotroph, heterotrophic, mixotrophic
and photo-heterotrophic metabolisms are light, organic compounds, both and organic
compounds as well as carbon dioxide respectively[16]. To cultivate photo-
heterotrophic metabolism microalgae light is the necessary source for organic
compounds consumption[17].

Among all high microalgae metabolisms, photoautotroph is widely using because
of light only the source for its cultivation[18]. There is a possibility to produce
Renewable fuels from microalgae such as biodiesel, bio-hydrogen, and methane[19].
The Microalgae is the best feedstock for biodiesel conversion due to its growth rate, oil
yield, fatty acid composition, and co-products[20]. The Open pond, closed bioreactor,
and hybrid are the available methods to produce microalgae in large scale. The open
pond, closed bioreactor methods are not appropriate for the genetic engineering
approach[21].

To cultivate microalgae light plays an essential role in CO; fixation and its growth
control. Its productive growth mainly depends on an adequate supply of light, carbon,
nitrogen, phosphorus, and micronutrients (manganese, cobalt, sulfur, iron, et
cetera)[22,23]. There is an urge for technological developments in commercial scale
biofuels production from Microalgae on Cultivation (photo-bioreactors), harvesting
(methods), drying (energy consumption), extraction (cell rupture) and conversion
(Transesterification)processes[24]. Thorough satellite view 467lakhs of hectares are
available wasteland identified in India, but this estimated around 3166lakhs of
hectares[25].

It can grow in an environment which is not suitable for other feedstocks such as
pure or saline water and fertile or forest lands[26]. The insufficiency of fresh water in
India, the cultivation of Microalgae in seawater was the considerable approach[27]. The
country like India can put particular attention on biodiesel production from Microalgae
by considering the availability of vast wastelands, saline water because of 7500km of
the coastal area. India can become self-sustain by utilizing 2-3% of available land for

Microalgae cultivation[28].



The microalgae yield 5t/ha per year under full environmental conditions by open
ponds, but we can achieve 50-300 t/ha by using photo bioreactor[29]. By changing its
composition in growth level, it can yield 25 times more oil than other feed stocks[30].
The FFA value of most Microalgae lipids around 70 wt. percentage based on their
storage conditions. It was creating the necessity to adopt Acid (esterification), base
(Transesterification) catalyzed Transesterification or advanced processes for
Microalgae biodiesel conversion[31].

1.4 Considerable factors for biodiesel production

The higher kinematic viscosity, polyunsaturated characteristics and lower
volatility of raw vegetable oils are unacceptable to use in Compression Ignition engines.
To overcome the above problem the researchers, scientists are applied many methods
like pyrolysis, direct dilution, microemulsion, and Transesterification. Among all the
above methods direct dilution, the microemulsion is not preferable due to their higher
viscosity and volatility due to the presence of triglycerides in raw oil even process may
be simple. The Transesterification is the best and suitable process to convert biodiesel

by reducing viscosity, increase volatility by removing Glycerol from Raw oil[32].
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Figure 1.1 Stepwise reactions in the Biodiesel conversion process

The biodiesel fuels are converting from oils/fats by reacting with alcohols such
as Methanol, Ethanol, and Butenol in the presence of catalysts usually strong bases,
such as Sodium Hydroxide (NaOH) or Potassium Hydroxide (KOH)[33]. As per the
literature, more than 350 oil-carrying crops found to produce biodiesel fuels. The
cheapest higher oil-bearing plants can reduce 70 - 80 percent of the total biodiesel
production cost and also yields higher oil[34]. The biodiesel production cost can be
reduced possibly by choosing the better type of catalyst, alcohol to oil molar ratios,

optimal reaction temperatures and the fair percentage of free fatty acid content[35].



Table 1.1 Comparison of Algal oil yield with some edible, inedible & waste oils.

. Oil yield Oil yield
Oil source Feedstock (Wt. %) (L/Ha)
Coconut 63-65 2689
Palm 30-60 5950
Groundnut 45-55 1059
Edible
Rapeseed 38-46 1190
Linseed 40-44 -
Sunflower 25-35 952
Pongamia pinnata or Karanja 30-40 225-2250
Jatropha carcus 35-40 1892
Castor 53 1413
Inedible
Sea mango 54 -
Neem 40-50 -
Mahua 35-42 -
30-70 58,700-36,900
Algal group Microalgae Species
Dry wt. %
Botryococcus braunii 25-75 -
Green algae
Chlorella Vulgaris 46 -
Heterotrophic Chlorella protothecoides 55 -
Eustigmatophytes | Nannochloropsis oculata 31-68 -
Wild Mixed culture microalgae 26.2+06 -

References: [11,36—40].
1.4.1 Fatty acid composition of Oils

The Oils and Fats are essential nutritional substances, metabolites for living
organisms as primary energy sources of the body. The Oils are liquid at room
temperature due to their lower melting point, but Fats are partially solid at room
temperature by cause of their higher melting points. The fats or oils divided into

triglycerides, phospholipids, and sterols. The Glycerol found in any Oil or Fat are



mixtures of the alcohol glycerol with various fatty acids. The fatty acids are chain
compounds and bonded on to the glycerol. The type of bond between glycerol and fatty
acids are influences the compound reactivity and sensitivity of the fat to rancidity.
Complex Organic compounds, for example, glyceride is liable to compound changes,
and this might be a part by hydrolysis into glycerol and free unattached fatty acids. In
general, Fatty Acids (FA) are the constituents of oils or fats. These determined from
various chemical analyses, which give specific values such as the Acid value,
Saponification value, iodine value, hydroxyl value, and etcetera.

These represented in the form or RCOOH, where R is the Carbon chain. These
are composed of Carboxylic acids that are aliphatic and commonly linear, and
monocarboxylic acids with long hydrocarbon chains[41].To determine specific
saturated or unsaturated fatty acids in any Oil or fat, the gas-liquid chromatography
(GLC) is the widely used method. This method is the most informative and accurate
technique for specific fatty acid analysis. The Mass spectrometry coupled with Gas
Chromatography analysis is the method to know the specific fatty acid of any oil or fat
in mass percentage.

The Infrared, Raman spectroscopy’s are the most used techniques to detect
trans, cis, and isomers of unsaturated fatty acids. Similarly to detect conjugated double
bonds in any oil or fat can be determined by Ultra Violet (UV) spectroscopy at 200—
400 nm[42].Based on the level of composition fatty acids classified into Saturated and
Unsaturated. The saturated fatty acids should not contain double bond along their chain
length, but unsaturated fatty acids should contain at least one double bond.

If fatty acid contains one double bond, it’s called Monounsaturated fatty acids
(MUFA)and more than one double bond as polyunsaturated fatty acids (PUFA) [43].
The previously mentioned fatty acids divided according to their Carbon chain length
four types such as short, medium, long and very long. The chain lengths contain even
number of carbon atoms are mainly present in lipids of Vegetables and Animals fats.

The 2-4 carbon atoms in a fatty acid chain as short, 6-10 carbon atoms are the
medium chain, 12-20 carbon atoms are the long chain and greater than 22 carbon atoms
are very long chain[44]. The biodiesel reaction rate increases as the level of
unsaturation increase but decrease with the degree of saturation. The optimal reaction
temperature increases with an increase in average chain length and decreases when

poly-unsaturation bonds decrease[45].



Table 1.2 Comparison of Algal oils fatty acid composition (wt. %) with other oils

% . S|l el = =| Q| on 5| o
o 0il 4 | 8| R | S| & | R | R | R |E é
o o o (g\] o o - o
&) o
Coconut 18 9 3 - - 6 2 - A
[46]
Palm 1| 45 4 - -l 39 11 -l -
ﬁ Peanut 0.04 | 112 [ 475 | 16| 0.1 |435|359|0.04| B | [47]
o
5 Canola - 4 2 - -l 61 22| 10| C | [46]
Linseed 0.1 ]621|563]| 04 -1202 149|512 | D | [48]
Sunflower - 6 5 1 -] 29| 58 1] - | [46]
Jatropha 31134 3.6 - - 512288 -1 - ] 149
Karanja -1 138 6.1 - -1 653|116 | 32| - | [50]
D
= | Castor S| oz - -] 49| 13| -| E |51
=
2 | Neem 1178|165 | 2.4 -ls12 ] 117 -1 o- |52
.
Mahua - 245|227 15 - 1370|143 -1 - | 1531
Sea mango - 1202 69 - - | 542 1163 - | [34]
= | Chicken fat L2566 - 8| 41| 18| 1| -
= [46]
»~ | Beef tallow 41 26| 20 - 4| 28 3 0| F
N
& | Lard 1]211|115 | 150400 | 217 15| G | [54]
2
2 | Yellow grease 13| 174 | 124 | 03 - | 547 8| 071 - | [36]
= Waste cooking oil 1| 39| 45 - - | 446 | 109 -1 - ] [50]
BOtry(.).c oceus - - 43 -| 48557 (342 02| H | [55]
| braunii
=y Chlorella vulgaris 23189 | 07| 01| 95(196 | 112|222 | 1 | [56]
£ Nannochloropsis
oo | = p 58 | 322 1 - 1296|201 13 -1 I |57
= oculata
=)
=~ Chlorella
< | = i st 2| - - 39| 7 - x| 51
= | Protothecoides b1l
Mixed culture microalgae 141193 12| 02| 151 | 148 | 156 | 181 | L | [56]

I-Green algae, II-Diatom, III-Heterotrophic, NF-Not found
Other fatty acids:
A-(6:0=1,8:0=7,10:0=7, 12:0 = 47), B-(22:0 = 2.32, 20:1 = 0.57), C-(20:1 = 1),D-(22:0 =
0.222, 24:0 = 0.5), E-(18:1ou= 89.6), F-(12:0 = 1, NF = 14) G=2.3, H-(17:0 = 0.8), I-(16:2 =
0.04,16:3=6.29,16:4=17.62,20:1=0.91, 20:2=0.79, 20:4 = 0.01), J-(8:0=0.2, 12:0 = 0.4,15:0
=0.5,17:0=04, 20:5 =8.3), K=1, L-(16:3 = 4.36, 16:4 = 8.94, 18:4 = 0.02, 20:1 = 0.57, 20:2 =
0.67).



1.4.2 Effect of Free Fatty Acid (FFA) percentage on Biodiesel conversion

The FFAs are nothing but fatty acids in the Oils or Fats, but these lost away
from the Triglycerides (TGA). The rancidity from any Oil or Fat is an index of free
fatty acids. FFA value determines to know the level of Acid value in oil. It is
determining by titrating Oil against the conventional alkali catalysts Potassium
Hydroxide (KOH) or Sodium Hydroxide (NaOH). The knowing of Oil acidity in
percentage is to know the quantity of Alkali catalyst required to convert biodiesel[58].

The conversion of biodiesel from low quality with high free fatty acid (FFA)
content is feasible even where it has a harmful effect on catalysts. The Low-quality
feedstock’s (FFA >1%) have adverse effects on crude biodiesel purification processes
during alkaline Transesterification and may lead to Saponification problem. To resolve
the above issues with low-quality feedstock’s acid-base catalyzed reaction can be a
solution, i.e., base Transesterification followed by esterification to bring FFA
<0.5%][52].

The Enzymatic (heterogeneous) Transesterification was the most promising
process for producing biodiesel from low-quality feedstock’s because, by using them,
no chance of soap formation and purification, washing, and neutralization problem[59].
Another advantage with enzymatic catalyst reaction can complete at lower
temperatures. The presence of high FFA may cause higher reaction rates and can
achieve more than 90% biodiesel conversion efficiency. However, there are two
significant problems with enzymatic catalysts, one costlier and second is a requirement
of more reaction time[59].

1.4.3 Effect of Molar ratio on Biodiesel conversion

The stoichiometric biodiesel reaction requires three moles of Alcohol for one
mole of Triglyceride (Oil) to yield 3 moles of Alkyl ester and one mole of Glycerol.
Anyhow it requires excess alcohol for higher biodiesel yield and proper phase
separation of alkyl esters from Glycerol[60]. The higher biodiesel conversion efficiency
with faster reaction rate can attain at higher molar ratios (Methanol to Oil). The higher
Peanut Ethyl Ester (PEE) with lower Glycerol obtained at 3:1 than 6:1 molar ratio[61].
The cost and availability of Alcohols, Oils are the most critical materials to produce
biodiesel economically.

The primary and secondary monohydric alcohols contained 1 to 8 carbon atoms.

The researchers are using many alcohols such as Methanol, Ethanol, Propanol, Butenol,



etc. The optimum molar ratio for Ethanol Transesterification is higher than Methanol
Transesterification[62]. The higher chain alcohols are not suitable for
Transesterification due to steric interruption, and higher sensitivity to water
contamination, than shorter chain alcohol like methanol & ethanol, because of their
physicochemical advantages and higher miscibility with NaOH catalyst. The optimum
alcohol to oil molar ratio is 6:1 for 98% conversion efficiency and higher biodiesel
yield[63].

The too high quantity of alcohol in Transesterification process may lead to
increase the reaction mixture polarity, and reduction in biodiesel yield by cause of the
reverse reaction, i.e., the solubility of glycerol back to the ester[64]. The Methanolysis
process may be cheaper and useful, but it is not Renewable because this derived from
Fossil fuels[65]. The lower viscosity, high volatility and Oxygen content of short-chain
alcohols are very much recommended to use in Diesel engines[66,67]. The reaction
temperature, molar ratio in the Transesterification process ultimately depends on the
type of Alcohol used. The boiling and melting points of alcohols are varying with their
chain length and molecular weight. The methanolysis process is a bit faster than
ethanolysis because Methanol has a lower boiling point than Ethanol even it has lower

miscibility with Triglycerides[68].
1.4.4 Effect of type Catalyst on biodiesel conversion

Under normal conditions, the Transesterification reaction has no other inputs
than Triglycerides and Alcohols but this reaction proceeds slowly or not at all. To speed
up above the reaction the heat source as well as the catalyst is required. These catalysts
divided into Alkali (base), Acidic, and Enzyme are again two kinds Homogeneous and
Heterogeneous.

Table 1.3 Advantages, disadvantages of widely using catalysts in the biodiesel sector

Catalysts Advantages Disadvantages Ref.
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Among all homogeneous Alkali, catalysts are widely using in Laboratory and

commercial scale biodiesel production. By cause of their easy availability, cheaper, and

faster reaction rate though these are highly sensitive to moisture & FFA of oil.

1.5 Effect of Microalgae on Diesel engine operation

The level of unsaturation in biodiesel has no evident effect on fuel consumption

or brake thermal efficiency. It causes more delayed combustion, higher NOx emissions,

and combustion velocity. The fuel borne Oxygen content in biodiesel fuels are causing
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to reduce Soot emissions. The lower NOx emissions can be possible with lower

Hydrogen to Carbon (H/C) ratio, higher Cetane number fuels[75,76].

Table 1.4 Comparison of Algal biodiesel physicochemical properties with other

~ ¢ 5
E|9E| 99 55 B |8
5 2ol lz2 g8 & 2 | &
2 FAME =P|ZE| 28 5| £ | &
O 275020 52| £ | €
= |Rw|Fg = g | =
o &

Coconut 136.5 | 877.1 | 3.18 | 36.985 60 [49]

Palm 188.5 | 879.3 | 4.66 | 39.907 55
% Peanut 193 | 886.4 | 5.25 39.7 54 | [77]
E Canola 146 | 882 | 3.6| 40.1| 52.9| [78]
Linseed 161 865 | 4.2 | 40.759 48 | [48]
Sunflower 183 | 885.6 | 4.38 39.95 51.6 | [77]
Jatropha 202.5 | 883.3 | 4.81 | 39.839 51 | [49]
o | Karanja 196 898 | 5.46 39.15 579 | [79]
% Castor 140 886 | 4.38 | 39.048 51 | [80]
g | Neem 110 900 | 5.5 39.89 | 55.31 | [81]
~ | Mahua 127 865| 52| 369 51| [82]
Sea mango 138 880 | 4.5 39.095 - | [83]
«» | Chicken fat 176 876 | 435 | 39.934 54.8 | [84]
%l Beef tallow 163 | 873.2 | 5.85| 38.350 56 | [85]
§ Lard 159.5 | 873.2 | 5.26 | 39.850 59 | [86]
£ | Yellow grease - | 872.8 | 5.26 | 39.817 | 62.6 | [87]

]

= Waste cooking oil 167 | 884.2 | 4.87 | 39.68 55| [77]
Botryococcus braunii 140 853 | 5.52 40.4 55.4 | [88]
= - Chlorella vulgaris 145 916 | 5.2 41.2 53| [56]
E.c = | Nannochloropsis oculata - 880 | 4.2 39.8 55| [89]
% = | Chlorella protothecoides 115| 864 | 52 41| - | [51]
Mixed culture microalgae 140 912 | 4.8 37.2 49 | [56]

I - Green algae, II - Diatom, III — Heterotrophic

Blended biodiesels cause low fuel economy in old and new engines because they
have less Calorific value than base fuel[90]. It does not appear to make indicated mean
effective pressure better, but blending may also improve combustion noise at higher
loads and lower engine speeds[91]. The diesel engine was run by using fresh algal oil

and observed lower NOx emissions and power outputs and also observed higher brake
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Specific fuel consumption (BSFC) and greater particulate matter and
COszemissions[92]. The slightly lower torque and power outputs found, but lower NOx
and higher CO emission values noticed when the engine run with Algal methyl
ester[93].

The lower BSFC, HC, CO, and Smoke, but higher NOx emissions noticed by
using 10, 15 and 20% blends of algae oil methyl esters on the Single cylinder, water
cooled Diesel engine[94]. The higher brake thermal efficiency and lower smoke levels
were observed using the B20 blend in an unmodified diesel engine[95]. The 22° bTDC
IT is the optimal one to apply B20 algal methyl ester blend. At this injection timing,
brake thermal efficiency (BTE) increased, and NOx, CO and smoke emissions reduced.
The highest HC reduction at standard injection 23° crank angle (CA) and NOx
reduction at 21°CA were observed[96].

The blends of microalgae biodiesel have shown greater combustion
characteristics than macroalgae blends. In cylinder pressure and heat release rates were
increased in the case of advanced injection and decreased in retarded injection timing.
At the full load condition, the combustion characteristics of micro and the macroalgae
blends were the same. Finally, B10, B20 macro and microalgae mixtures were found to
be better alternatives to diesel fuel[97].

The smoother combustion, lower engine torque, and higher combustion noise
observed in an indirect injection (IDI) diesel engine with algae oil methyl ester. These
properties can control by controlling the compression ratio and injection timing in the
IDI engine[98]. Because of the increasing fuel demands and costs, researchers are
trying to run diesel engines in different ways. To avoid the difficulties in biodiesel
production, especially from algae the algal biomass has directly emulsified with diesel
or biodiesel fuel: the lower NOx and higher CO emissions observed in a DI CI
engine[99].

1.6 The aim of present work

From past few decades’ researchers, scientists and engine manufacturers are
striving to improve engine characteristics, especially emissions to meet stringent
emission norms in different approaches. The possible approaches to improve engine
characteristics are Fuel/engine side modification techniques. However, the engine side
modification is costlier and skill requirement aspects[100,101]. The use of additives in

fuel for diesel engine operation was the widely used fuel modification technique
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because it will not require any engine modifications. The extensively using additives
are CeO2, AlbO3, and MgO as Oxidizers, Polymethyl Acrylate, Methyl Acetoacetate,
and Poly alpha-olefin as cold flow improvers Butylated Hydroxytoluene,
hydroxyanisole, and polyphenols as Antioxidant additives[102,103].

The accessibility of fuel-borne Oxygen in Biodiesel fuels is required antioxidant
additives to stifle NOx formation. The Microalgae biomass could be a great alternative
resource to reduce the NOx emissions from diesel engines. This because of naturally
available versatile antioxidants than plant-based natural antioxidants[ 104].Based on the
possibilities as mentioned above, an attempt made to improve the single cylinder DI CI
engine characteristics by using Mixed culture microalgae (MCM) biomass as an
antioxidant additive in Coconut and Karanja biodiesel fuels have been studied by
varying blends (1g, 2g and 3g) and by different fuel nozzle opening pressures (190, 210
base, 230 and 250 bar).

1.7 Organization of thesis
Chapter 1 (Introduction)

This chapter explains the essential factors for the selection of vegetable oil from
available feedstocks and significant factors for biodiesel preparation. Details on the
Diesel engine and working of DI CI engine and combustion phenomena discussed in
this chapter. The importance of microalgae in comparison with other feedstock’s based
on their fatty acid composition, physicochemical properties. The bottlenecks involved
in microalgae biodiesel production and their usage, the possible approaches to apply

microalgae on DI CI engine.

Chapter 2 (Literature review)

This chapter describes the contribution of earlier researchers who have
investigated the Diesel engine by applying solid fuels, towards the development of
engine characteristics. The author also made comparison and discussions on the
selection of suitable vegetable oils based on their composition and properties for
biodiesel production. The author also made a comparison with selected oils and their
biodiesels by other available oils by their composition. To define the problem based on

identified literature gaps to undertake present work by solid fuels application.
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Chapter 3 (Fuels production, blends preparation and characterization)

This chapter illustrates the biodiesel fuels production procedure from selected
vegetable oils (Coconut, Karanja) and MCM particles preparation. The preparation
procedure to prepare MCM particles based on Coconut biodiesel (CB), Karanja
biodiesel (KB) blends. The Lauric acid based Karanja biodiesel blends preparation
procedure. The author made discussion on adopted methods to determine required

physicochemical properties on all prepared fuel samples.

Chapter 4 (Experimental setup and Methodology)

This chapter describes the description of necessary instruments and their
installation in engine setup to log observation data from the experimental setup. The
author presented detailed, schematic views of necessary instruments held in the
experimental setup. The details of implemented different methodologies and necessary
modification implicated on the test engine also discussed in this chapter. The adopted
methods to calculate engine characteristics combustion, performance and emissions
parameters are discussed. The details of emissions logging instruments and their

specifications also discussed in this chapter.
Chapter S (Results and Discussions)

This chapter describes the calculation of results from logged observations. The
drawing of Graphs from tabulated results, which are calculated and tabulated from,
logged observations. The discussions are made on presented graphs with proper

justifications.
Chapter 6 (Conclusions)

In this chapter, the presentation of précised conclusions and findings based on results
and discussions made in the results and discussions chapter. Mentioning of important
conclusions based on the carried out investigations and future scope of present research

work.
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CHAPTER 2

Literature review

2.1 General

The foremost objective of the literature review is to define a problem for
investigations by identifying gaps from the collected research articles in a specific
research area. The researchers, engine manufacturers, are attempting hard to improve
Performance, combustion characteristics by attaining stringent emission norms. This
chapter initially exhibits the essential operational basics of Compression Ignition
engine such as fuel spray formation, combustion concepts, and emissions formation.

In this regard, the effect of strategies like Exhaust Gas Recirculation (EGR),
after treatment devices, engine geometrical parameters, advanced combustion
techniques, and alternative fuels. Further, this chapter also illustrates the
characterization and usage of solid fuels (Coal, Charcoal and Algae biomass, etc.) based
Diesel or biodiesel slurries to reduce Oxides of nitrogen (NOx), Smoke emissions from
the Diesel engine.

2.2 Theory on Diesel engines

The SI engines are mostly using in passenger cars, motor vehicles, while CI
engines are using in light, medium and heavy-duty applications. The CI engines are
widely using in Transportation, Industrial, Power and Military sectors, due to their
higher thermal efficiency, long life and lower maintenance than SI engines. However,
there is the availability of advanced technologies such as Electric vehicles, Fuel cell

vehicles. The CI engines are the better option for heavy load applications.

Worldwide China has 25% Diesel engines demand Transport and power
applications, next to Asia/Pacific, Western Europe, North America, and Other countries
are accounts 22%, 23%, 11%, and 19% respectively[105]. The technology towards the
increase in CI engines efficiency as well as combustion had become mandatory.
Because of globally increasing fuel prices as well as the stringent emission norms[ 106].
The higher level Oxygen in biodiesel fuel is causing reduce HC, CO, & smoke
emissions but this induced to increase in NOx. The moderate turnover of engine
modifications, EGR and catalytic reduction techniques are not able to implement

completely[107].
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2.2.1 Working of DI & IDI CI engines:

Based on the mode of fuel injection into the combustion chamber, the
Compression ignition engines divided into Direct Injection (DI) and Indirect Injection
(IDI). In DI CI engines the fuel directly sprayed into the main combustion chamber in
atomizing form, these sprayed fuel droplets start to ignite once they attain autoignition
temperature. In IDI CI engine, the fuel first injected into the pre-combustion chamber
in atomizing manner and attained combustion, this combustion flame is entering into
the main combustion chamber through a small orifice with high velocity and hits on the

piston head.

Injector

. Pre—Cumbusﬁu:l; ; .
chamber %

| R Main 22

Combustion
chamber

Figure 2.1 Working DI and IDI Compression Ignition engine

Advantages of DI over IDI Diesel engines as follows:

1. The DI CI engines are yielding higher thermal efficiency due to greater fuel
efficiency.

2. Lower HC, CO and Soot formation by cause of improved atomization with
higher injection pressures

3. Less vibration and noise by cause of single combustion chamber

4. Greater performance at high altitudes because of lower Air density at higher
ambient temperatures and lower thrust

5. No cold starting issue by proper atomization
6. More economical than IDI Compression ignition engines[ 108].
2.2.2 Working of 2-stroke DI CI engine:

An Internal Combustion (IC) engine has to complete the entire conversion
process of input heat energy into output Shaft power by undergoing Suction,

Compression, Expansion/power, and Exhaust processes. In two-stroke engines, the
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ending of the power stroke and the starting of Compression stroke takes place
simultaneously, with Suction and Exhaust stroke function occurs at a time.

The one revolution of the crankshaft finishes within one up and down movement
of the piston in the cylinder. The two-stroke engines are having higher power density
than four-stroke engines because these can develop a power stroke in every crank

rotation[ 109—111].

- e

Compression Expansion Exhaust

First stroke Second stroke

Figure 2.2Working of 2-stroke DI CI engine
2.2.3 Working of 4-stroke DI CI engine:

A four-stroke engine has to complete the Suction, Compression, Power and
Exhaust strokes in every cycle. In each process piston has to move Top Dead Center
(TDC) to Bottom Dead Center (BDC) or BDC to TDC as a stroke, i.e., only one Power
stroke can attain in 2 revolutions of Crankshaft. In general, the working of CI Engines
starts with suction process. The suction of ambient air starts due to the pressure
difference, while the inlet valve in opened position as the piston moves from Top dead
center (TDC) to Bottom dead center (BDC).

In the Compression process, based on the compression ratio the Temperature and
pressure of Air in the cylinder start to rise while the piston moves from BDC to TDC.
Just before the end of the compression process, at fixed pressure through the injector,
the fuel spray enters into the combustion chamber. In Expansion process/Power stroke,
the piston starts to move from TDC to BDC due to the impact of pressure on piston
head (i.e., Indicated mean effective pressure) while both valves are in closed position.
The Exhaust process starts after the completion of the Expansion process. In this
process, the exhaust valve remains open to scavenge flue gases by piston exerted

force[112].
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Figure 2.3 Working of 4-stroke DI CI engine
23 Combustion process in compression ignition engines:

In CI engine, the Crank angle position from the start of Fuel injection to the end
of Expansion/Power stroke called a combustion process. The CI engine combustion
efficiency exclusively depends on fuel characteristics, engine geometry, and operating
parameters. Based on the importance and influence on engine characteristics, these
divided into Primary and Secondary factors.

Primary factors: The type of fuel (conventional, nonconventional), the mass of
Induced air (temperature, pressure), and mass of Fuel injected (Atomization,
penetration, and characteristics) are the essential primary factors.

Secondary factors: The most influencing secondary factors are Compression ratio,

Injection pressure, Geometry of the nozzle hole, and Valve configuration.
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Figure 2.4 Stages of combustion in DI CI engine
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The combustion in DI CI engine divided into three stages first one is Ignition
delay, the second premixed phase of combustion and third Diffusion combustion. This
Diffusion combustion again subdivided into Mixing controlled combustion and late
combustion.

Ignition delay (a-b): It is the time interval between the start of injection (SOI) of fuel
into the cylinder to the start of combustion (SOC). The ignition delay (ID) progressively
occurs in two stages one is Physical delay and second is the Chemical delay. The
Physical delay is the time to occur atomization, vaporization of fuel and proper mixing
of Air, fuel. The Chemical delay is the aspect of pre-combustion reactions. The Cetane
number is the most important property to predict the combustion efficiency in a Diesel

engine. The higher Cetane number fuels combust in lower ignition delay vice versa.

Premixed phase of Combustion (b-c): The duration of this combustion phase mainly
depends on the quantity of combustible air/fuel mixture formed in Ignition delay (ID)
phase. The higher quantity of combustible mixture formation in the ID phase influence
rapid combustion in the higher peak in the premixed phase. The Oxygenated fuels are

the main influencing fuels for NOx formation also to improve thermal efficiency.

Mixing or rate controlled Combustion (c-d): The combustion in this phase is a very
controlled manner and slow. The fuel whichever left to combust in premixed phase is
combusting in the diffusion phase of combustion (i.e., mixing or rate controlled
combustion and late combustion). In this phase, the locally available Oxygen will
reduce the Hydrocarbons (HC), Carbon monoxide (CO) and Particulate matter (PM)

emissions at engine tailpipe but this may not influence to improve thermal efficiency.

Late combustion (d-e): The unreacted fuel in earlier stages undergo combustion based
on the availability of Oxygen. The reduction of temperature, the pressure in this phase
is because of the degradation of chemical reactions by the unavailability of Oxygen.
The DI CI engine must complete the above stages in every cycle of operation. These
stages are the most deciding factors to increase/decrease engine characteristics. The
higher premixed phase peak improves BTE, but this also increases NOx [113].

24 Effect of operating parameters on engine characteristics:

The Compression ratio, injection pressure, and injection timing are the
extensively used engine operating parameters to improve Diesel engine characteristics.

The widely used methods to vary the Compression ratio in Diesel engines are 1 Moving
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cylinder head, 2 Changing axis of Crankshaft, 3 Changing the connecting rod geometry,
4 Moving piston crown relative to piston pin axis, 5 Dual pistons, 6 Gear based
mechanisms and 7 Tilting head mechanism[114]. The variation in a nozzle opening
pressure of Diesel fuel injector is attaining by adjusting the set screw of nozzle spring
or by placing or removing the shims under nozzle spring[115,116]. The advancement
or Retardation of fuel Injection timing is attaining by placing or removing the required
number of shims between the fuel pump and engine[117].

Nanthagopal et al.[118] has investigated the neat Pongamia (Karanja) methyl ester,
and its blends with Diesel on a single cylinder and water-cooled four-stroke DI CI
engine. He concluded that the neat Karanja biodiesel engine and its blends could run
the engine without any modifications. The increase in biodiesel blend ratio is reducing
Ignition delay but increasing SFC due to decreasing lower calorific value as the blend
increases. The increase in blend ratio increases the NOx emissions but, CO and HC
emissions are decreasing.

Goncea et al.[119] studied the effect of the bore to stroke ratio of the piston, CR,
equivalence ratio, a variation of percentage load, operating speed and mean piston
speed also modifications biodiesel blend percentage, friction coefficient on DI CI
engine. The author analyzed the engine through theoretical and experimental
investigations to know engine performance, energy losses. The CR, biodiesel blend
percentage was the positively affecting parameters on engine performance. The
efficiency decreases at constant stroke length but increasing at constant engine speed.
The energy losses are classified as friction, heat transfer, exhaust losses and also
incomplete combustion losses about compression ratio. At constant cycle temperature
ratio and equivalence ratio, and friction losses are constant though there is increase CR,
incomplete combustion losses are increasing. On the above conditions, the author
observed the increase in heat transfer losses and a decrease in exhaust losses.
Santhosh, and Padmanaban [120] investigated the effect of compression ratios (i.e.,
18, 19, 20, 21 and 22) on single cylinder water cooled 4stroke Eddy current
dynamometer loaded Direct injection diesel engine with neat Cottonseed methyl ester
and its Diesel blends. The better BTE, BSFC and lower Exhaust gas temperature (EGT)
found with the increase in compression ratio.

Chavan et al.[121] investigated the single cylinder DI CI engine by varying

compression ratio and load. The increase in load and compression ratio is increased the
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engine performance as well as decreasing the CO and HC emissions from the engine
tailpipe.

Datta, Mandal [122] performed a test on a single cylinder and water cooling four-
stroke direct injection 3.5 kW and eddy current dynamometer loaded DI CI engine by
using neat Palm biodiesel as fuel. He has observed that the Brake thermal efficiency
(BTE), peak cylinder pressure, 50% NOx, and 18% CO: increase as the increase in
Compression ratio but not a much more significant increase in Heat release rate (HRR)
than Diesel fuel.

Jindal et al.[123] investigated the single cylinder water cooled small sized direct
injection diesel engine having 3.5 kW with neat Pongamia methyl ester as fuel by
varying Injection pressure (IP) and Compression ratio (CR). He justified that the
improvement in Brake thermal efficiency (BTE) and reduction in Brake specific fuel
consumption (BSFC) by a combined increase of IP & CR. The optimal Compression
ratio (CR) and Injection pressure (IP) are 18 and 250 bar respectively.

Ganapathy et al. [117] investigated air cooled single cylinder 5.59kW power naturally
aspirated DI CI engine using Jatropha biodiesel by varying IT 340, 345 (base) and 350
Crank angle degree (CAD). The lower BSFC, CO, HC and Smoke and higher BTE,
ICP, HRR peaks but higher NOx at early IT from engine ratings. The 340 CAD
(retarded) IT influenced significantly @ torque 15 N-m, 1800 rpm to reduce
5.1%BSFC, 2.5% CO, 1.2% HC and 1.5% Smoke and to increase 5.3% BTE, 1.8%
Pmax, 26% HRRmax and 20% NOx emissions. The 340 CAD IT was optimal for better

engine characteristics.

Pandian et al. [124] achieved lower BSEC, CO, HC, and Smoke with higher BTE,
NOx at 225 bar IP, 2.5mm nozzle tip protrusion (NTP), and 30°BTDC IT. The lower
NOx and higher performance achieved at 225 bar IP, 21° bTDC IT and 2.5 mm nozzle

tip penetration with neat Pongamia biodiesel in RSM optimization approach.

Channapattana et al. [125] Investigated Single cylinder water cooled DI CI engine at
rated operating parameters by varying IP of 30 bar above and 30 bar below of rated
(210 bar) Injection pressure. The BSFC of neat Honne oil biodiesel at 240 bar IP, 18CR,
and 23° bTDC IT attributed to 0.042 Kg/kW-hr higher with reasonable lower emissions

than Diesel fuel. The increase in NOx emissions observed with increase in [P and blend.

21



2.5 Effect of Biodiesel composition on engine characteristics

As discussed in the section 1.4.1 the compositions of clean biodiesel fuels

influenced by the composition of parent oil. The Transesterification was a widely used

the method to remove Glycerol from parent 0il[126]. The oil selection was a significant

factor to produce biodiesel fuel and to fulfill demand in the market. In 1991 Australia

followed DIN51606 most popular German standard, later EN14214 standards for

European countries[127]. The biodiesel fuels are the great Diesel fuel alternative

because these are renewable, biodegradable and cost effective[ 128].

Table 2.1 Comparison of Algal biodiesel (FAME) compositions (wt. %) with other

% = = = S | v — ~ (3] 5 o
e FAME < S | ® | S| & % | ® % £ o
<) — — — Q| - - — — o) =4
Coconut 174 | 113 | 38]02| 02| 92 3| - a [46]
Palm 1381 41[04| 02]442| 11| 03| b
= | Peanut C 172 2709 - | 405|366 05| ¢ | [47]
S | Canola T a2 2107 - [e47] 186 83| a | [46]
Linseed - 52| 32| - - 145 | 153 | 619 - [48]
Sunflower - 49| 23| - - 326 | 594 | - e [46]
Jatropha 0.1 | 141] 76 02| 06441 [315] 03| f [49]
» Karanja - 138 61| - - | 653|116 | 32 - [50]
= | Castor S 1s| 13|01 - | 38| 53| 08| g | [51]
§ Neem - | 108 92| - | 01|182|613| 05| - [52]
= | Mahua 02208252 - - | 364 |158| 03| h [53]
Sea mango - 247 | 6.06 | - 08| 534|770 | - - [34]
. | Chicken fat 07209 56| - | 54]409]205] - i [46]
£ [Beef tallow 321238127 - | 47472 26 08 j [129]
}; = Lard 13235135 - | 26|417] 107 -1k [54]
& | Yellow grease 2422812002 38[450] 78] 08 1 [36]
a Waste cooking oil 1.5 273 49 | - -] 36.1 | 257 1.9 m [50]
_ g:;flfl‘;i“’““s - | 288 - | - | 38|480| 117] 78| - [55]
g- Chlorella vulgaris 23 61103 | - - 20.3 - 2.3 n [56]
S | | Namnochloropsis | .| oo | ool 6| g6 | sl - 0 [57]
= oculata
%n = grholf(fteﬁi vides | a7 2|19] - |es2|155| 69| p | [51]
Mixed culture 50267 | 58|24 89]235|140] 98| q | [56]
microalgae

(15:0=0.36,

I-Green algae, II-Diatom, III-Heterotrophic, NF-Not found
Other fatty acids: a-(6:0=0.3, 8:0=6.5, 10:0=6, 12:0=42.1), b-(12:0=0.3, 20:1=0.2, 22:0=0.1), ¢-(22:0=1.5),
d-(20:1=1.2, 22:1=0.3), e~(22:0=0.5), f-(12:0=0.1, 20:1=0.1, 22:0=0.1, 22:1=0.1, 24:0=0.5), g-(18:105=87.10,
20:1=0.4, 22:0=0.01, 22:1=0.01), h=1.3, i-(14:1=0.1), j-(14:1=1.3, 15:0=0.5, 17:0=1.1), k-(17:0=0.4), I-
17:0=1.0), m-(12:0=1.6),
18:3n6=18.6),0 - (20:4=2.5, 20:5=8.3, 22:6=2.2), p-(24:0=0.6).q-(12:0=1.3, 15:0=0.6, 17:0=2.0).

n-(14:1n9¢=0.6,

22

16:1n9¢=6.1,

16:1n9t=10.3,

18:1n9t=6.2,




The fatty acid composition is the most influencing factor on biodiesel properties,
engine characteristics. This composition determined by gas chromatography-flame
ionization detector (GC — FID), gas chromatography-mass spectrometry (GC-MS), and
also with high-performance liquid chromatography (HPLC)[130]. Biodiesel possesses
poor cold flow properties if this composed saturated fatty acid composition also high
viscous than unsaturated fatty acids because of their higher melting points.

Similarly, the highly unsaturated fatty acids are having higher Oxygen

composition and viscosity than saturated fatty acid biodiesel, and it may lead to lower
Oxidation stability. The above two effects may influence on fuel spray pattern and NOx
emissions from the engine tails pipe because of their higher viscosity and Oxygen
composition respectively[131].
Pinzi et al. [132] developed a statistical prediction and correlations by considering the
physical and chemical properties of biodiesel fuels to know the most impacting fatty
acid composition on NOx and Soot emissions from a Diesel engine. The depicted
conclusion from this study was, the higher carbon chain length of highly unsaturated
fatty acids contained biodiesel fuels are lead to increase NOx emissions as well as HC,
CO and Soot emissions from engine tailpipe.

The lower chain saturated fatty acids contained biodiesel fuels are preferable to
reduce NOx and Soot emissions from a Diesel engine, for example, Coconut biodiesel
is highly composed of Lauric acid which is having a carbon chain length 12. If any
biodiesel having highly Linolenic acid (i.e., C18:3 poly unsaturation) in it leads to
increase NOx emissions as well as poorer oxidation stability than saturated fatty acids
composed biodiesel fuels.

Gopinath et al. [133] conducted a series of tests on Single cylinder DI CI engine at
1500rpm to know the impact of biodiesel fuel unsaturation on its physicochemical
properties and engine characteristics. They concluded that the increase in level
biodiesel fuels unsaturation would lead to reducing Kinematic viscosity with higher
Density as well as with Calorific value, Cetane number and thermal efficiency than
saturated fatty acids. The high-level unsaturation may also increase NOx, in-cylinder
temperatures than saturated fatty acid biodiesel. however, they reduce HC, CO, and

Smoke emissions.
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2.6 Scope to use solid fuels in Diesel engines

From the past few decades, solid fuels are using to produce heat for daily human
needs such as cooking, boiling water, and power production in power plants. Based on
their origin the solid fuels are of various types such as Coal, coke, biological wastes
from agriculture, Industrial sources. As per the International energy agency (IEA)
statistics worldwide 41% of naturally available fossil coal is using to fire in furnaces
for steam generation in steam power plants for electricity generation.

To avoid GHG emissions from waste biomass sources while recovering heat
energy through their direct combustion. The scientists and researchers introduced and
developed many methods like Gasification, Pyrolysis, anaerobic digestion, and
fermentation. The Pyrolysis is the thermochemical process to produce gas, solid fuels
(Biochar) by decomposing of biological solid wastes in the absence of Oxygen. The
Anaerobic digestion is the process to produce liquid and gaseous fuels from waste
biomass materials in the absence of Oxygen.

The Gasification is the process to produce gaseous fuel from organic waste
biomass. It is not in use due to the emission of ash particles into the environment. The
processes mentioned above are widely using to produce Solid, liquid and gaseous fuels
for various heat generation applications but the liquid and gaseous fuels are only using
in IC engine applications in various approaches. The researchers are trying to convert
and utilize bio-char, conventional coal, and coke into water or liquid fuel based slurries

in Diesel engines by slight fuel injection system modification [134].
2.6.1 Coal & Charcoal based fuels for Diesel engine operation

Urban et al. in 1988 [135] investigated an EMD-567B engine at rated operating
parameters with Coal water slurry (CWS) fuel and observed slight diameter
enlargement in fuel injector nozzle hole. The NOx emissions observed not more than
half of type 2 Diesel fuel, but smoke emissions are higher with CWS fuel. The above
result obtained by without considering optimized parameters to run the engine with
CWS fuel. The optimization required in the area of injection, which must include fuel
atomization, structure, the start of injection, and its duration between main and pilot
injections.

The CWS attains higher ignition delay due to the slow rate of combustion by
cause of lower Cetane number and higher droplet size. To improve the rate of

combustion in the engine, it requires higher combustion chamber temperature before
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injection of fuel. The literature on combustion bomb experiments revealed that it
requires 727°C pre-combustion temperature for higher combustion efficiency with
CWS fuel on EMD-567B engine.

There are two conventional ways to increase the pre-combustion temperature

one is by heating intake air and another by increasing the compression ratio. The other
less conventional methods for increasing pre-combustion temperature is by insulating
the combustion chamber and by optimizing in-cylinder air motion. By doing all the
above modifications engine can run with commercially acceptable coal slurry as
potential fuel for commercial utilization.
Ryan [136] have investigated the modified Ricardo swirl chamber diesel engine with
Water, Diesel and Methanol as carrier fluids to prepare 50 wt.% Based on Coal powder
slurries. To run the Diesel engine with the fuels mentioned above samples author has
modified the jerk pump fuel system. The primary motive of this work is to attain
possible performance improvement by coal/water based slurry than regular Diesel fuel.
This specially designed engine to run with Coal/Water based slurry by increasing inline
air temperature and glow plug arrangement to attain autoignition temperature.

The Coal/Diesel slurry fuels require higher temperatures to combust because of
poorer coal combustion in the pre-combustion phase caused to decrease pre-combustion
peak. The Coal/Water and Coal/Diesel fuels slurries are having slower combustion rate
if pilot injection used with Diesel fuel. At 38°C inline air temperature and glow plug
arrangement with the Coal water slurry attained thermal efficiency almost equal to
regular Diesel fuel. Additionally, the adiabatic combustion approach can generate even
more heat energy but need to compromise for extra fuel consumption.

Yuchi et al. [137] studied the 16 types of Chinese coals characteristics to know the
effect on coal water slurry properties. The author concluded that the grindability index
and slurry ability increases as the Carbon content increases in the coal. He also
correlated that ash content, dissolvable ions, shown a better effect on coal water stability
but inertinite (highly oxygenated) has a negative impact.

Zhangqiang et al. [138] investigated an 8kW, 1500 rpm gen set engine with an
electronic control unit. This engine fuelled with Coal based Diesel and Water slurries.
The test results revealed that the electronically controlled unit require a control strategy
to limit the generating unit frequency, speed, and output voltage. As per author advise
this generating unit capable of acting as a mobile power plant because it can be usable

in small capacity electricity production purposes eg., mining, rural and forest areas,
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town side, small hotels and restaurants. The Coal based Diesel or Water slurries fuelled
Genset engine could be capable of producing general performance, at a rated output

voltage, and frequency, and should accomplish the durable, reliable operation.

Patton et al. [139] reported that the Coal based slurries are causing to higher abrasion
problems than Charcoal based water slurries that to Charcoal is naturally cleaner and
environmentally friendly. The running of Diesel engines with the Charcoal-water
slurries is the practically suitable idea because Charcoal water slurries are cheaper and

can consume >75% than diesel fuel.

Soloiu et al. [140] described the fuel preparation and characterization of charcoal water
slurry as fuel for Yanmar NF-19, single cylinder, air-cooled, direct injection, 1200rpm
speed, 7.8 bmep, and the G)-type combustion chamber diesel engine. This study aims
to determine the essential performance, emission characteristics, and durability issues
by using Charcoal water slurries as fuel. The lower heating value of slurry fueled to
4.8% higher brake specific fuel consumption than Diesel fuel but the presence of fuel-
borne Oxygen in Charcoal slurry the lower smoke Bosch number observed.

The 30% higher NOx emissions than Diesel fuel has observed with Charcoal
slurry but the lower NOx emissions observed with retarded injection timing. The
Injector choking, needle sticking observed at every load per hour operation of an
engine. The reason for the decrease in efficiency with the increase in load was by cause
of the mitigation of particles at the needle upper part to valve stem clearance and at the
needle seat and sac.

The design of injector is required to deal with higher size particles, but these are
offering cooling effect at the injector’s needle and stable efficiency at 50% load for
90min operation without injector sticking. Further investigations are required to
understand the wear effect by Charcoal, water slurry fuel as fuel for Diesel engine
operation.

Qiang and Lan-zhu [141] was carried investigations on the single cylinder, air-cooled,
at 1200rpm Diesel engine by Coal water slurry blends with variously advanced
injection timings. This study revealed that a 20% decrease in brake-specific fuel
consumption and thermal efficiency increased with the increase in fuel injection timing
from 171CA to 181CA. The combustion duration was found shortest at 181CA fuel

injection advancement.
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The advancement of fuel injection timing shown a more significant effect on
engine emissions reduction. The exhaust smoke decreased, but Unburned
Hydrocarbons increased. The NOxdecreasedat lowered loads and increased at higher
loads, but the Carbon monoxide emissions increased at lower loads and decreased at

full load.
2.6.2 Carbon black based fuels for Diesel engine operation

Wamankar and Murugan [ 142] carried out investigations on single cylinder DI diesel
engine without any significant modifications by using carbon black—water—diesel blend
as fuel for combustion and emissions analysis. At full load operation the in-cylinder
pressure, heat release rate for all the fuel samples reported 3.9—4.4% and 2.5-3% lower
respectively. Here NOx emissions 16—42% lower for all blends than Diesel. This effect
was due to poor air, fuel mixture formation and the less calorific value of the blended
fuel than Diesel.

Wamankar and Murugan [143] performed test runs for engine characteristics
(combustion, performance, and emission) analysis by using Carbon blank based Diesel
fuel in an unmodified 4.4 kW power rated, four strokes, single cylinder, DI CI engine
at 1500rpm. The reported in-cylinder pressures, heat release rate for Carbodiesels are
1.5-9.7% and 1.4-5.3% respectively than Diesel fuel at full load operation.

The longer ignition delay for Carbodiesels was due to lower Cetane number and
higher density than that of Diesel fuel. The higher Density and Viscosity of
Carbodiesels caused by improper atomization and air-fuel mixing in the combustion
chamber. At full load operation, 3.7 — 9.4% lower brake thermal efficiency of
Carbodiesels is due to less calorific value than Diesel fuel. Based on this analysis the
author suggested that the engine can run with Carbodiesels without any significant
engine modifications.

Wamankar and Murugan [144] experimented with the same engine fueled with the
CBWDI10 blend fuel with minor engine modification. Author’s earlier investigation
revealed that CBWDI10 was the optimum blend based on better performance and
emissions at full load. The author investigated the effect of IT, IP on the combustion
process, performance and exhaust emissions in a diesel engine. The author achieved
HRRmax of 57.7 J/CA with the CBWDI10 blend at 220bar with 26°bTDC, which was
higher about 5.38% than Diesel at full load. The 4% of higher BTE noticed by blend
operation at 26° bTDC IT, 220 bar IP because of fine droplet size due to improvement
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in atomization. The obtained results are signifying that the CBWD10 blend exhibited
16— 42% lower NOx emissions at all IT and IP than Diesel.

2.6.3 Solid fuel from other sources to apply on Diesel engine

Piriou et al. [145] review include the possibilities to run reciprocating engines with
solid biomass-based Diesel/biodiesel fuels. The usage of coal powder in a dry/slurry
form created wear, ignition control and fuel handling problems. The earlier studies
performed in this approach revealed that the usage of finely grounded biomass particles
to run Diesel engines is an unusual approach than Coal.

The combustion of biomass particles in a Diesel engine can take place quicker

with less wear than coal dust or its slurries. The supply and metering of coal-based fuels
into the engine combustion chamber is the primary bottleneck especially in powder
form, but it can overcome by using computerized controlled injection system. The
usage of finely grounded solid biomass contained fuels in diesel engines is a potential
approach, but it requires advancements in pulverization techniques to grind the coal
dust into tiny size for Diesel/biodiesel slurries preparation.
Purushothaman and Nagarajan [146] Investigated the effect of injection pressure on
the combustion and exhaust emission characteristics of the single cylinder, air-cooled,
DI CI engine which can produce 4.4 kW power at 1500 rpm with Orange skin powder
based Diesel Solution (OSPDS). Author’s earlier investigation on mentioned
unmodified engine revealed that the 30% ofOSPDS was optimum for optimal
performance, emission characteristics at full load operation. In this study, the engine
(combustion, performance, and emissions) characteristics were studied and compared
with Diesel fuel by varying the injection pressures 215bar, 235bar, and 255bar with
30% OSPDS.

After drawing all the results from logged data on the mentioned engine
operating conditions, the author reported that the higher in-cylinder pressure obtained
at 235barfuel injection pressure than diesel fuel. However the highest ignition delay
and 1.1% higher brake thermal efficiency found at 235 bar injection pressure (IP)with
30% OSPDS, but it is lower than Diesel fuel. The 26% higher NOx emissions, 66%
lower Hydrocarbon emissions and 39% lower Carbon monoxide (CO) emissions found
with 30% OSPDS at 235bar IP than Diesel fuel at engine full load operation. The author
concluded that 235bar IP was optimal for better combustion, performance and emission

characteristics than other injection pressures.
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Rohith and Vinay [147] performed test runs on single cylinder DI CI engine which
can produce 3.7kW power at 1500rpm with 20% & 30% Orange peel powder based
Diesel fuel blends for performance and emission characteristics analysis. The CO2
emissions were 13.3% lower at 20% load and 16.1% lower at 80% load for both 20%
and 30% OPPDS than that of diesel. The 53.3% lower HC and 16.7% lower CO
emissions found with 30% OPPDS than Diesel fuel, but lower NOx emissions found at

all loads of engine operation.

Vigneshwaran and Suresh [148] performed the test on an unmodified four stroke,
single cylinder DI CI engine using the 45microns sized pulverized Coconut shell
powder based Diesel fuel blends up to 30% weight basis with each 5% blend (i.e., 10,
15, 20, 25%). The blends preparation was limited to 25% because the viscosity of
blends was increasing with increasing the blend ratio. It is possible to apply higher
blends by preheating the slurry fuel or by preparing a chemically stable blend and also
by bypassing the fuel from the fuel filter.

The author reported lower BSFC and higher BTE with all blends than Diesel
fuel. The author also concluded that the running of the unmodified diesel engine by
using lower blends of Coconut shell powder based diesel fuel is a potential approach.
Further studies with advanced techniques are required to overcome the injector hole

erosion problems with the higher blends of Coconut shell power based Diesel fuels.

Vinukumar et al. [149]performed test runs by using Diesel as the base fuel for
comparison, B20 blend of Pongamia pinnata methyl ester and Coconut shell particles
(CSP) based blend of 20%BD+80%DF+CSP fuel on an unmodified four-stroke single
cylinder DI CI engine can produce 3.5kW power at 1500rpm. The particle size of
Coconut shell power reduced to 20nm by running Sh at 300rpm ofFritcsh planetary
mono mill machine.

The 18.56% reduction of NOx emissions than Diesel fuel has observed with the
20%BD+80%DF+CSP fuel sample at full load operation. At the all loads engine
operation the reduction in CO, CO2 emissions and the improvement in BTE and BSFC
were observed with 20%BD+80%DF+CSP fuel sample than Diesel fuel. Author
justified that the engine can run with 20%BD+80%DF+CSP fuel sample without any
modifications.

Scragg et al. [99] carried out investigations on four stroke, single cylinder DI CI engine

by using Diesel, Rapeseed methyl ester (B100) and 5 — 10 um sized unicellular
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Chlorella Vulgaris algal particles contained Rapeseed methyl ester slurry. The lower
NOx and higher CO emissions and higher brake thermal efficiency observed with 20%

algal particles contained Rapeseed methyl ester slurry than Diesel fuel.

Xu et al. [150] used Chlorella sorokiniana species microalgae contained diesel fuel to
apply on ® shaped piston bowl type single cylinder, water cooling DI CI engine for
analysis. The 0.44g of Span80, 0.30g of CTAB, 0.49g of Butanol, and 0.45g of Water
(i.e., 1.68g) are used to prepare stable blend which is at 6.6% wt/wt basis. All of the
wet Chlorella sorokiniana species based Diesel slurry blends emitted lower NOx (ppm)
and Particulate matter (%)and higher Carbon monoxide (%) emissions observed than
Diesel fuel.

2.7 Formation of NOx and its reduction methods

The NOx formation is taking place mainly in three ways, 1st Thermal NOx, 2nd
Fuel NOx, and 3rd Prompt NOx. Among all, thermal NOx is the most contributing
phenomena from Diesel engines. Thermal NOx formation is due to the highest
temperature in the engine cylinder when Nitrogen and Oxygen combine [151]. The In
cylinder and after treatment techniques are the widely used methods to reduce NOx
emissions.

The water/steam injection into the induction line, water emulsion with fuel, fuel
modification by adding antioxidant additive and Exhaust gas recirculation (E.G.R.) are
widely using in cylinder NOx treatment methods[152] and coming to after treatment
techniques Selective Catalytic Reduction (SCR), Selective Non-Catalytic Reduction
(SNCR), Solid Selective Catalytic Reduction (SSCR) and Lean NOx Trap (LNT) are
the widely used techniques. Among all Urea SCR was extensively using proven
methods for NOx reduction[153].

By using Ammonia (NH3) in Urea SCR, 96-99% conversion efficiency can be
achievable at temperature range 200°C to 400°C. The conversion efficiency of SNCR
is 50% only because its effectiveness depends on NH3/NOx ratio. The LNT technique
was the costlier technique than others because of these catalysts based on ceramic
substrates and layered porous plug and more expensive precious metals (eg., Platinum,
Palladium and Rhodium)[154].

Among all the above techniques the after treatment techniques are required with
somewhat engine modifications. The user must carefully deal with precious, costlier

and hazardous catalytic materials. The fuel modification technique (antioxidant) it
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seems to be cheaper, the easiest method to reduce NOx from the engine. This auto-
oxidation reaction undergoes by three stages first initiation, second Propagation and

third terminations (i.e., RH +I*— R* + IH).

In the initiation process, the radicals (I*) reacts with FAME substrate (RH) and
Hydrogen is attracted a fatty acid carbon molecule to form (R*) carbon less radical. The
formation of initiation radicals undergoes different mechanisms (ROOH — RO* +
OH*) at elevated temperature hydroperoxides (ROOH) retain as an impurity. In storage
conditions, metals (M) present in the fuels is acts as contamination, and these initiates
fatty acid esters decomposition as a catalytic reaction (ROO+My+ — RO*+OH*+M3).

There is a chance to under photo-oxidation when fuels directly exposed to light [155].

In general antioxidant additives are three types 1. Phenolic, 2. Amines and 3.
Thiophenols. The phenolic antioxidant additives are similar to natural polyphenolic
additives. The easy availability, cost, and performance point of view, phenolic additives
are mostly using for diesel engine operation with oxygenated fuels. The widely used
phenolic antioxidant additives are butylated hydroxytoluene (BHT), butylated
hydroxyanisole (BHA), and tertiary-butylhydroquinone (TBHQ) with biodiesel and

their blends application.

By adding phenolic based additives (BHA, BHT) in biodiesel fuels are improved
engine performance, NOx emissions but increased CO, HC and Smoke emissions
[156,157]. The natural polyphenolic antioxidant additives are widely present in some
plant materials, and these are acting as natural antioxidants to improve the Oxidation
stability (eg., polyphenols, tocopherols, chlorophylls, tocotrienols, ascorbates,

carotenoids and lignin).

These natural antioxidants in vegetable oils are destroyed in the transesterification
or at the time of the biodiesel refining process[158,159]. The aromatic amines
antioxidant is very much appropriate to apply in Biodiesel fuels than phenolic and
polyphenolic additives due to its better resistance to heat, corrosion, oxidation stability

and inbuilt ‘N’ molecule reducing NOx emissions[160,161].
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Figure 2.5 Variation of NOx with flame temperature and excess Ox.

At starting, the fuel jet penetrates from the tip of the nozzle to the combustion
chamber. The compressed high temperature, pressure Air in the combustion chamber
can enter into the fuel spray and tries to evaporate up to some length is known as the
liquid length. This fuel and air mixture seeks to prepare rich fuel level in the Ignition
delay period and starts to combust rapidly in the premixed phase of combustion.

The products of combustion from the rich premixed phase try to diffuse radially
towards the flame surface and coming to contact with the cylinder gases. Once the
stoichiometric mixture formed along the above region, the diffusion flame formed. This
flame tries to extend up to the tip of the nozzle, i.e., towards the upstream of the fuel
jet.

The distance from the start of diffusion to the tip of the nozzle is the lift of length.
The available Oxygen, Nitrogen in fuel, at the highest temperatures caused to NOx
formation(John dec, 1997). As shown in Figure 2.5 the improvement in combustion
leads to above 1538°C in cylinder temperature and below 5% exhaust Oxygen. The
improper combustion leads more than 5% of exhaust Oxygen and below 1538°C in
cylinder temperature [162].

2.8 Observations from the Literature

The cultivation of microalgae is the greater solution to capture CO> from the
environment and wastewater treatment. However, the cultivation of particular species
of microalgae and its application on diesel engines is the cost involving aspect.

The direct usage of Algae biomass as a solid fuel in diesel engines is the potential

approach to avoid difficulties in Oil extraction and biodiesel production. In particular,
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the mixed culture microalgae are the more significant source to naturally available
antioxidants than vegetable oil feedstocks.

This can use to reduce the NOx emission than other costlier and harmful
antioxidants. Even the high viscous Algal oil or clean biodiesel fuels application on the
diesel engine is increasing BSFC, PM and CO; emissions. As per Indian geographical,
environmental conditions, the Coconut, Karanja oils are the quickly growing and higher
oil yielding feedstocks.

According to Ashraful et al. [163] the Karanja was the best Nitrogen fixing tree.
The favorable properties of Karanja biodiesel are much appropriate to apply for Diesel
engines. The increase in Kinematic viscosity with Algal biomass blend ratio in
Water/Diesel/Biodiesel influencing to increase BSFC, PM, CO, and HC, etc. through
the reduction in NOx emissions. The smaller droplet size with the increase in IP helps
to improve BTE, BSFC.

2.9 Objectives and scope of present research work

1. To synthesize the Biodiesel fuels from Coconut and Karanja oils.

2. To collect the mixed culture microalgae (MCM) biomass for the preparation of
the required quantity and size of particles.

To prepare the MCM particles based Coconut, Karanja biodiesel fuels.

To determine the physicochemical properties of prepared fuel samples.

To investigate the engine characteristics by using all prepared fuel samples.

A

To study the influence of additives in improving the performance of Coconut
and Karanja biodiesel fuels.

7. To reduce NOXx, Particulate matter emissions from the diesel engine
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CHAPTER 3

Fuels production, blends preparation and
characterization

3.1 General

In the present work, the biodiesel fuels produced from two different oils such as
Coconut and Karanja. These oils are higher oil yielding feedstocks from edible and
inedible sources. The Coconut oil is highly composed of saturated fatty acid in
particular Lauric acid > 70%, and the Karanja oil has higher unsaturated fatty acids
mainly Oleic acid > 70%. By applying Transesterification process, the neat biodiesel
fuels produced from selected oils. The Diesel, neat CB, KB considered as base fuels in
this study. The coarse size dried MCM particles grounded in the planetary ball-milling
machine to allow < 0.28mm size nozzle hole. The wet grounded fine MCM particles
blended in CB, KB biodiesel fuels separately.

The MCM particles contained biodiesel blends 1g, 2g and 3g per (i.e., 0.1, 0.2,
0.3 w/v ratio) liter are prepared with each neat biodiesel separately. The Triton-X100
used as a surfactant to prepare stable MCM particles merged Coconut and Karanja
biodiesel fuels separately. The baseline fuels, their microalgae particle blends
physicochemical properties determined in the Mechanical engineering fuels laboratory
at NIT Warangal. This chapter emphasized the procedure to synthesize biodiesel fuels,
preparation of microalgae particles, their blends preparation, and determination of
physicochemical properties of prepared fuel samples.

3.2 Materials for Biodiesel fuel production

The oil yielding capacity of various oils from different sources and the selected
(Coconut & Karanja) oils fatty acid composition and their biodiesel fuels properties
presented in Table 1.1, Table-1.2, and Table-1.4. The chemicals Methanol, Sulfuric acid
(H2SO4), Sodium hydroxide (NaOH), Phenolphthalein indicator (C20Hi14O4), 0.IN
NaOH/KOH solution, Isopropyl alcohol (C3HgO) and distilled water for biodiesel water
washing. The glassware 250ml conical flasks, two 500ml flat bottom flasks with
condensers, submersible pump to circulate water into the condenser, and three 21ts and

one 1lt capacity separating funnels. The thermometers for temperature measurement,
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Magnetic beads, and Hotplate magnetic stirrer and 3liter capacity three-necked

biodiesel reactors with condensers.

Esterification

Il

Heating (70°C)
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~
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Figure 3.1Flow diagram for two-step Transesterification process

Before undergoing the titration process, the filtration, preheating methods are the

necessary steps to remove solid particles and moisture from oil.

The titration was the process to determine the free fatty acid (FFA) value of any

oil/fat, to know the required quantity of base catalyst and to decide suitable

biodiesel conversion (Transesterification) process.
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6  To convert biodiesel from any oil/fat the determination of FFA value necessary to
opt biodiesel conversion process. If oil/fat has >1% FFA the two-step (i.e., Acid,
base) Transesterification process or if <1% the single step (base) Transesterification
process has to opt for biodiesel conversion from any oil/fat.

7  In the present work, the easy availability and low cost of Methanol and NaOH used

as Alcohol and catalyst for the production of Coconut and Karanja biodiesel fuels.
3.3 The titration test procedure

1. Firstly, weight the 10g of oil/fat in an Erlenmeyer flask to pour 20ml of 95%
Methanol and apply phenolphthalein 0.5 ml/It and mix until Oil and Methanol
dissolve correctly.

2. Start the titration by dropping NaOH 0.1 N solution until the color changes in

pink, and it has to retain at least 30sec.

Figure 3.2Titration setup

3. Apply all the obtained values in the below equation to get FFA in percentage.

(MwW,.x10)
MW,

Acid value (AV) = ( jx% FFA

% FFA = ((NXMWBCXVXIOO)j

(1000 x Oil, )

Where: V = Volume of NaOH/KOH solution consumed in ml.
N = Normality of NaOH/KOH solution (eg. 0.1 Normality).
MWEea= Molecular weight of highest Fatty acid (eg. Oleic acid =282.47,
Lauric acid = 200.32 g/mol).
MW3gc =Molecular weight of Base catalyst (eg. NaOH = 39.997, KOH
= 56.1g/mol)
Oilw:. = Weight of Oil/Fat in grams.

36



The highest mass percentage occupied fatty acid molar mass in an Oil/Fat
should be taken as MWFrato determine accurate results of the Free fatty acid percentage

(FFA%)[164].

Table 3.1 Determined Acid values and FFA percentage of Coconut, Karanja oils

COCONUT | KARANJA
TERM OIL OIL

A% 11 29
N 0.1

MWFEa 200.32 282.47
MWBC 40
Oilw 10

AV 0.88 1.643

% FFA 0.44 1.16

To produce biodiesel, based on the obtained oil FFA percentage the single step
Base Transesterification process applied for Coconut oil and Acid, base (Two-step)

Transesterification process for Karanja oil.
3.3.1 Base Transesterification process for Coconut Biodiesel production

Preheating: Thel-liter volume of filtered, preheated Coconut oil has0.44% free fatty

acid poured in a three-necked glass reactor by using a funnel.

Meth-oxide preparation: The 7g of NaOH pellets added to 160ml of Methanol in a

250ml of conical flask, stirred on a magnetic stirrer until it thoroughly dissolves.

Figure 3.3 Methoxide preparation

Meth-oxide addition in Oil: The prepared meth-oxide slowly added in one liter of
Coconut oil after attaining temperature 65°C.
Reaction: The reaction between Meth-oxide and oil continued 1hour by maintaining

speed 800rpm and temperature 65°C.
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Figure 3.4Reactor for biodiesel conversion

Settling: The reacted sample poured in 2-liter capacity separating funnel and left it for

12hr for settling. The biodiesel floats in the upper layer and glycerin in the bottom layer.

T‘/;,_‘

Figure 3.5 Settledbiodiesel sample in a separating funnel

Glycerin removal: In a beaker, the bottom settled glycerin removed from separating
funnel to carry out water washing in the next step.
Water washing: The above 65°C temperature hot distilled water poured in the crude

biodiesel sample to remove excess alcohol, NaOH and Glycerin.

Figure 3.6 Unprocessed and processed CB in beakers
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Acid treatment: The water washed biodiesel neutralized by titration process with 0.1N
aqua based Phosphoric acid.
Moisture removal: The Phosphoric acid treated biodiesel sample heated at 100°C for

removing distilled water droplets.

-

Figure 3.7 Moisture removed water washed biodiesel

Filtration: The Gradel Whatman filter paper used to remove solid particles from

moisture removed biodiesel.
3.3.2 Acid, base Transesterification process for Karanja Biodiesel production

The biodiesel produced from >1% FFA Karanja oil by applying Base
Transesterification followed by Acid treatment (i.e., Esterification).

3.3.2.1 Acid treatment for Karanja fatty esters production:

The < 1.16 percentage FFA contained filtered and preheated Karanja oil taken
in a three-necked glass reactor and mixed with 25% methanol on an oil volume basis.
The Methanol mixed Karanja oil sample mixed thoroughly in the reactor by
maintaining speed 900rpm, and temperature < 70°C.

The 3 to 4ml of Sulfuric acid (H2SO4) added in methanol mixed Karanja oil

at65°Ctemperature and stirred the sample 3 hours by maintaining speed940rpm.

Figure 3.8 Esterification of Karanja oil in a reactor
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The acid treated sample (Oil+methanol+H>SO4) taken into separating funnel and
allowed 12hr for settling. As shown in Figure 3.9 the fatty esters are settled in the

bottom layer and excess methanol, H>SO4 & moisture in the upper layer.

Figure 3.9 Settled Karanja esters in a separating funnel

The settled fatty esters collected in a beaker and taken 10g of ester sample to
determined FFA percentage by titration process. The single step base
Transesterification can apply if the collected ester sample FFA% 1s < 1% if not repeat
the esterification process until to get fatty esters FFA% <I.

3.3.2.2 Base Transesterification for Karanja Biodiesel conversion

The moisture was removed, and FFA reduced to <1% by applying (Esterification)

acid treatment process to apply base Transesterification process on Karanja oil.

Methoxide preparation: The 8.5 grams of NaOH pellets added to 160ml of Methanol

in a 250ml of the conical flask and stirred on a magnetic stirrer to dissolve in methanol.

Methoxide addition in QOil: After attaining oil temperature 65°C the prepared

methoxide slowly added in Karanja oil ester.
Reaction: This continued 1hr by maintaining speed800rpm and temperature 65°C.

Settling: The reacted sample collected in the separating funnel and it allowed 12hr to

settle down glycerol in the bottom layer and biodiesel in the upper layer.

Glycerin removal: The bottom settled glycerol removed to apply water washing on

biodiesel in separating funnel.
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Water washing: The water washing is necessary to remove excess alcohol, NaOH and
glycerin from crude biodiesel sample. The distilled water heated < 65°C to wash the
crude biodiesel sample in separating funnel. The larger volume of distilled water is

required to remove glycerol from high FFA contained oil based biodiesel.

Acid treatment: The acid (Phosphoric acid) treatment is necessary to step to neutralize

the biodiesel and to remove excess NaOH and methanol.

Moisture removal: the acid treated biodiesel collected in a beaker, kept on hotplate

magnetic stirrer and heated above 100°C for moisture removal.

Filtration: This filtration is to avoid choking of tiny particles in the injector nozzle hole
(0.28mm diameter). The Whatman Gradel filter paper used to remove tiny particles

from CB & KB biodiesel.

Table 3.2 Optimal parametric values to produce KB & CB fuels

Parameter Karanja (rra 1.16) Coconut (rra 0.44)
Esterification | Transesterification | Transesterification
Methanol (ml) 250 160 150
H_SO_ (ml) 4 ] _
NaOH (wt. % of oil) - 0.75 0.75
Stirring speed (rpm) 950 800 800
Temperature (°C) 75 65 65
Time (hr) 3 1 1
Yield 96.5 98.4

3.4 MCM particles preparation procedure

The water washing was done in a separating funnel to remove contaminants

from harvested MCM biomass and collect in a beaker as shown in the below figure.

Figure 3.10 Harvested mixed culture Microalgae biomass
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The harvested biomass dried under direct sunlight for moisture removal and to
reduce the input energy expenses in the drying process. To convert coarse size MCM

biomass particles initially the dry MCM biomass grounded in a domestic mixer grinder.

Figure 3.11 Coarse size MCM particles

The five grams of coarse-sized particles mixed with 50ml of methanol for the
grinding process. This mixture was taken into a jar of the planetary ball milling machine
to reduce the coarse size particles into fine particles (i.e., <0.28mm). These MCM
particles (AP) emulsified with neat Coconut, Karanja biodiesel fuels in 1g, 2g and 3g

per liter as blends.

T g e =y
- Harvesting

Dried algae

= . -biomass

ED s 5grams AP in

£ g 50 ml of MeOH

= Domestic

§ E mixer grinder

= g

8

= Fine algal
particles

e T )
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oW Ll v, Planetary ball milling
machine

Figure 3.12 Stepwise procedure for MCM particles preparation
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3.5 Preparation of MCM particles mixed CB, KB fuels blends

The fine wet grounded 1g, 2g & 3g of MCM particles emulsified separately in the
1-liter volume of CB & KB fuels. These mixtures blended in mechanical emulsifier,

which is available in NIT Warangal fuels laboratory.

' ) |
CB+2gAP | CB+3gAP
Diesel

e .Tm‘_ o

—

v | : )
KB+1gAP KB+2gAP | KB+3gAP
)

[

Py A

Figure 3.15 MCM particles blended CB, KB fuel blends
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3.6 Preparation of Lauric acid mixed Karanja biodiesel blends

The literature reviews revealed that the neat Coconut biodiesel composed with
the highest percentage of saturated fatty acid that is Lauric acid. This is semisolid at
room temperature, due to its higher melting point. In the present work, the author used
Lauric acid based Karanja biodiesel, to confirm the significant reason for the reduction
of NOx emissions and improvement in performance of microalgae-based Coconut
biodiesel on a Diesel engine. Table 3.3 describes the physicochemical properties of the

pure form of Lauric acid.

Table 3.3 Physicochemical properties of the pure form of Lauric acid

Property (unit) Value Ref
Density (kg/m?*) 868
Viscosity (mPa.sec @ 50 °C) 7.3
Flashpoint (°C) 112.8
Boiling point (°C) 225
[165]
Melting point (°C) 43.9
Molecular weight (g/mol) 200.3
Vapour Pressure (@ 760 mm Hg) ST1°F (299°C)
Colour White crystal

Figure 3.16 Lauric acid (LA) and LA blends preparation setup
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The above shown Lauric acid white crystals are emulsified 10g, 20g & 30g per
liter of neat Karanja biodiesel fuel while heating above 55°C temperature at stirring
speed 2000rpm under mechanical stirrer. The above three blends prepared in the
mechanical blender (Figure 3.13) which is used to blend MCM particles with Coconut
and Karanja biodiesel fuels. These emulsified fuel samples experimentally investigated
on single cylinder four strokes DI CI engine characteristics analysis by varying
percentage full load, and IPs 190, 210, and 230 bar. The photographic view of Lauric
acid blended samples presented in Figure 3.17.

' Y

KB+10g LA KB+20g LA § KB+30gLA

Figure 3.17 Lauric acid blended KB fuel blends
3.7 Characterization of all prepared fuels samples

The characterization of above all produced fuel samples, i.e., some essential
physicochemical properties determined in fuels laboratory, Mechanical engineering
department, of the National Institute of technology Warangal. The Hydrometer used to
determine the Density of all the fuel mentioned above samples at 30°C. The Kinematic
viscosity of all produced fuel samples was determined on Redwood viscometer-1.

The Calorific value determined by using SPAN automated Bomb calorimeter.
The flash and fire points of all fuels determined by using Pensky martin’s apparatus in
closed cup mode. The elemental composition (i.e., CHO) of prepared MCM particles
are getting tested in Sophisticated Test & Instrumentation Centre Cochin University of
Science and Technology which is accredited by NABL laboratories. The previously

mentioned physicochemical properties of all fuel samples presented in the Table-3.4.
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Table 3.4 Physicochemical properties of all prepared fuel samples

Density | Calorific | Kinematic . . .
Fuel type @30°C value viscosity Flaslol Point FlreoPomt

3 KI/k 2 O O

(kg/m°) ( 2) | (mm?¥sec)
Diesel 832 43712 2.82 53 57
CB 871 38250 3.24 143 149
CB+1g AP 872 38067 3.85 146 152
CB+2g AP 873 37926 4.23 149 154
CB+3g AP 874 37740 4.87 152 159
KB 881 38821 4.78 162 167
KB+ 1g AP 882 38537 5.23 164 169
KB+ 2g AP 883 38392 5.73 167 173
KB+ 3g AP 884 38162 6.34 171 176
KB+10g LA 883 38534 4.92 154 157
KB+20g LA 884 38363 5.15 152 156
KB+30g LA 885 38095 5.37 149 153
Carbon | Hydrogen Oxygen Formula | References
M.CM 76.12 11.31 12.57 - -
particles

Lauric acid 71.95 12.08 15.97 C,H,,0, [166]
— [167]
CB 73.68 12.28 14.04 - [168]

In the present work Diesel, Coconut biodiesel (CB or CB) and Karanja biodiesel
(KB or KB) used as base fuels to analyze the DI CI engine characteristics. Among all
base fuels, the Diesel fuel has the lowest Density, Kinematic viscosity, and highest
Calorific value. Among all base fuels samples, the clean Coconut biodiesel fuel has the
highest Oxygen after Lauric acid, Hydrogen, and lowest Carbon composition. The 3g
of Algal particles based Karanja biodiesel has the highest Kinematic viscosity, flash

and fire points than all other fuel samples.
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CHAPTER 4

Experimental setup and Methodology

4.1 General

To conclude the research works in an experimental approach. The researcher
needs to build an experimental test setup by acquiring knowledge of the required
instruments. After that, the researcher requires to log the observation data from the
experimental setup by using appropriate data logging instruments. This chapter
describes the specifications of each user data logging instrument, software, pressure
transducer, and crank angle encoder. This chapter also described the specifications of
the test setup, emission analyzers and applied a methodology for Direct Injection
Compression Ignition (DI CI) engine characteristics analysis.

4.2 Test setup and its specifications

In this study, the single cylinder, 4-stroke, water cooled Kirloskar make AV}
model DI CI engine, which is capable of producing 3.5kW power at 1500rpm, was used
for analysis. The schematic diagram of the experimental test setup conferred in
Figure4.1 and photograph of this experimental setup portrayed in Figure 4.2. The
complete specifications of the test engine setup presented in Table-4.1.

To apply required load on Engine is equipped with Eddy current type
dynamometer by rotating loading wheel, which held on Panel box for Brake power
calculation. The base fuels Diesel, biodiesel fuels Coconut and Karanja stored in fuel
tanks. The valves held in a fuel line to allow these fuels into burette from two different
fuel tanks. To measure fuel flow at burette, the fuel line optical sensors used to give the
signal to the Data acquisition system (DAS).

The fuel consumption starts to measure as the counter time start by clicking on
an Icon of software in laptop and fuel consumption ends as the counter time stops (i.e.,
60sec). This fuel consumption data send to software on a volume basis by DAS. The
fuel injected into the combustion chamber through the existing fuel injector at 210 bar
standard injector opening pressure.

The air enters into the combustion chamber via intake manifold after passing

through the air box. This airflow measured by the airflow sensor, which mounted at the
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entry of the Airbox. The applied methodology to analyze DI CI engine characteristics

clearly explained at every module of operation.

16

-

1,2 — Biodiesel, Diesel tanks, 3 — Burette, 4 — Fuel pump. S — Fuel injector, 6 — Air box. 7 — Engine,
8 — Water flow meters, 9 — Fly wheel, 10 — Eddy current Dynamometer, 11 — Crank angle encoder,
12 — Emission analyser, 13 — Smoke meter, 14 — Laptop for data acquisition, 15 — Cable to connect

laptop, 16 — Loading wheel, 17 — Exhaust line.

Figure 4.1 Test engine setup schematic diagram
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pressure .
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Figure 4.2 Photographic view of test engine setup
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Table 4.1 Specifications of a test engine

Name of the description Details/value
Manufacturer Kirloskar (AV1)
Operating principle 4 stroke DI CI
Cooling system Water cooling
Number of cylinders One
Bore x stroke 87.5 x 110mm
Compression ratio (range) 17.5:1 (12 - 18)
Volume 661.45 cm?

Fuel injection pressure (range) 210 bar (170-290)
Brake power @ speed 3.5kW @ 1500rpm
Dynamometer type Eddy current
Dynamometer load range 0—50kg
Dynamometer arm length 185mm

4.3 Specifications of data logging instruments

Above engine was built with essential instruments like Crank angle encoder to
capture crank angle data. The Piezoelectric pressure transducers to track pressure data
for the corresponding crank angle from the combustion chamber and at fuel line. The
Airflow transmitter at the entry of Airbox and Fuel flow transmitter at burette to log
Air, fuel consumption. The temperature sensors/ transmitters such as resistance
temperature detectors (RTDs)/thermocouples to capture the temperature data at each
required location of engine setup.

To apply required load on an engine the instruments like Eddy current
dynamometer, Load cell, and loading wheel the and to log load data from engine setup.
To interface above all instruments, the US based National Instruments (NI) make USB-
6210 model 16-bit Data acquisition device used to capture 250-kilo samples data per
second (kS/s). The ICEngineSoft software used to analyze engine Performance and
Combustion characteristics based on captured observations data with some input values
of fuel physicochemical properties — the photographic views &specifications of the

above each instrument described below.
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Table 4.2 Data logging instruments and their specifications

Sl
No Name (Model) Details/value
| Crank angle encoder German based Kubler company make, 1-degree

(8.KIS40.1361.0360) Resolution, the 5500rpm speed with TDC pulse
. USA based PCB Piezotronics company make
Piezo sensors . :
2 (S111A22) 5000psi (344.75 bar) pressure range Piezo sensors
at Combustion chamber and Fuel inline.
United States based NI make USB-6210, 16bit,

3 | Data acquisition device

250kS/s

National Instruments developed LabVIEW based
4 | Software .

ICEngineSoft software
5 | ECU Make PE USA, Model PE3

Make Radix, Type RTD, PT100, and
Thermocouple, Type K

Make ABUSTEK USA, Type 2 wire, Input
RTD/Thermocouple, Output 4 - 20mA

Make VPG Sensotronics, Load cell, S Type strain
gauge

Make Yokogawa Japan, DP transmitter,

Range 0-500mmWC

Make Wika Germany, Pressure transmitter,
Range 0-250mmWC

6 | Temperature sensor

7 | Temperature transmitter

8 | Load cell

9 | Fuel flow transmitter

10 | Air flow transmitter

1. Crank angle Encoder (8.K1S40.1361.0360):

8.|<|340 TIIXIXIXT . XXX X

Shaft version Type 0000 (e]
11361 0360
alb|lc|d e

The above table represents the shaft order code for Kubler make Incremental type
Rotary Encoder (8. KIS40):
a — The number 1 denotes that 40mm diameter synchronous Flange for clamping
b — The number 3 denotes that 6mm diameter 12.5mm length flat shaft
¢ — The number 6 denotes that 5 Volts DC input supply RS422 with the inverted

signal
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d — The number 1 denotes that 2 meters PVC axial cable
e — The number 0360 denotes pulse rate

The P64, Logic level: RS422; Supply= 5VDC Incr/turn: 360 PPR

2. Piezo sensors (S111A22):

The 6gram weight Pizeo sensor with Stainless Steel housing with 344.75 bar
has maximum pressure measurement range, 0.00145 sensitivity, 0.001 Hz low-

frequency response and >=400kHz Resonant frequency and 10-32 Coaxial jack.

3. Technical specifications of PE make Electronic control unitPE3:

Size : 11 x 12 x 3 centimetres
Weight : 0.4 kgf of aluminium &potted waterproof enclosures
Operational voltage: 6 — 22v DC supply

Operational temperature: -30°C to 75°C depends on loading
Active voltages 3.25v (High) & 2.0v (Low)

The Maximum continuous supplied voltage for Digital system: 22v

4. Specifications of Data acquisition device:

This model USB6210 made in United States of America (USA) by National
Instruments (NI). The ADC resolution is 16bits with sample rate 250-kilo samples per
second (kS/s). The range of Operational current -16mA (high) & 16mA (low). The
lowest & highest digital input voltages are 0 to 5.25. The DC input coupling with timing

accuracy S0ppm of sample rate and resolution 50 ns.
5. The specifications of Load cell:

e
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The VPG Sensotronics Company make 60001 Model S beam type 50kg Capacity
load cell manufactured with high-quality alloy steel with nickel coated plate presented
above.

6. Differential pressure Fuel transmitter (Model-EJA110E-JMS5J):

Model EJA110E — JMSSJ suffix codes and description:

J-stands for Output signal range- 4 to 20mA Direct Current (DC) with digital
communication (HART 5/HART 7 protocols)

M-stands for Measurement span (capsule) range- 1 to 100kPa (4 to 400 inH>O)

S-stands for Wetted parts material of Cover flange, process connector: ASTM CF-
8M Capsule: Hastelloy Diaphragm C-276* F316L SST, 316 L SST Capsule
gaskets: Teflon-coated316L SSTVent/Drain plug 316 SST

5-stands for process connections without process connector (1/4 NPT female on the
cover flanges)

J-stands for bolts, nuts materials made with B7carbon steel.

7. ICEngineSoft:
The National instruments developed LabVIEW based ICEngineSoft software to
analyze Performance, Combustion characteristics using logged observation data from

test setup and by some input fuel properties.

ance Detai
‘emperature Measurement

o o__Ho Jo_ Yo fo Mo |
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8. Temperature transmitter:

The USA based ABUSTEK company make 2 Input
Resistance Temperature Detector (RTD) or Thermocouple with Output of 4 - 20mA.
9. Airflow transmitter (SL-1-A-MQA):

wire,

The WIKA CompanymakesAirflow transmitter SL-1-A-MQA model 4-20mA
output current and zero to 10bar pressure range.

4.4 Specifications of emission analyzers

In the present work, the DI CI engine tailpipe emissions are Carbon monoxide
(CO), Carbon dioxide (COz), Unburned Hydrocarbons (HC), Oxygen (O2) and NOx
measured by using Indus make PEA 205N model 5 gas analyzer. The Smoke emissions
measured by using NETEL make NPM-SM-111B model Smoke Meter. The detailed
specifications of the above 5 gas analyzer and Smoke meter given in Table 4.4 and
their photographic views presented in Figure 4.3. The Co, HC, & CO; measured by
Nondispersive Infrared Detector and NOx, O> measured by Electrochemical sensor.

Table 4.3 Specifications of emissions analyzers

INDUS 5 gas analyzer, Model: PEA 205N
Emission | Measurement principle | Unit | Range | Resolution | Accuracy
(60 NDIR % vol 0-15 0.001 +0.02
HC NDIR ppm | 0-30000 1 +4
Co, NDIR % vol 0-20 0.01 +0.5
0, Electrochemical sensor | % vol 0-25 0.01 +0.02
NO«x Electrochemical sensor ppm 0-5000 1 +5
NETEL Smoke meter Model: NPM-SM-111B

Emissions Unit Range Resolution
Smoke density(K) m 0-9.99 0.01
Smoke opacity(%/HSU) % 0-99.99 0.01

Figure 4.3 Photographic view of the emission analyzers
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4.5 Experimental methodology

This section describes the adopted methodologies to investigate the engine
characteristics such as Performance, Combustion, and Emissions with or without
modification of engine and fuel. The observations logged from the engine using data
acquisition system (DAS) by varying engine input variables and fuel blends. The engine
side input variables, the percentage full load (0 to 100% step of 20%) in kgs, and
injector opening pressures 190, 210, 230 and 250 bar.

The fuel blends prepared by emulsifying microalgae particles 1g, 2g & 3g in
CB, KB biodiesel fuels and also blends of Lauric acid with KB. The Observation data
was logged for every input variable after entering the values of fuel properties like
Density, Calorific value as inputs to ICEngineSoft software.

4.5.1 Investigations on Base fuels

The Performance, combustion and emission characteristics analyzed by using
the Diesel, neat Coconut, and Karanja biodiesel fuels as base fuels at standard engine
operating parameters such as Compression ratio 17.5, Injection pressure 210 bar and by

varying load on the engine from 0 to 100% with 20% increment.
4.5.2 Investigations on MCM particles blended biodiesel blends

In the present study, the MCM particles based Coconut and Karanja biodiesel
fuels are prepared and applied on the engine to investigate the performance, combustion
and emission characteristics. These prepared MCM particles based biodiesel blends

configurations presented in the below Table 4.4.

Table 4.4 Configurations of MCM particles blended CB, and KB fuels

The quantity of Microalgae
St Base fuel particles/liter
No.
Ig 2g 3g
1 CB CB+1gAP | CB+2gAP | CB+3gAP
2 KB KB+1gAP | KB+2gAP | KB+3gAP

In the above Table 4.4the CB and KB stands for Coconut and Karanja biodiesel
fuels and AP represents mixed culture Microalgae particles. The previous sections 3.4,
3.5 and 3.6 describe the MCM particles preparation, their blending withCB, KB fuels,

and characterization.
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4.5.3 Investigations on Lauric acid blended Karanja biodiesel blends

As per the literature is concerned the highest composition of Lauric acid in
Coconut oil and its higher melting point the Coconut oil is semi-solid at room
temperature. Because of the above reasons, the pure form of Lauric acid was widely
used substance in the phase change material (PCM) applications. To know the right
reason for NOx emission reduction with Microalgae particles contained Coconut
biodiesel, the author applied Lauric acid based Karanja biodiesel on the same engine

for characteristics analysis.

Table 4.5 Configurations of Lauric acid blended KB fuel blends

SL The quantity of Lauric acid/liter KB
Base fuel
No. 10g 20g 30g
1 KB KB+10gLA | KB+20gLA | KB+30gLA

4.6 Method applied to vary nozzle opening pressure

To attain required IP the tension of tension spring in the injector has adjusted
by the rotating injection pressure setting screw (2). The fuel IP checked in the fuel IP
setting setup which is available in the IC engine laboratory of Mechanical Engg., Dept
in NIT Warangal. The testing engine performed by using 4 injectors after setting fuel
IPs 190, 210, 230 and 250 bar. The baseline fuels Diesel, CB, KB baseline data has
logged at 210bar (rated) IP. The testing done on engine setup by applying above all IP’s
on each MCM particles; Lauric acid blended fuel blends.

Cap Injector body
Injection pressure setting screw Excess fuel return line
Tension spring Needle

Spindle Nozzle

Washer Nozzle Cap

Figure 4.4 Photographic view of fuel injector
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CHAPTER 5

Results and Discussions

5.1 General

The blending of MCM particles in different proportions in Coconut biodiesel
has experimentally conformed the reduction of NOx. However, about this reduction,
there are two different opinions by Doctoral scrutiny committee (DSC) members.
Firstly, this could be because of the presence of Lauric acid in CB, and secondly, this
could be because of MCM particles blending in the same biodiesel. Therefore, the
author has selected KB, which is free from Lauric acid composition. The author
experimented with different proportions of LA, MCM particles separately in KB fuel.
In Module -1 author presented results on engine (combustion, performance, and
emissions) characteristics at engine standard operating parameters (SOPs). The
combustion characteristics in the form of Graphs at 100% full load operation with
Crank angle (CA) variation. The Performance and emissions characteristics in the form
of Graphs by varying, load 0 to 100% full load with 20 % variation.

Configurations for first module experimentation at SOPs:

a. Load (0, 20, 30, 40, 60, 80, and 100%)

b. Diesel, CB, and KB as base fuels

c. CB+1gAP, CB+2gAP and CB+3gAP (1 g, 2 g and 3 g MCM particles)

d. KB+10gLA, KB+20gLA, and KB+30gLA (10 g, 20 g and 30 g Lauric acid)

e. KB+1gAP, KB+2gAP, and KB+3gAP (1 g, 2 g and 3 g MCM particles)

In Module -2 authors presented results in the form of Graphson 1 g, 2 g, and 3 g MCM
particles blends with CB fuel. The combustion results presented at engine full load
operation on above blends by varying injection pressures (IP) 190, 210, 230 and 250
bar and Crank angle. The performance, emissions results also presented on the same
blends by varying load 0 to 100% full load with 20 % variation and IP 190, 210, 230
and 250 bar.

Configurations for the second module of experimentation:

a. Load (0, 20, 30, 40, 60, 80, and 100%)

b. Injection pressures (190, 210, 230 and 250 bar)

c. CB+1gAP, CB+2gAP and CB+3gAP (1 g, 2 g and 3 g MCM particles)
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In Module -3 author presented results in the form of Graphs on 10 g, 20 gand 30 g
Lauric acid blends with KB fuel. The combustion results presented at engine full load
operation on above blends by varying injection pressures (IP) 190, 210, 230 bar and
Crank angle. The performance and emissions result also presented on the same blends
by varying load 0 to 100% full load with 20 % variation and IP 190, 210, 230 bar.
Configurations for second module experimentation:

a. Load (0, 20, 30, 40, 60, 80, and 100%)

b. Injection pressures (190, 210, 230 and 250 bar)

c. KB+10g/LA, KB+2gLA, &KB+30gLA (1 g, 2 g and 3 g MCM particles)

In Module -4 author presented results in the form of Graphson 1 g, 2 g, and 3 g MCM
particles blends with KB fuel. The combustion results presented at engine full load
operation on above blends by varying injection pressures (IP) 190, 210, 230 and 250
bar and Crank angle. The performance and emissions results also presented on the same
blends by varying load 0 to 100% full load with 20 % variation and IP 190, 210, 230
and 250 bar.
Configurations for the second module of experimentation:

a. Load (0, 20, 30, 40, 60, 80, and 100%)

b. Injection pressures (190, 210, 230 and 250 bar

c. KB+1gAP, KB+2gAP, and KB+3gAP (1 g, 2 g and 3 g MCM particles)

The Combustion, performance results on the above modules generated with
ICEngineSoft software with required inputs and graphs plotted by using Origin
software. The logged emission data from emission analyzers tabulated and portrayed in

the form of Graphs by using Origin software.
@ 2 (&) C)) (©))
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Figure 5.1 Combustion phenomena of an MCM particle in the engine cylinder
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Module - 1
5.2 Combustion analysis on all fuels at SOPs, 100% load
5.2.1 In cylinder pressure (bar) vs. Crank angle (0)

The in-cylinder pressure (ICP) peak in the premixed phase of combustion
mostly depends on the amount of combustible mixture formation and rate of
combustion in the ignition delay (ID) period [169]. The neat biodiesel fuels ID is less
due to the presence of Oxygen, higher Cetane number though these are highly viscous
and less volatile than Diesel fuel[170]. Figure 5.2a illustrates the KB fuel has attained
higher ICP peak than CB and Diesel fuels. The ICP peaks for Diesel, CB, and KB are
63.87, 64.13 and 66.32 respectively. Author Balamurugan et al.[171]described the
higher peak of Karanja biodiesel is due to the lower Cetane number, higher Calorific
value than CB. The higher ID of KB caused to accumulate more combustible mixture
formation than CB.

In Figure 5.2p, the higher ICP peak 72.99 bar with CB+3gAP emulsion. This
is because of higher fuel accumulation in the longer ID. The increase in MCM particles
quantity in CB fuel caused to increasing fuel Kinematic viscosity, Density and
decreased Cetane value, over-all Oxygen composition. The lower ICP peaks attained
with the increase in LA quantity in KB fuel. This can observe in Figure 5.2c. The
literature revealed that the Lauric acid is widely using PCM material, as of its high heat
absorption and storage capacity. The above capacities are the majorly influencing
factors to decrease ICP peaks. These peaks are even lower than Diesel fuel.

The ICP peaks for Diesel, KB, KB+10gLA, KB+20gLA, and KB+30gLA, are
63.87, 66.32, 60.12, 49.74, and 47.76 bar respectively. In Figure 5.24, the higher ICP
peak with KB+3gAP is69.74. The KB+1gAP, KB+3gAP blends are attained higher
peaks than KB+2gAP blend. This is because of multilevel micro-explosion of MCM
particles and increased ID than KB fuel. Similarly, the higher fuel accumulation of
KB+3gAP blend is because of higher ID. Among all fuel samples, the higher ICP peaks
are achieved with MCM particles contained CB+3gAP, KB+3gAP, blends and lowest
ICP peak with KB+30gLLA blend.
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ICP vs. O of base fuels @ SOPs

ICP vs. 6 of CB+MCM particles emulsions @ SOPs

Crank angle (9) Figure 5.2_

_ 75 -
70 3071 367 1
28 | 1 341! |
60 - 26 1 65 - 32 : |
—_ 24 = ] 309, |
= 2241 _g 554 211 :
-‘8;50— 201} B’ 26 1 |
e 18] IS 1 244! |
3 16| wn 45+ 22 : |
% 404 1 8 | 201 |
E 12 T | | | | | E. 184 I 1
o 24 22 20 18 -16 -14 12 ,_35_ 164 | mry N
'530_ 6 8 10 12 14 16 18 20 22 | | @ 4 14] 6 4-20 2 4 6 8 1012 14 16 18 20 22 24
© 1 .
-E E 25 12-24 22 20 18 -16 -14 12 10 8 -6 -4 | Diesel
5,20 Diesel Ry I ——CB
g ——¢CB £ 15 —— CB+1gAP
= 104 —— KB \ —— CB+2gAP
5 ! —— CB+3gAP
1
0 1
T T T T T T T T T T T 1 -5 T T T T T } T T T T T !
Crank angle (0) Figure 5.2, Crank angle (6) Figure 5.2,
ICP vs. 6 of KB+LA emulsions @ SOPs ICP vs. 6 of KB+MCM particles emulsions @ SOPs
709 4 70
. 1
34
32 : :: : 68
60 35 : 60 — 32 \ 661
= :2 | = 304 \ 64
2291 28 | 62
.g 50 - 204 1 _8 | 261 ]
~ 184 1 = 50 241 1 60
2 1641 2 221 | 58
5 14 = 20] ! 56
40
% ﬁ % 40 - 18 ! 54
< 4 == S O A o 164 ! 52
Q 39 ] =2422-20-18-16-14-12-10 8 6 4 -2 1 o 14 o]
. 8-6-420 24 6 810121416182022242628 5 30 wgEgE A0 2 0 2 4 & b 10 12 14 16 18 20 22 24
% Diesel S 24 22 20 18 -16 -14 12 -10 -8 6 -4 A
€ 20 KB £ Diesel
= S\ 204 ——KB
) ——KB+10gLA || & 20 KB+ 1aAP
£ 104 —— KB+20gLA || £ g
—  KB+30gLA 101 — KB+2gAP
o —— KB+3gAP
0 ; —
T T T T T T T T T T T 1 T T T T T T T T T T 1
-270 -225 -180 -135 -90 -45 0 45 90 135 180 225 270 -270 -225 -180 -135 -90 -45 0 45 90 135 180 225 270

Crank angle (0) Figure 5.2,

Figure 5.2a,b, ¢, &4 [CP (bar) vs. Crank angle (0) of all fuels @ SOPs

59




5.2.2 Cumulative Heat Release (kJ) vs. Crank angle (0)

The Cumulative heat release is nothing but the aggregate sum of combustion
ability of the fuel in the combustion chamber. The increase and decrease CHR of any
fuel mainly depends on the fuel characteristics such as Density, viscosity, ID, and
volatility, also on engine operating parameters[172]. The higher percentage of
combustion at constant volume also the reason to increase CHR peak[173]. The
Kinematic viscosity of biodiesel blends increases with either the increase in MCM
particles addition or with Lauric acid volume.

In Figure 5.3athe higher CHR peak of 1.02 kJ for KB fuel. The higher
accumulation of KB fuel is because of higher ID, kinematic viscosity and density. The
higher Cetane number of CB fuel led to less ID period and less fuel accumulation. This
caused to attain diffusion combustion because of the availability of Oxygen.

In Figure 5.3», the higher CHR peak with CB+3gAPblendis 1.26 kJ. This is
because of the explosion of particles after attaining autoignition. The CB fuel higher
volatility, Cetane number, and lower kinematic viscosity and density led to lower CHR
peak than MCM particles based CB blends. The lack of Oxygen in Diesel fuel led to
lower CHR peak though it has the lowest Kinematic viscosity, density with higher
Calorific value.

In Figure5.3., the 1.13 kJ CHR peak attained with KB+10gLAblend.The less
quantity of Lauric acid in KB fuel induced to less reduction of calorific value. This
caused to slight increase in Kinematic viscosity. Due to this reason, the CHR peak led
to attain too much away from TDC even after 90°CA.

In the Figure 5.3athe CHR peaks for Diesel, KB, KB+1gAP, KB+2gAP,
&KB+3gAP are 0.92, 1.02, 1.12, 1.07 and 1.25 kJ respectively. Due to the higher delay,
Kinematic viscosity and the multilevel explosion of particles are the reasons to attain
higher peak for KB+3gAP blend than all other fuel samples.

The max availability of time in ID period caused to prepare the higher amount
of combustible mixture for attaining higher premixed phase peak. The diffusion
combustion attained because of insufficient time to combust the prepared mixture in
the premixed phase. The Diesel has lowest CHR peak than all other fuels by cause of
its higher ID due to lack of Oxygen composition even though this has higher Calorific

value, lower density, and Kinematic viscosity.
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CHR vs. 6 of base fuels @ SOPs

CHR vs. 0 of CB+MCM particles emulsions @ SOPs
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5.2.3 Net heat release rate (J/0) vs. Crank angle (0)

According to author Breda et al. [174]the higher kinematic viscosity, density, and
Oxygen composition, higher bulk modulus, the lower vapor pressure of clean biodiesel
fuels are influencing to earlier injection because of rapid propagation of pressure waves
from the fuel pump to fuel injector needle.

In Figure 5.4.NHRR peaks for Diesel, CB and KB are 46.64, 39.01, and
44.92]/0 respectively. The lower NHRR peaks with biodiesel fuels (CB, KB)due to less
ID because of their higher Cetane number and less Calorific value. The Diesel fuel
NHRR peak is higher because of its high calorific value and higher ID. The higher
depression of CB in Figure 5.4,just after injection of fuel into combustion is due to the
presence of higher Lauric acid composition and its higher heat absorption capacity.

In Figure 5.4, NHRR peaks for Diesel, CB, CB+1gAP, CB+2gAP, and
CB+3gAP are 46.64, 39.01, 41, 44.5, and 43.64J/0 respectively. By absorption of heat
from the combustion chamber, the explosion of algal particles and their multilevel
explosion influenced to increase NHRR peak. The increasing MCM particles blend
ratio causing to attain multistage peaks in the diffusion combustion.

In Figure 5.4 obtained peaks for Diesel, KB, KB+10gLA, KB+20gL A, and
CB+30gLA are 46.64, 44.92, 37.97, 31.1, and 30.51J/0 respectively. The addition of
Lauric acid in KB caused to decrease NHRR peaks because of higher heat absorption
from the combustion chamber for evaporation.

In Figure5.4a NHRR peaks for Diesel, KB, KB+1gAP, KB+2gAP, &
KB+3gAP are 46.64, 44.92,46.91, 41.88, and 48.31J/0 respectively. The accumulation
of a higher quantity of fuel in ID period caused to attain higher NHRR peaks and
induced to early diffusion combustion though they have lower Cetane number, Calorific
value.

Among all fuel samples at standard engine operating parameter 210 bar IP
&17.5 CR, the KB+3gAP blend has attained 48.31J/0 NHRR peak and KB+30gLA has
attained 30.51J/0 lowest NHRR peak.
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NHRR vs. 0 of Base fuels @ SOPs

NHRR vs. 6 of CB+MCM particles emulsions @ SOPs
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5.2.4 The rate of Pressure Rise (dP/d0) vs. Crank angle (0):

The behavior of MCM particles contained CB, KB fuels and also Lauric acid
contained KB fuel blends Rate of pressure rise (RPR) with Crank angle (©) at 210bar
Injection pressure (IP) & 17.5 Compressions ratio (CR) was portrayed in the below
Figures 5.5a to 5.54. As per the author Murat et al. statement[175], the rate of pressure
rise increases with lower Cetane number fuels and it may lead to Knocking problem in
the engine.

The observations from Figure 5.5. revealed that the Diesel fuel has the highest
RPR than CB, KB because of higher ID and lack of Oxygen for smooth combustion.
After Diesel fuel, the KB has attained next higher peak even there are availability
Oxygen and Cetane number because of its higher Kinematic viscosity and Density. The
CB RPR peak was lower than the other two base fuels because of higher Oxygen,
Cetane number with lower Kinematic viscosity and density than KB fuel.

Figure 5.4» depicts the RPR variation with Crank angle of DI CI engine by
blends of MCM particles in CB. The RPR peaks for Diesel, CB, CB+1gAP, CB+2gAP
and CB+3gAP are 5.19, 4.59, 4.71, 5.11and 4.93bar/0 respectively. After Diesel fuel,
the CB+2gAP blend has got highest RPR than CB+1gAP, and CB+3gAP blends may
be due to its lower Cetane number and slightly increased viscosity and density.

The observations from Figure 5.5: revealed that the Lauric acid contained
KB+30gL A blend achieved lowest RPR peak than all other blends. The peak decreased
as blend quantity increases in neat KB. This may be because of cool combustion due to
the blend of the large quantity of Lauric acid in neat KB helped to absorb more heat
from the combustion chamber.

The observations from Figure 5.54 revealed that the MCM particles contained
KB blends attained the highest RPR peak than Diesel &KB except for KB+2gAP blend.
Among all Karanja consists of MCM particle blends, the KB+3gAP blend has reached
the highest RPR peak, because of increase Viscosity, density, and lowest Calorific
value, Cetane number. Among all fuel samples, the KB+3gAP blend hit the highest
peak and the KB+30gL A blend achieved lowest RPR peak than all other blends.
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RPR vs. 0 of Base fuels @ SOPs RPR vs. 0 of CB+MCM particles emulsions @ SOPs
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5.3 Performance analysis on all fuels at SOPs, by load variation
5.3.1 Brake thermal efficiency (%) vs. % Full load

The author An et al.[176]statement, the increase or decrease of Calorific value
of any fuel mainly depends on their Hydrogen, Oxygen and Sulfur composition. The
lower BTE with biodiesel fuels because of less energy content due to less Hydrogen
and higher Oxygen composition.

The higher viscosity, density of biodiesel fuels reduces the Air-fuel mixing
process in the combustion chamber[101]. The less BTE with higher Cetane number
biodiesels fuels due to increased compression work because of much earlier
combustion[177]. The higher Cetane number in CB& KB fuels caused to lower BTE in
Figure 5.6a.

The MCM particles contained CB blends BTE decreasing with increasing blend
ratio by cause of increasing viscosity and density. At all loads, these blends are achieved
higher BTE than CB fuel but lower than Diesel fuel because Diesel has a lower density,
viscosity and has higher Calorific value. The multi-level explosion of MCM particles
in premixed phase combustion caused to increase BTE this can observe in Figure 5.6b.

Figure 5.6 describes the variation of BTE with % full load at 210 bar IP and
17.5 CR. As the LA blend ratio increases in KB fuel, the heat absorption capacity of
the blends is also increasing. The higher viscosity, the density of Lauric acid based KB
blends induced to absorb more heat from the combustion chamber. This heat absorption
is not leading to attaining combustion because of fuel volatility problem.

In Figure 5.6athe KB+2gAP blend has the lowest BTE than MCM particles
contained KB blends because of the lower peak than KB+1gAP and KB+3gAP blends.
The increased viscosity, density of MCM particles merged KB blends has lower BTE

at 0% load by cause of improper atomization.
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5.3.2 Brake specific Energy consumption (MJ/kW-hr) vs. % Full load

The change in Brake specific Energy consumption (BSEC) with % Full load of
base fuels at 210bar [P& 17.5CRwas accessible from the Figures 5.7.to 5.74.The BSEC
was the vital parameter to justify the effect of fuels which are having nearby viscosity,
density and energy content, else better to present parameter BSFC for justification[172].

Figure 5.7a explores the behavior of base fuels. The Diesel fuel BSEC was
lower than CB&KB by cause of its lowest Density, Kinematic viscosity, and higher
Calorific value. The CB fuel has the highest BSEC then Diesel and KB because it has
the lowest calorific value. The BSEC for MCM particles mixed CB blends are portrayed
in the Figure S5.7pdescribes the BSEC variation with % full load of CB+1gAP,
CB+2gAP & CB+3gAP blends. The BSEC is for the above fuels are decreasing with
increasing blend because of decreasing the lower calorific value of blends. The
increasing viscosity, density, and ID also playing a major role in BSEC variation with
these blends even there is slight availability of Oxygen composition.

The Lauric acid contained KB blends has highest BSEC than KB fuel by cause
of the decrease in Calorific value as well as increasing Kinematic viscosity and density;
this can observe in Figure 5.7.. These blends have highest BSEC than other fuel
samples due to heat absorbed by Lauric acid from combustion chamber for evaporation.
This effect influenced the decrease in ICP peaks and NHRR peaks.

The variation of BTE with % full load of MCM particles blends presented in
Figure 5.74. Here the KB+2gAP blend has highest BSEC than other blends may be
because of its lower peak and increased delay and viscosity. The lower peak of the
above blend is by cause of less available time for proper mixture formation than
KB+3gAP blend. This hindered to attain a combustible range of MCM particles in
KB-+2gAP blend. The increase in particles percentage in KB fuels reasoned to increase

the turbulence in the combustion due to the increased velocity of droplets[ 140].
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5.3.3 The Exhaust Gas Temperature ("C) vs. % Full load

In Figure 5.8 at all loads, to compensate for their less Calorific value higher
quantity of biodiesel fuel needs to increase. The presence of Oxygen in biodiesels leads
to reduce Calorific value. The increasing trend of EGT is due to the increase in
combustion temperature by cause of availability of Oxygen. The lack of Oxygen in
Diesel fuel engenders to lowest EGT than CB&KB biodiesel fuels. The higher flash,
fire points and lower volatility of KB have achieved nearly the same EGT at lower
loads. At all loads the KB fuel EGT higher than Diesel and CB fuels. The higher
accumulation of KB fuel is due to its higher ID, viscosity, and density than CB fuel.
The presence of the highest percentage of Lauric acid, Cetane number in CB fuel led to
cool combustion.

In Figure 5.8p the increasing ID and increase in fuel quantity of MCM particles
included CB blends caused to decrease in the percentage of EGT concerning load. This
because of the absorption of heat by MCM particles as well as the presence of inbuilt
Lauric acid in CB+3gAP blends. This reduction in EGT thanCB+1gAP, CB+2gAP
blends. The EGT of MCM particles contained CB blends is lower due to higher
viscosity, density, and lower heating value.

In Figure 5.8: the EGT decreases with the increase in Lauric acid quantity in
KB fuel though there is an increase in ID period. The higher heat absorption and storage
capacity and higher kinematic viscosity, density, less calorific value induced above
effect.

Figure 5.84 describes the behavior of EGT with MCM particles emulsified KB
fuel. The increasing MCM particles in KB fuel are increasing the viscosity, density,
and reduction in Calorific value. The reduction of EGT with the increase in MCM
particles emulsion quantity in KB fuel.

The EGT of CB+3gAP, KB+20gLLA, and KB+2gAP blends are having 332.94,
351.52 and 362.69 respectively at full load. The MCM particles emulsified CB fuel
blends has lowest EGT because of inbuilt Lauric acid CB and Particles.
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5.4 Emissions analysis on all fuels at SOPs, by load variation
5.4.1 Carbon monoxide (% vol) vs. % Full load

In the Figures 5.9a to 5.94, the lowest CO emissions attained at 60% load
because of availability time for mixture formation and temperature for combustion at
that injected fuel quantity. The higher CO emissions from DI CI engine was the
significance of incomplete combustion[5]. The CO emission for the CB fuel is lower
than Diesel; KB fuels because of the higher percentage of fuel contained Oxygen, lower
viscosity, and Density than KB can observe in Figure 5.9%.

The slightly increased ID of KB than CB fuel, its higher viscosity, density,
slightly deteriorated atomization, and less Oxygen composition influenced to fuel rich
zones which increase CO emissions[178]. The CO emissions for all fuels from DI CI
Engine were high at low & full load. At lower load the lack of insufficient combustion
temperature, Lack of time for mixture formation at full load intended to above effect
the CO emissions for Diesel fuel higher at all loads due to lack of Oxygen. Similarly,
the higher viscosity, density and flash point of KB have higher CO emissions than CB
fuel.

In Figure 5.9» the MCM particles included CB fuels blends are also following
a similar trend with base fuels, but these are higher than CB lower than Diesel fuel. The
increased viscosity, density, and decreased calorific value induced to above effect. The
MCM particles contained CB blends ID period increasing with increasing particles
quantity. Because of less fuel Cetane number and calorific value but ID period less than
Diesel fuel.

In Figure 5.9 the CO emissions of KB+20gLA blend have higher CO emission
than KB+30gLA blend. The ID of KB+10gLA has the highest peak and less ID than
the other two blends because of lowest LA composition and higher calorific value than
the other two blends.

In Figure 5.9q the less CO with KB+3gAP blend because of higher mixture
formation and improved diffusion combustion. The CO emissions are higher with the
other two blends by cause of their lower peaks and higher droplet size due to higher

viscosity, density, and lower calorific value.
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5.4.2 Unburned Hydrocarbons (ppm) vs. % Full load

Figure 5.10a to 5.10q4 interpret the variation of Unburned Hydrocarbons (HC)
with % Full load of all fuels at 210 bar IP, 17.5 CR and 1500rpm. The presence of a
higher percentage of Oxygen in CB fuel the HC emission was much lower than Diesel
&KB fuel. The HC emission for Diesel fuels is higher by cause of lack of Oxygen even
it has lower Density and higher Calorific value than CB&KB fuels. The HC emissions
for KB were higher than CB due to its higher Kinematic viscosity, Density even it has
Oxygen composition.

Authors Higgins et al. [179]and Genzale et al. [ 180]stated the increased density,
viscosity, and decreased volatility, calorific value of these blends are caused to increase
penetration length. In Figure 5.10» the HC is higher for CB+3gAP blend due to its
higher viscosity, density and lower calorific value than other MCM particles emulsified
CB blends. These properties may be increased penetration length and to impinge on the
piston head. It led to crevice formation on the piston head. The above reasons are
causing to generate HC emissions with increasing blend ratio.

The trend of HC emissions with percentage Full load of DI CI engine by using
Lauric acid included KB fuel bends presented in Figure 5.10c. As the increase in the
percentage of LA in KB blend leading to decrease peak even increase in ID. Due to
absorption of heat from the combustion chamber even there is a time to the higher forms
of a mixture in the combustion chamber. The KB+20gLLA blend has the highest peak
than the other two blends because of lower heat formation in the combustion chamber
due to the higher melting point of LA, i.e., 43.2°C and boiling point 298.9°C.

The KB+2gAP blend has reached the lowest peak because of less availability
of time at that viscosity & density and its lower heat value. The viscosity, density and
lower heat value of KB+3gAP blend have led to increasing higher ID. The formation
of higher mixture affected to attain sharp combustion peak. The prepared fuel mass did
not combust in the premixed phase is attained to combust in mixing controlled
combustion phase. This excess mixture attaining combustion in diffusion phase heat
utilized for reaction this led to decrease combustion temperature @ 270 CA in Figure

5.10q.

74



Unbumt Hydrocarbons (ppm)

[
(=]
1

N
(5}

N
o

HC (ppm) vs.% Full load of Base fuels @ SOPs

80

100

40 60

% Full load Figure 5.10,

Unbumt Hydrocarbons (ppm)

I;Ig:_ (ppm) vs.% Full load of CB+MCM particles blends @ SOPs

Diesel
NN cB
CB+1g AP
B2 cB+2g AP
CB+3g AP

N
a
1

20 4

15

-
o

80 100

Figure 5.10p

40 60
% Full load

20

Unbumt Hydrocarbons (ppm)

N
a
1

N
o
1

1

-
o

5

HC (ppm) vs. % Full load of KB+LA blends @ SOPs

I piesel

80

100
Figure 5.10¢

40 60
% Full load

20

Unbumt Hydrocarbons (ppm)

HC (ppm) vs. % Full load of KB+MCM particles blends @ SOPs
30 4

N
[&)]
1

N
o

-
(3]

80

100
Figure 5.104

40 60
% Full load

20

Figure 5.10a,, ¢, & d HC vs. % Full load of KB+AP blends @ SOPs

75




5.4.3 Oxides of Nitrogen (ppm) vs. % Full load

The NO, N>O, and NO> called Oxides of Nitrogen (NOx). The Oxides of
Nitrogen formed when the Nitrogen triple bond breaks at above 2200K in-cylinder
temperature[181]. According to Muzio et al. [182] the availability of fuel-borne
Oxygen, Nitrogen at higher combustion temperatures are the main influencing factors
for NOx formation in Diesel engines. The increase in IP at fixed Injection timing (IT)
with CB, KB fuels induced to increase in NOx emissions at all loads[183].

In Figure 5.11a the KB fuel NOx emissions are higher than Diesel &CB fuels.
The slightly increased ID period with calorific value and Oxygen in case of KB
influenced to increase fuel accumulation and its sudden combustion in premixed phase.
This occurrence led to increasing combustion temperature than Diesel and CB fuel. The
higher ID lack of Oxygen in Diesel fuel led to decrease NOx though it has lower
viscosity, density, and higher heating value.

In Figure 5.11p the less Calorific value, inbuilt Lauric acid and increasing
viscosity of these particles contained blends are influencing to absorb more heat for
attaining evaporation before an explosion. These exploded particles are absorbing heat
from the combustion chamber, i.e., in the diffusion phase of combustion, this can
observe in Figure 5.4y at 315 CA.

In Figure 5.11¢ the reduction in NOx emissions with percentage Full load of
Lauric acid blends lower than all fuels but higher than Diesel fuel. The increase in LA
blend quantity was influencing to decrease combustion temperature due to an increase
in viscosity, density, and higher heat absorption capacity.

In Figure 5.114 the KB+2gAP blend NOx reduction higher than other two
MCM particles blends because of lower peak and less ID. This less ID may be due to
slightly improved Cetane number at better air/fuel mixture proportion. This led to less

fuel accumulation and less peak.
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5.4.4 Smoke opacity (%) vs. % Full load

According to Medipally et al. [184]as the load increases the Smoke opacity (%)
also increases by cause of the increase in fuel consumption with the load. Below the
engine rated load condition, the neat biodiesel fuel Smoke opacity will be lower due to
the improvement in mixing controlled combustion by cause of availability of
Oxygen[187]. The smoke opacity increasing with the load under free radicals delayed
Oxidation rate with hydroxyl group[186]. In Figures 5.11a to 5.114, the Diesel Smoke
opacity was too high than CB&KB because of the presence of aromatics, ring, branched
structures, thermal stability &lack of Oxygen. The KB fuel Smoke opacity is higher
than CB is due to the improper atomization by cause of higher Kinematic viscosity,
Density and also lower Oxygen composition. The CB fuel lower viscosity, density, ID
and higher fuel carried Oxygen than KB fuel reasoned for highest Smoke reduction.

In Figure 5.11» the reduction in Smoke opacity with the increase in MCM
particles with CB and KB fuels due to the increased surface area to volume ratio of
particles and their turbulence. This effect will lead to the early start of Diffusion
combustion and multiple peaks with higher blends. The presences of Oxygen in the
MCM particles after surrounded biodiesel combustion causing the explosion in the
diffusion phase of combustion. The traces of Oxygen in the MCM particles because of
the addition of methanol in the preparation level[187].

The observations from Figure 5.11c revealed that the Lauric acid emulsified
fuels viscosity, density increases with increasing LA blend quantity. This led to increase
the fuel droplet size. The ID for KB+30gL A fuel was even higher than Diesel fuel. This
result because of Lauric acid higher melting point, higher heat absorption for
evaporation.

In Figure 5.114 the increased quantity of MCM particles let to increase their
surface area to volume ratio. The enhanced air/fuel mixing in the combustion chamber.
Here the lower size particles are attained combustion in premixed phase, and higher
size particles are exploding in the Diffusion phase of combustion. The KB+2gAP
sample has higher Smoke than other two blends due to less accumulation of fuel in the

less ID period.
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Module - 2

In this module, the author tested DI CI engine by varying Injection pressures on
each blend. To reduce the impact of the higher viscosity of MCM particles included CB
blends with the increase in blend ratio. This viscosity increase of blends has badly
influenced higher CO and HC emissions formation in DI CI engine. To compensate
these issues, the author applied the injection pressure variation between 190 to 250 bar
with the 20bar interval. The injection pressures on DI CI engine varied by adjusting nut
in the injector and ensured the injection pressure with the injection pressure testing
setup.

5.5 Combustion analysis on CB+MCM blends @ Full load, 17.5 CR, 1500rpm
5.5.1 In cylinder pressure (bar) vs. Crank angle (0), IP

As per the discussions made in the earlier section 5.2.1, the increasing MCM
particles quantity leading to increasing fuel droplet size because of increased kinematic
viscosity and density. The observations from Figure 5.13a revealed similarity results
of authors Enweremadu et al.[188] & Tewari et al. [189]. The increase in MCM
particles quantity helped to increase surface area to volume ratio and to improvements
in the mixing process. The ICP peaks in Figure 5.13, increased with the increase in
Injection pressure of CB+1gAP blend at 17.5 CR and 1500rpm.

At injection pressure 210, 230 and 250 bar the ID period for CB+1gAP fuel
lower than CB fuel. Because of the decrease in droplet size, greater evaporation due to
atomization, and flame spread the entire combustion chamber by cause of proper air,
fuel mixing[190].In the Figure 5.13athe obtained peaks at IPs 190, 210, 230, and 250
bar of CB+1gAP blend are 67.64, 69.49, 68.93, and 69.64bar respectively. The obtained
peaks for CB+1gAP blend were higher than base fuels, i.e., and this has attained higher
69.64bar peak at 250 bar IP.

Here the increased IP helping to attain higher combustible mixture formation
with less ID because of atomization. At higher IP the turbulence is occurred due to the
increase in the surface area to volume ratio. Figure 5.13p depicts the similar outcomes
of Figure 5.13,, but the increase in MCM particles quantity, i.e. CB+2gAP fuel the
surface area to volume ratio is becoming higher than CB+1gAP blend. The higher
injection pressure CB+2gAP fuel particularly at a full load of operation the fuel quantity

is increased and causing to fuel penetration[100].
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In Figure 5.13. the CB+3gAP fuel has the higher kinematic viscosity, density
and also reduction in Calorific value. These are the significant properties are
influencing to decrease in ICP peaks of this blend due to increased penetration. The
higher kinematic viscosity and density led to an increase in droplet size. This higher
diameter droplet takes more time for evaporation it leads to increase ID than other
blends. The higher bulk modulus and higher viscosity of biodiesel fuels are increasing
the inline pressure of the fuel.

This higher inline fuel pressure leads to increasing penetration of spray, and this
may be causing to impingement of fuel on cylinder walls as well as on piston head.
Because of the higher surface tension, the viscosity increased the liquid length and
decreased Weber number of CB+3gAP blend[178]. Based on the above factors the ID
is decreasing with the increase in IP on the same fuel (CB+3gAP) blend and also leads
to decrease ICP with an increase in IP. This phenomenon can observe in Figure 5.13..

The observations from Figure 5.134, 5.13p, and 5.13care obtained higher ICP
peak of CB+1gAPfuel at 250 bar IP, the CB+2gAP fuel at 230 bar IP and the CB+3gAP
fuel at 210 bar IP respectively. Among all fuels, the higher ICP peak attained with
CB+3gAP fuel 72.99 at 210 bar IP. The sufficient ID, higher surface area to volume
ratio and the multilevel explosion of MCM particles are the reasons to increase ICP

peak.
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ICP (bar) vs. 6 of CB+MCM particles blends @ SOPs ICP (bar) vs. 0, IP of CB+1gAP blend @ 17.5 CR & 1500 rpm
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Figure 5.13a,»,c ICP vs. Crank angle (8) & IP of CB+MCM blends
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5.5.2 Cumulative Heat Release (kJ) vs. Crank angle (0), IP

The significant increase in surface area to volume ratio and the more extended ID
period of CB+3gAP blend induced to proper air/fuel mixing. At this point, the
combustion improved because of the multilevel explosion of MCM particles and this
induced to attain early CHR peak, i.e., 1.26kJ at 210 bar IP.

The findings from this Figure 5.14a illustrates that the highest CHR peak obtained
at 250 bar IP after 190 bar IP. The highest CHR peak is 1.20kJ at 190 bar IP because of
a higher ID. The maximum particles accumulated in the combustible mixture formation.
The explosion of MCM particles reasoned to increase CHR peak. Coming to the second
highest CHR peak 1.19kJ at 250 bar IP because of proper atomization influenced to
increase the combustible mixture formation even there is less ID than CB.

In Figure S5.14pthe CB+2gAP fuel attained highest CHR peak 1.11kJ at 230 bar IP.
Due to the impingement of fuel jet to the cylinder walls at 250 bar IP. At 250 bar IP the
CHR peak even though lower, i.e., 1.08kJ but this peak attained earlier than 230 bar IP.
The CHR peak at 190 bar IP 1.09kJ may be higher than 250 bar IP, but CHR peak
delayed this portrayed in Figure 5.14.

As per the discussion made in section 5.2.2, the ID is increasing with increasing blend
ratio at standard IP 210 bar. The same thing can observe in Figure 5.14., i.c., as the
increase in IP increasing penetration this induced to impingement of fuel jet with
cylinder walls and on the piston head. The highest peak appeared at 210 bar IP with

CB+3gAP fuel due to increase delay for attaining higher combustible mixture.
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5.5.3 Net heat release rate (J/0) vs. Crank angle (0), IP

The discussions on Figure 5.4y, presented in the earlier section 5.2.3. In Figure
5.15a, the ID rose with increasing blend ratio. The combustion of minimal size MCM
particles led to higher NHRR attainment in premixed phase combustion. The higher
size particles are combusting in the mixing controlled combustion phase. The peaks in
this phase are due to explosion and combustion of higher size particles after attaining
evaporation.

This effect was higher in case of higher blends of MCM particles in the CB fuel
at 210 bar IP. The author Piriou et al.[ 145]presented a similar justification in his article.
In the Figure 5.15p the higher NHRR peak 49.13 (J/8) for CB+2gAP fuel at 230 bar IP
because of sufficient ID period for combustible mixture formation and proper fuel
dispersion. The CB+2gAP blend at 250 bar IP has induced to lower peak than 230 bar
IP.

By cause of impingement of fuel jet on the cylinder wall and Piston head. In
Figure 5.15. the NHRR peak higher for CB+3gAP blend at 250 bar IP, but it is lower
than 190 bar. At 250 bar, IP the CB+3gAP blend underwent proper atomization with
less ID though it has high viscosity. At lower IPs 210, 230 bar the CB+3gAP blend led
to improper mixing may be due to increased droplet size by cause of higher viscosity
and density.

The NHRR peak was higher at 190 bar due to the increase in ID period, the
viscosity for higher fuel accumulation. Among all fuel samples, the CB+2gAP fuel
attained the higher peak of 49.13 (J/0) at 230 bar IP. At this IP the CB+2gAP fuel
undergoes sufficient time for required fuel accumulation for proper combustion in the

combustion chamber.

85



Net heat release rate (J/0)

NHRR (J/0) vs. 6 of CB+MCM particles blends @ SOPs
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5.5.4 Rate of Pressure Rise vs. Crank angle (0), IP

The Figures 5.16a to 5.16¢ explains the behavior of MCM particles emulsified
CB samples on DI CI engine Rate of pressure rise (RPR). The increased ID period leads
to an increase in the rate of pressure rise, and this leads to knocking. In the case of neat
biodiesel fuels due to higher Cetane number the less ID and lower RPR[191]. In Figure
5.16a the RPR is higher for 190 bar IP because of the higher ID period.

As we discussed above the RPR has been higher for higher ID period. After the
Diesel fuel the RPR peak 5.19 at 210 bar IP then the higher RPR peak 4.82bar for
CB+1gAP fuel at 190 bar IP because of the higher ID period. In Figure 5.16p the higher
RPR of CB+2gAP fuel at 230 bar IP. The increased fuel viscosity, density of fuel led to
increasing fuel penetration. This RPR peak even more than Diesel fuel through the fuel
contains Oxygen.

The higher RPR peak of 5.42 at 230 bar IP attained due to the accumulation of
more fuel in less ID period and its sudden combustion. In Figure 5.16¢ the higher RPR
of CB+3gAP fuel are 5.16,4.93,4.88, and 5.11 at 190, 210, 230 and 250 bar respectively.
The higher peak at 190 bar IP because of the higher ID period and due to increased
penetration. The higher RPR peak also can observe in Figure 5.16. at 250 bar IP.

This because of the proper mixing of CB+3gAP fuel in the combustion chamber
though there are less ID period and its rapid combustion. The higher RPR peaks for
CB+1gAP fuel at 190 bar, CB+2gAP at 230 bar and CB+3gAP at 190 bar. The present
work has shown the similar RPR results of the author Lahane et al. [191]. The higher
RPR peak with MCM particles emulsified CB fuel sample is attained mostly at lower IP,
i.e., 190 bar. At this IP the ID period higher than all other IPs.
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RPR (dp/dq) vs. 6 of CB+MCM particles blends @ SOPs

RPR (dp/d6) vs. 0, IP of CB+1gAP blend @ 17.5 CR & 1500 rpm
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Figure 5.16a,»,c RPR vs. Crank angle (0) & IP of CB+MCM blends
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5.6  Performance analysis on CB+MCM blends@ % Full load, 17.5 CR,
1500rpm

5.6.1 Brake thermal efficiency (%) vs. % Full load, IP

The higher calorific value of pure diesel fuel caused to increase BTE than all fuels
at all loads. The micro level explosion of MCM particles into tiny particles and their
combustion are caused to increase BTE than CB. The viscosity of emulsified fuels is
increasing with increase in MCM particles quantity in CB. The main objective to increase
IP is to atomize the fuel for faster evaporation in ID period.

In Figure 5.17a the Brake thermal efficiency (BTE) of CB+1gAP fuel increasing
with increasing IPs. This is because of proper atomization within the less ID period. The
observations from Figure 5.13, revealed that the ICP peak near to TDC at 250 bar IP but
at 190 bar IP the ICP peak away from the TDC. That is at lower IP 190 bar due to
improper atomization the droplet size may increased due to which the ID also increased.
At this increased ID period, the maximum amount of fuel accumulated for combustion.
The presence of MCM particles in fuel blends increasing surface area to volume ratio.
This led to increasing the mixing process as well as BTE.

The observations on Figure 5.17p illustrates that the increased IP has shown an
adverse effect on BTE i.e., the higher BTE observed at 230 bar IP than 250 bar. This is
because of a slight improvement in viscosity and reduction in calorific value of CB+2gAP
fuel. This increased viscosity and increased particles quantity caused to the increased
surface area to volume ratio of MCM particles. This influenced fuel penetration, over
mixing and air entrainment.

In Figure 5.17. the BTE increased with the increase in IP though there is an
increase in viscosity and reduction in CB+3gAP fuel Calorific value. Here the
improvement in air-fuel mixing at 250 bar IP in combustion chamber let to increase BTE
through the CB+3gAP fuel is viscous. In Figure 5.13. the ICP peak may be higher at 190,
210 bar IPs but at 250 bar IP peak near to TDC. This led to improving the BTE of
CB+3gAP fuel at 250 bar IP than 210 and 230 bar IP.
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IP of CB+1gAP blend @ 17.5 CR & 1500 rpm
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IP of CB+3gAP blend @ 17.5 CR & 1500 rpm
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5.6.2 BSEC (MJ/kKW-hr) vs. % Full load, IP

The BSEC increasing with neat biodiesel fuels even there is an improvement in
combustion. The biodiesel fuels combustion improvement due to the presence of fuel-
borne Oxygen. This Oxygen presence is led to decrease in their calorific value because
of reduction in Hydrogen composition. In particular, the more fuel needed to inject into
the combustion chamber to compensate for the less calorific value and to attain required
shaft power. As the biodiesel fuel viscosity may be caused to increase the droplet size.
The implementation of a variation of CR and IP are the best methods to attain
improvement in BSEC. The variation in IP and CR can improve the fuel atomization,
evaporation rate and flame spread in the combustion chamber[192].In Figure 5.18» the
BSEC increase at 190 bar IP because of improper atomization due to increased viscosity
of CB+2gAP fuel led to an increase in droplet size. The improvement in BSEC at 230
bar IP because of improvement in the injection process and appropriate ID period. The
BSEC slightly less at 250 bar IP with CB+2gAP as of the increase in surface area/volume
ratio, penetration caused over mixing of fuel. In Figure 5.18. the BSEC improvement
observed at 250 bar IP. This is because of increased viscosity of CB+3gAP fuel due to
increase in MCM particles quantity. At 190 bar IP, the CB+3gAP fuels have the highest
BSEC than all other MCM particles contained CB fuel. This because of higher viscosity
and Density of CB+3gAP fuel ID period has prolonged due to increased droplet size.

5.6.3 Exhaust gas temperature (°C) vs. % Full load, IP

In Figure 5.19a the higher Exhaust gas temperature (EGT) with CB at 210 bar [P
is due to the presence of Oxygen and lack of particles to absorb heat. The available
Oxygen in the clean fuel improved the combustion rate and EGT. In Figure 5.19» max
EGT due to ID than CB+1gAP sample. The increase in fuel droplet size because of high
viscosity, the density of CB+2gAP blend. At lower IP 190 bar the quantity of fuel injected
more into the combustion chamber to compensate less energy content in CB+2gAP fuel.
In Figure 5.19. the EGT at 190 bar IP was lower than other blends. At same IP the
increase in heat absorption rate of MCM particles from the combustion chamber for
evaporation and explosion. The observations from Figure 5.19a, v,

revealed that the highest EGT attained at 190 bar IP for all blends. The highest
EGT of CB+2gAP fuel by cause of higher peak and maximum fuel retention time in the
combustion chamber. The EGT is increasing as the IP increases at above 210 bar IP. The

improvement in fuel atomization, evaporation rate has led to increasing EGT.
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Exhaust gas temperature (°C)

EGT (°C) vs. % Full load of CB+MCM particles blends @ SOPs
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5.7 The Emissions analysis vs. % Full load, IP on CB+MCM blends @
17.5 CR, 1500rpm

5.7.1 Carbon monoxide (% vol) vs. % Full load, IP

The discussions presented on Figure 5.9y in the previous section 5.4.1. The
similar trend of Figure 5.9, can observe in the below portrayed Figure 5.20,, 5.20y,
&5.20. but here the CO emissions are decreasing with increasing IP. In the above
figures at 190 bar IP, the CO emissions are higher for MCM particles contained CB
after Diesel at 210 bar IP. The increase in IP is helping to improve the fuel atomization,
quick evaporation and proper flame spread in the combustion chamber. These effects
are effectively influencing combustion phenomena to achieve the required temperature
for CO reduction. In Figure 5.20a the CO emissions of CB+1gAP fuel higher at 190
bar and lower emissions are attained at 250 bar IP.

The increase of CO emissions at 190 bar IP is due to improper fuel atomization
and increased droplet size. The increased droplet size at 190 bar IP is causing to take
maximum evaporation time. This influenced to form fuel rich zones and to increase
CO emissions at 190 bar IP though there is an availability of Oxygen. The CO
emissions are higher with CB+2gAP blend because of slightly increased Kinematic
viscosity, density, Carbon composition, and less Calorific value. In the portrayed
Figure 5.20» the increased MCM particles quantity caused to over mixing at 250 bar
IP and impinging jet on Cylinder walls. Based on the above reason the lower CO
emissions are attained at 230 bar IP of CB+2gAP sample after CB at 210 bar IP.

The CO emissions increased at 250 bar IP because of fuel over penetration,
piston head impingement and quenching problem in the combustion chamber[193].In
Figure 5.20. the lower CO emissions are attained with CB+3gAP blend at 250 bar IP.
The CB+3gAP blend has higher Kinematic viscosity, Density, and less Calorific value
than CB+1gAP and CB+2gAP blends. At this IP the CB+3gAP blend gets atomize and
tend to improve evaporation rate. Because of uniform flame spread the increase in

combustion chamber temperature at 250 bar IP.
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co (°/9 vol) vs. % Full load of CB+MCM particles blends @ SOPs
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5.7.2 Unburned Hydrocarbons (ppm) vs. % Full load, IP

The HC emissions are increased with the increase of MCM particles quantity in
CB and decreasing with the increase of IP. This can observe in Figure 5.10y, Figure
5.21a, 5.21p, and 5.21c. In all the cases the HC emissions are higher in Diesel fuel than
all other fuels because of lack of fuel-borne Oxygen though fuel is less viscous and
dense. In Figure 5.21a the lower HC emissions are observed at 250 bar IP because of
proper atomization, flame spread and attainment of reaction temperature in the
combustion chamber.

In Figure 5.21» the HC emissions are lower than CB fuel at 230 bar IP. The
increased 1g MCM particles in CB+2gAP fuel increased surface volume ratio and
helped to increase the mixing process in the combustion process. At 250 bar IP the fuel
jet impinging on piston because the piston is very close to TDC and fuel jet which leads
to piston head impingement and heat absorption from piston head[193]. The Figures
5.15p, 5.16p depicts this phenomenon in the left size zoom window.

In Figure 5.21c the UCH emissions for CB+3gAP fuel increased than
CB+1gAP, CB+2gAP fuel samples. The increase in MCM particle quantity may be
helping to increase the mixing process, but there is an increase in fuel viscosity and
density. Due to this reason, the proper mixing and flame spread in the combustion

chamber attained at 250 bar IP.
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5.7.3 Oxides of Nitrogen (ppm) vs. % Full load, IP

In Figure 5.22a, the NOx emissions are higher for clean Coconut biodiesel fuel
and lower for Diesel fuel. The NOx emissions are increasing with an increase in the IP,
but NOx, emissions are higher at 190 bar IP with CB+1gAP blend. The increase ID
caused to accumulate more fuel for combustion and its sudden combustion causing
higher ICP peak this portrayed in Figure 5.13p.

The higher peak retention causes to form NOx at 190 bar IP. The ICP peaks are
higher 210, 230 and 250 bar IPs but less retention time. The NOx is higher at 250 bar
though fuel has less Oxygen composition than neat CB. The explosion of MCM
particles helped to proper flame spread in the combustion chamber and tended to NOx
formation.

In Figure 5.22p after clean CB fuel, the NOx emissions are higher at 230 bar
IP. At this IP the increase in MCM particles quantity motivated to increase surface area
to volume ratio and improvement in proper air/fuel mixing. The proper flame spread
caused to fever combustion temperature and affected to increase NOx. The lower
energy content in CB+2gAP blend led to lower BTE than neat CB but this CB also
lower than Diesel.

In Figure 5.22 the NOx emissions are higher in case of 190 and 210 bar IPs.
At these Injection pressures the higher ID due to increased droplet size because of
higher Kinematic viscosity, density, and lower calorific value. The higher viscosity and
density CB+3gAP blend accumulated higher fuel quantity in ID period. The
accumulated fuel gets rapid combustion in premixed phase.

The increased MCM particles quantity in CB+3gAP blend projected to increase
Kinematic viscosity, density. However, the droplet size is higher at lower IPs with
CB+3gAP blend have shown a positive effect on air/fuel mixing. At higher IPs, this

higher viscous fuel signified to increase penetration length and over mixing.
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5.7.4 Smoke opacity (%) vs. % Full load, IP

The enhancement in the mixing process with CM particles blends because of
improvement in surface area to volume ratio. This effect depicted in Figure 5.12p. In
Figure 5.23a. the highest smoke emissions at 190 bar IP because of improper
atomization and increased droplet size. The increased CB+1gAP fuel droplets size due
to MCM particles addition caused to increase ID. At lower injection pressure 190, 210
bar the mixing process deteriorated by cause of higher fuel droplet size.

In Figure 5.23, the behavior of CB+2gAP blend has provoked the mixing
process. In Figure 5.12» the Smoke is decreasing with the increase in MCM particles
blend quantity. At this MCM particles blend quantity the combustion is improved at
210, 230 bar IP except at 190, 250 bar IP can observe in the Figure 5.13p, 5.14p, &5.15%.

The increased MCM particles quantity improved mixing controlled combustion.
In Figure 5.23¢ the increase in Smoke opacity of CB+3gAP fuel at 190, 210 bar IPs
because of high viscosity, density and ID. The increased ID induced to the higher
quantity of fuel accumulated to promote rapid premixed phase of combustion. The
Diffusion peaks occurred at this IPs because of higher size fuel droplets are not entirely

combust in the premixed phase.
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Module - 3

5.8 Combustion analysis on KB+LA blends @ Full load, 17.5 CR, 1500

rpm
5.8.1 Incylinder pressure (bar) vs. Crank angle (0), IP

The discussions on Figure 5.3¢ presented in section 5.2.1. The LA higher heat
absorption and storage capacity majorly influenced engine characteristics. The increase
in IP increased the fuel atomization as well as evaporation rate and portrayed in Figure
5.24,. The ICP peaks for Diesel, KB, at 210 bar I[P and KB+10gL A blend at 190, 210
and 230 bar are 63.87, 66.32, 49.39, 60.12, and 64.23bar respectively. The blend
obtained at 230 bar IP. The KB+10gLA blend has attained higher ICP peak because of
fewer droplet size, required temperature for its evaporation in a shorter ID period. The
higher size droplet requires a longer time to evaporate at 190 bar IP. These obtained
peaks with IP variation are much lower than KB fuel but higher than Diesel fuel.

In Figure 5.24» the ICP peaks for KB+20gLLA at 190, 210 and 230 bar IPs are
50.42,47.76, and 49.87bar. At 190 bar IP, the 50.42 was the highest ICP peak after KB
fuel. At 190 bar IP increase in droplet size because of an increase in LA blend quantity.
In Figure 5.24. the increase in IP caused to increase ICP peak because of less quantity
of LA. There is no more significant variation of ICP peak with KB+20gLLA blend. At
this quantity of LA blend, the ID slightly increased due to the increase in droplet size.

In Figure 5.24. the ICP peak for KB+30gLA at 190, 210 and 230 bar IPs are
47.21, 49.74, 52.39bar. The increase in LA quantity, i.e., 30g blend influenced to
reduce ID than KB+20gLA blend because of the increase in Cetane number (CN). The
higher ICP peak with KB+30gLA blend at 230 bar IP is because of improvement in
fuel atomization. At lower IP 190 bar the improper atomization increased the droplet

size and increased ICP peak.
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5.8.2 Cumulative heat release (kJ)vs. Crank angle (0), IP

The discussions on Figure5.4c made in Section 5.4.20. In Figure 5.25. the CHR
peaks for KB+10gLA are 1.1, 1.13, and 1.08 kJ at 190, 210, and 230 bar respectively.
The higher CHR peak obtained at 210 bar IP because of attainment of sufficient fuel
accumulation in the required ID period. At 230 bar IP the CHR peak is lower because
the proper fuel atomization occurred but lack of time in the ID period less fuel
accumulated. At 190 bar IP, the CHR peak was higher than 230bar because of available
time to mixture formation though droplet size higher.

In Figure 5.25p the CHR peaks are 1.2, 1.034, and 1.03kJ at 190, 210, and 230
bar IPs. The higher peak at 190 bar IP because of improper atomization the droplet size
increased and induced higher ID. This longer ID influenced to accumulate more fuel in
this period. The higher quantity of accumulated fuel gets combust in premixed
combustion phase. The less quantity of fuel accumulated at 230 bar IP because of the
lower ID period. The less CHR peak at 230 bar IP because the mass, which not gets
combust in premixed phase, combust in mixing controlled combustion phase.

In the Figure 5.25. the CHR peaks are 0.96, 1.01 and 1.04 kJ at 190, 210 and
230 bar IP. The increase in fuel Kinematic viscosity lead to higher ID because of an
increase in droplet size. The more fuel accumulation in ID period lead to the rapid
combustion in premixed phase. It can be possible when the fuel has sufficient Oxygen,
Calorific value, and Cetane number. The highest CHR peak at 230 bar IP but this is
away from TDC than 210 and 190 bar IPs. In this case, the availability of time for
mixture preparation has played a significant role to attain higher CHR peak than IP.
The highest CHR peaks for KB+10gLA, KB+20gLA, and KB+30gLA are at 210, 190,
& 230 bar IPs. The highest peak at 190 bar IP with KB+20gLA blend because of

sufficient ID period required fuel accumulation.
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5.8.3 Net heat release rate (J/0) vs. Crank angle (0), IP

The discussions on Figure 5.4. presented in section 5.2.3. The NHRR peak is
decreasing with increase in Lauric acid quantity by cause of increased viscosity and
reducing calorific value than KB fuel. In Figure 5.26a the NHRR peaks are30.67,
37.97,and 46.27 J/© at 190, 210, and 230 bar IPs respectively. The higher NHRR peak
attained at 230 bar IP with KB+10gLA blend than KB fuel at 210 bar IP. Because of
the increase in fuel atomization, shorter injection timing and proper flame spread in the
combustion chamber at decreased ID period than KB fuel. Among all IPs the less ID
period for 230 bar IP by cause of early fuel injection and increased atomization. The
higher NHRR peak observed with lower Lauric acid blend fuel, i.e., KB+10gLA at 230
bar IP. Because of the reduction in droplet size which induced to improve air/fuel
mixing and higher premixed phase of combustion[194].

In Figure 5.26pr the NHRR peaks are 31.59, 30.51, and 29.49 J/© at190, 210
&230 bar IPs respectively. The higher NHRR peak attains at 190 bar IP with
KB+20gL A blend because of increased fuel accumulation in the sufficient ID period.
The less ID period led to less fuel accumulation at 230 bar IP with KB+20gL A blend.
The representation of an arrow on Figure 5.26y depicts the higher peak retention at the
230 bar lead to higher NOx formation than 190, 210 bar IPs.In Figure 5.26c the NHRR
peaks are 29.61, 31.1, &38.67 J/O at 190, 210, and 230 bar IPs respectively. The higher
NHRR peak attained at 230 bar IP with KB+30gLA blend. The proper atomization
because of higher injection led to quick evaporation of droplets in the less ID period

than 190, 210 bar IPs.
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5.8.4 Rate of pressure rise (dp/d0) vs. Crank angle (0), IP

The ID is increasing at the same IP with the increase in the Lauric acid blend in
KB fuel. This because of the higher heat requirement for initiating combustion and may
be due to increasing Kinematic viscosity and density. The increase in IP on the same
fuel is causing to increase RPR peak by cause of proper fuel atomization.

The RPR peaks for KB+10gLA blend are 3.46, 4.26, and 5.08bar at 190, 210
and 230 bar IPs respectively. In general, the increase in IP leads to increase in RPR. In
the Figure 5.27a the RPR peak is higher at 230 bar IP because of rapid combustion in
premixed phase due to proper atomization of low viscous KB+10gL A fuel at 230 bar
IP in the less ID period[98].

The RPR peaks for KB+20gL A blend are 3.46, 3.37, and 3.34bar at 190, 210
and 230 bar IPs respectively. In Figure 5.27, the RPR peak is higher at 190 bar IP. At
this IP the improper atomization and the higher viscosity, density of KB+20gL A blend
induced higher ID period and led to increasing fuel accumulation. This RPR peak at
190 bar of KB+20gLA blend is lower than KB+10gLA blend though there is a delay.
This occurrence is because KB+20gLA require more heat to attain combustion, but it
has less Calorific value than KB+10gLA.

The Rate of pressure rise (RPR) is higher at 230 bar IP with KB+10gLA blend.
This because of improved spray formation induced to grater combustion. With the same
fuel at 190 and 210 bar IPs the improper atomization of fuel induced to poor combustion
and led to lower RPR[195].

At 230 bar higher IP the lower RPR attributed with KB+20gLA blend in the
Figure 5.27». The increase in spray penetration and its impingement on the piston head

because of spray tip near to piston head and it caused to absorb heat at constant pressure.
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5.9 Performance analysis on KB+LA blends @ % Full load, 17.5 CR,
1500 rpm

5.9.1 Brake thermal efficiency (%) vs. % Full load, IP

The authors Yehliu et al. and Agarwal et al.[183,196] find that the increase in
BTE with the increase in IP by cause of the increase in spray tip penetration with the
increase in spray spread at fixed injection timing. In Figure 5.28. the BTE is increasing
with increase in IP but lower than KB fuel. This because of less Calorific value,
increases in viscosity and density of Lauric acid blends than KB fuel[194].

In Figure 5.28a, », ¢ the BTE increased with increase in IP because of
improvement in air-fuel mixing. This improvement owing to increase premixed phase
of combustion and induced to improve combustion characteristics and reduction in
emissions except for NOx emissions[197]. The decreasing calorific value with the
increase in Lauric acid blend quantity is inducing to decrease BTE can observe in below

Figure 5.6..

5.9.2 BSEC (MJ/kW-hr) vs. % Full load, IP

As per Park et al. findings the increase in fuel IP at the same Injection timing
(IT) causing to lower BSEC. This because of small droplet size which to improve the
air/fuel mixing and thus to increase premixed combustion peak. This result to cause less
fuel consumption than higher viscous fuels[198]. The BSEC is increasing with the
increasing Lauric acid blend quantity in KB fuel.

By cause of the increase in blends viscosity, density, and reduction in lower
calorific value can observe in Figure 5.7.. The BSEC improvement is lowering with the
increase Lauric acid blend quantity even with IP increase. In Figure 5.29. the BSEC is
decreasing with the increase in load on the engine by cause of the increase in fuel
injection quantity to attain required brake power. This increased quantity of fuel is

inducing to increase heat energy in the combustion chamber.
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Brake specific energy consumption (MJ/kW-hr) vs. % Full load
of KB+LA blends @ SOPs

Brake specific Energy consumption (MJ/kW-hr) vs. % Full load
of KB+10gLA blend @ 17.5CR & 1500rpm by IP variation
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5.9.3 Exhaust gas temperature (°C) vs. % Full load, IP

The Exhaust gas temperature (EGT) is increasing with the increase in load on
Engine. This because of increased heat energy in the combustion chamber with the
increased fuel injection quantity at each increased engine load[199]. The author Mohan
et al.[115] stated that the EGT is decreasing with the increase in IP but most of the cases
the EGT increasing with the increase in IP. There is a slightly increased delay period to
rise injector nozzle line pressure for injection. The increased droplet size attributed to
decrease EGT because of the retarded injection of fuel into the combustion chamber.

In Figure 5.30a the EGT is higher than Diesel but lower than KB fuel because
of an increase in Viscosity, density, and slightly less Calorific value and Oxygen
composition.

In Figure 5.30p the EGT lower at 210 bar IP because of lower ICP and NHRR
peaks, this can observe in Figure 5.24y. The EGT higher at 230 bar IP due to increased
retention time at peak value this portrayed in Figure 5.26p.

In Figure 5.30c the EGT lower at all cases because of increase Lauric acid blend
quantity in the KB fuel. This increase led to absorbing more heat for evaporation from

the combustion chamber before attaining combustion.
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Exhaust gas temperature (°O

Exhaust gas temperature (°C) vs. % Full load
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5.10 Emission analysis vs. % Full load, IP on KB+LA blends @ 17.5 CR,
1500rpm

5.10.1 Carbon monoxide (% vol) vs. % Full load, IP

The CO emissions are decreasing with increase in engine load at constant CR
and IP. The combustion temperatures are increasing with increase in engine load. This
temperature increase is helping to improve combustion though there is an increase in
fuel quantity. This increased fuel quantity was also increasing the available Oxygen for
CO emissions reduction in the combustion chamber[200,201]. The increase in IP was
also the majorly influencing factor in reducing CO emissions from the engine. The
improvement in air/fuel mixing process led to improving combustion[202].

In Figure 5.31a the CO emissions at 230 bar IP even lower than KB fuel because
of the increase in the mixing process. This improvement is because of slight variation
in the increased ICP and NHRR peaks in Figure 5.24.&5.26.. These peaks are
decreasing with the increase in Lauric acid blend quantity.

In Figure 5.31» the increase in CO emissions because of a reduction in ICP
&NHRR peaks. In Figure 5.24p, 5.26, the composition difference of KB+20gL A fuel
influenced to decrease fuel volatility.

In Figure 5.31. the CO emissions are higher at 190 bar IP because of improper
injection due to increased viscosity and density. The reduction in CO emission because
of the slightly increased ICP peaks. The increase in peak and decreased ID period
attributed to attaining required temperature. This available temperature may be
improved CO emissions for KB+30gLA than KB+20gLA.

In Figure 5.31a,p,c the CO emissions are increasing with increase in blend ratio
because of the increase in Viscosity and Density of Lauric acid blends. In all the
portrayed figures the lower CO emissions are observed at 60 % full load because of

availability of Oxygen, delay time and temperature for reaction.
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5.10.2 Unburned Hydrocarbons (ppm) vs. % Full load, IP

The fuels which are available either naturally or produced fuels must consist of
Carbon, Hydrogen, Oxygen, and sometimes Sulfur elements. The element like Oxygen
is not available in conventional fuels like petrol, or the petrodiesel. The alternate fuel
like biofuels are consists of Oxygen as a central element. The combustion CI or SI
engine comes under exothermic reaction, i.e., Oxidation of Unburned Hydrocarbons in
the combustion chamber. In the complete combustion, the Unburned Hydrocarbons
ends with H,O &CO», but incomplete combustion ends with higher proportions of HC
& CO emissions[203].

Author Lakshminarayanan et al.[204]express that the Unburned Hydrocarbons
emissions less influencing by the air-fuel equivalence ratio than homogeneously mixed
air-fuel ratio. The author Gumus et al. [203] deliberation the increase in IP shows a
tremendous effect on HC emissions reduction.

In Figure 5.10. the HC emissions are higher with KB+20gLLA blend because
increased viscosity, density, less fuel Calorific value also a compositional difference.
In the portrayed Figures 5.10¢, 5.32a, 5.32p, and 5.32HC emissions are lower at 60 %
full load as a result of available time, temperature and proper air entrainment around

injected fuel droplets.
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5.10.3 Oxides of Nitrogen (ppm) vs. % Full load & IP

The air/fuel borne Nitrogen has mono and diatomic molecules. The diatomic
molecules are stable at lower temperatures than monatomic molecules. The
temperatures above 1200°C the diatomic molecules are vigorously reacting with fuel
borne Oxygen and forming Oxides of Nitrogen (NOx) emissions[205]. The variation of
IP is the significant input variable to apply high viscous fuels on DI CI engine for better
BTE and BSEC through there is an increase in NOx emissions. The increase in NOx
emissions because of improvement in air-fuel mixing and proper flame spread in the
combustion chamber[206].

In Figure 5.11. the NOx emissions are decreasing with the increase of Lauric
acid blend quantity in KB fuel. At lower blend of Lauric acid in KB fuel, i.e.,
KB+10gLA higher ICP, NHRR, and RPR peaks are attained at 230bar IP are portrayed
in Figure 5.24,, 5.26,, and 5.27, respectively. The author Ogunkoya et al.[207] observed
similar results by investigating the DI CI engine using deoxygenated Canola based
Lauric acid.

The highest NOx emissions have arrived with KB+10gLA blend than
KB+20gLA and KB+30gLA. In Figure 5.2¢ and 5.24., the higher peak and lower ID
with KB+10gLA blend because of improvement in Cetane number. This increased ICP
peak with higher retention time reasoned to increase NOx emissions portrayed in Figure
5.33..

In Figure 5.33a, b, c the NOx emissions increased with the increase in % full load on
the engine but the reduction in NOx emissions with the increase in Lauric acid quantity.
The NOx emissions also increased with the increase in IP, but the decreasing trend can

perceive in Figure 5.11c.
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5.10.4 Smoke opacity (%) vs. % Full load, IP

The literature leveled that the increasing Smoke trend with the increase in load
on an engine by cause of increasing fuel quantity with the increased % full load[208].
Author Man et al.[209]reported that the presence of Oxygen in fuel led to reducing
Smoke emissions in the diffusion phase of combustion. The lowest Smoke emissions
observed with clean KB fuel because of availability of Oxygen composition and slightly
high Calorific value than Lauric acid blends.

Authors Ogunkoya et al. and Venkanna et al. [207,210] reported that the
aromatics are increasing with the increase in the Lauric acid blend. The increase in
aromatics with the blend of Lauric acid is causing to increase Smoke opacity which can
observe in Figure 5.12¢. The decrease in Calorific value was the major influencing
factor to decrease ICP, NHRR peaks can observe in Figure 5.2.Figure 5.24. v, c.

In Figure 5.12. the Smoke emissions are increasing with the increase in blend
ratio. This increase because of an increase in viscosity, density, less Calorific value, and
increase in aromatics.

In Figure 5.34a the Smoke opacity decreased with the increase in IP with the
KB+10gLA fuel. This decrease because of proper fuel atomization and attainment of
the required flame temperature to burn the tiny droplets. Here the Smoke opacity less
than Diesel fuel even at 190 bar IP but higher than KB fuel.

In Figure 5.34» the Smoke opacity reached higher at 190 bar IP because of
the increase in the viscosity, density and less calorific value of KB+20gLLA. The
increased droplet size because of improper atomization at 190 bar is due to the increase
of Lauric acid blend in KB fuel.

The observations from Figure 5.34. revealed that the increase in Smoke
opacity by cause of loss Calorific value, increased viscosity, density, and aromatic
compounds. Here the Smoke opacity at all injection pressures even higher than Diesel

fuel.
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Module - 4

5.11 Combustion analysis on KB+MCM blends @ Full load, 17.5 CR,
1500rpm

5.11.1 Incylinder pressure (bar) vs. Crank angle (0), IP

The In cylinder pressures with MCM particles blend in KB fuel samples at full
load operation with IP 210 bar, and at engine speed 1500rpm are Diesel (63.87), KB
(66.32), KB+1gAP (69.57), KB+2gAP (66.42), KB+3gAP (69.74). The higher ICPs
peaks accomplished at, the lower higher level of the blend. The ICP peak increased with
KB+1gAP blend in the combustion chamber.

Because of lower viscosity, density and increased surface area to volume ratio
of the MCM nparticles has induced improvement in the mixing process. The higher
viscosity, density and lower Calorific value of KB+3gAP blend led to accumulating
more fuel in the increased ID period. The multilevel explosion of MCM particles leads
to increasing ICP peak with KB+3gAP than above blend. The author Sadhik et
al.[211]observed similar results in his work.

The obtained ICP peaks with KB+1gAP blend are 67.06, 69.57, 67.58 and 68.15
bar at 190, 210, 230 and 250 bar IPs portrayed in the Figure 5.35a. The higher IPC peak
obtained at 210 bar IP. Because of the available ID period is sufficient to accumulate
the required fuel quantity and to attain proper Combustion.

The ICP peaks with KB+2gAP blend are 69.5, 66.42, 70.16, and 66.49 bar at
190, 210, 230, and 250 bar IPs in Figure 5.35». The higher ICP peak at 230 bar IP is
because of proper atomization and sufficient spray angle. Another highest ICP peak
69.5 bar reached at 190 bar IP because of higher droplet size due to improper
atomization. This increased ID caused to accumulate more fuel for combustion.

The obtained ICP peaks with KB+3gAP blend are 69.63, 69.74, 70.65 and 70.04
bar at 190, 210, 230 and 250 bar IPs. The increased ID caused to accumulate more fuel
for the above three blends but higher ICP peak 70.65 bar observed at 230 bar IP. The
multilevel micro explosion reasoned to increase ICP peak for all fuel samples depicted

in Figure 5.35..
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In cylinder pressure (bar) vs. Crank angle (6)
of KB+MCM particles blends @ SOPs
1

In cylinder pressure (bar) vs. Crank angle ()
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Figure 5.35a,b,c ICP (bar) vs. Crank angle (©) & IP of KB+MCM blends
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5.11.2 Cumulative heat release (kJ) vs. Crank angle (0), IP

The increase in IP reduces the injection duration as well as combustion duration
because increased spray area with small droplet size. At higher IP unusually high
density and viscosity of neat biodiesels attain prior injection by cause of their higher
Cetane number, bulk modulus[212].

The maximum CHR peaks are 1.43, 1.12, 1.11 and 1.26 kJ at 190, 210, 230, and
250 bar IP. In Figure 5.36a the highest CHR peaks are attained at 190, 250 bar IPs. The
improper injection and increased droplet size at 190 bar IP caused higher ID period. At
this IP the maximum accumulated fuel caused to rapid combustion in the premixed
phase. At 250 bar IP the smaller droplet size by cause of improved atomization led to
improving the combustion and flame spread though there is less fuel accumulation in
the less ID period.

The CHR peaks are 1.26, 1.07, 1.17, and 1.26 kJ at 190, 210, 230, and 250 bar
IPs. In Figure 5.36p the higher CHR peaks are obtained at 190, and 250 bar IPs. At 190
bar IP because of poor atomization, the droplet size higher because of increased
viscosity, density. The higher ID led to accumulating more fuel and induced to rapid
combustion in the premixed phase even though the accumulated fuel underwent partial
combustion. This retained mass accomplished combustion in mixing controlled
combustion phase because of the availability of Oxygen after particle explosion. The
higher peak at 250 bar IP the smaller droplet size because of proper atomization
provoked to improved flame spread in the combustion chamber.

In Figure 5.36c the max CHR peaks are 1.17, 1.25, 1.22, and 1.33 kJ at 190,
210, 230, and 250 bar IPs. The higher viscosity, density of KB+3gAP blend is bringing
to being higher ID than KB+1gAP; KB+2gAP blends. At IP 250 bar the high viscous
KB-+3gAP blend has attained proper atomization than at 190, 210 and 230 bar IPs. At
lower IPs, the higher size droplets have absorbed more heat from the surrounded hot
air in the combustion chamber. At 190 bar IP the decrease in the cylinder temperature
and motivated to occur maximum combustion in the mixing controlled combustion

phase.
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Figure 5.36a,b,c CHR (kJ) vs. Crank angle (©) & IP of KB+MCM blends
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5.11.3 Net heat release rate (J/0) vs. Crank angle (0), IP

In Figure 5.44 at standard IP (210 bar) the Net heat release rate (NHRR) is higher
with KB+1gAP, KB+3gAP blends. The increase in NHRR with KB+3gAP is due to
more fuel accumulation in the higher ID period and also multilevel microexplosion of
MCM particles.

The increase in IP leading to decreases in the ID period because of improvement
in atomization, better dispersion and also earlier fuel injection[48]. The maximum
NHRR peaks with KB+1gAP blend are 45.91, 46.91, 42.79 and 44.75J/6 at 190, 210,
230, and 250 bar IPs respectively. The higher NHRR peak at 210 bar IP is because of
sufficient time to accumulate more fuel in ID period and to attain rapid combustion in
the premixed combustion phase. The less ID at higher IPs is induced to attain
combustion in the diffusion combustion phase this can observe in theFigure 5.37a.

The viscosity is increasing with the increase in MCM particles blend quantity
in KB fuel. The increase in MCM particles blend in KB fuel owes to increased the
contact area of particles. The above effect increased the heat absorption rate of particles
with hot air in the combustion chamber. The MCM particles explosion also improved
mixing process[213].

The NHRR peaks are 41.86, 41.88, 42.29 and 49.27]/8 at 190, 210, 230 and 250
bar [Ps respectively. The increase in NHRR at 250 bar IP is because of improved air/fuel
mixing because of proper atomization though there is less ID period than other IPs. The
too much increase in droplet size at lower 190, 210 bar IPs is influenced to increase the
ID period. Due to which the maximum fuel is undergoing combustion in the mixing
controlled combustion phase represented in Figure 5.37p.

The NHRR peaks are 49.14, 48.31, 45.25 and 50.21J/6 at 190, 210, 230 and 250 bar
IPs respectively. The above similar reasons can observe in Figure 5.37. at 250 bar IP.
The increase in inline pressure and increasing ID period because of the increase in
surface tension and viscosity of KB+3gAP blend. Because of increased penetration and
impingement of jet on piston head or cylinder walls[178] affected to increase NHRR
peak at 190, 210 and 250 bar IPs.
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Net heat release rate (J/0) vs. Crank angle (0)

Net heat release rate (kJ) vs. Crank angle (0), IP
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Figure 5.37a,b,c NHRR (J/O) vs. Crank angle (©) & IP of KB+MCM blends
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5.11.4 Rate of pressure rise (dp/d0) vs. Crank angle (0), IP

The higher rate of pressure rise (RPR) in DI CI engine is because of less fuel
comprised Oxygen, increased viscosity, density, and higher ID due to less Cetane
number. All these parameters are the majorly influenced to accumulate more fuel in the
ID period and attain rapid premixed combustion led to increasing RPR peak[98,214].

The obtained RPR peaks with KB+1gAP blend are 5.16, 5.25, 4.87, and 5.06
bar at 190, 210, 230 and 250 bar IPs respectively. In the portrayed Figure 5.38a the
higher RPR peak at 210 bar IP. Because of the accumulation of higher size droplets in
the higher ID period. The increased viscosity signified to increase ID period because of
improper fuel atomization and less Cetane number of KB+1gAP blend than KB fuel.

The attained RPR peaks with KB+2gAP blend are 4.73, 4.76, 5.38 and 4.82 bar at
190, 210, 230 and 250 bar IPs respectively. In the portrayed Figure 5.38» the higher
RPR peak attained with KB+2gAP blend at 230 bar IP. Because of an increase in
viscosity, density, surface area to volume ratio and less Calorific value than KB+1gAP
blend. At lower IPs such as 190, 210 bar IPs the improper atomization is induced to
increase droplet size and led to decrease NHRR values. In Figure 5.38;, at 250 bar IP,
the less RPR peak by cause of improved atomization due to smaller droplet size as well
as improvement in combustion.

In the depicted Figure 5.38c, the RPR peaks with KB+3gAP blend are 5.42, 5.39,
5.06 and 5.58 bar at 190, 210, 230, and 250 bar IPs respectively. The KB+3gAP blend
higher viscosity, density, surface area/volume ratio and less Oxygen, the Cetane
number increased ID period. The factors mentioned above reasoned to higher RPR
peaks with KB+3gAP blend than all other blends. The author Yesilyurt et al.[215]

reported similar results.
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Rate of pressure rise (dp/d6) vs. Crank angle (0) Rate of Pressure rise (dp/d6) vs. Crank angle (), IP
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Figure 5.38a,»,c RPR (dP/dO) vs. Crank angle (©) & IP of KB+MCM blends
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5.12 Performance analysis on KB+MCM blends @ % load, 17.5 CR, 1500

rpm
5.12.1 Brake thermal efficiency (%) vs. % Full load, IP

The increase in MCM particles blend in KB fuel is caused to decrease in Brake
thermal efficiency (BTE). This because of a reduction in Calorific value and increased
viscosity and density of MCM particles blends. The lower BTE with KB+2gAP blend
because of compositional difference and lower ICP, CHR, NHRR, and RPR peaks in
the Figures 5.24, 5.34, 5.44, and 5.54 respectively.

In Figure 5.39a the higher BTE with KB+1gAP blend at 210 bar IP because of higher
ICP, NHRR peaks. In Figure 5.35,, 5.37. the higher NHRR peak near to bTDC with
higher ICP peak increased BTE. Because of the maximum quantity of fuel droplets
accumulation in the necessary ID period.

In Figure 5.39» the higher ICP peak arose with KB+2gAP blend at 230 bar IP. In
Figure 5.35p the higher BTE at 230 bar IP because of the occurrence of higher ICP peak
near to TDC with higher RPR.

The higher BTE obtained with KB+3gAP blend at 250 bar IP. Because of an increase
in fuel atomization and its accumulation in the more extended ID period than
KB+1gAP, KB+2gAP fuel blends. The increase in MCM particles quantity in fuel
influenced to increase surface area to volume ratio and viscosity. At 250 bar IP the
KB+3gAP blend played the leading role in improving BTE however there is an increase
in ID period.
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5.12.2 Brake specific Energy consumption (MJ/kW-hr) vs. % Full load, IP

The Author Puhan et al. reported that the brake specific fuel consumption
(BSFC) is not the preferable parameter. The BSEC is the preferable parameter to
compare fuels with different nearby Calorific values, densities, and viscosities. The
Brake specific energy consumption (BSEC) is to know the required energy for
developing unit power of an IC engine. The BSEC is the dependent variable on each
fuel calorific value, density and viscosity together. Sometimes the BSFC may have a
more considerable difference with Diesel but BSEC near to diesel because of its lower
Viscosity, density with higher Calorific value[216].

In Figure 5.40a, 5.40band 5.40cat 190 bar IP the BSEC increased with the
increase in MCM particles blend quantity. At this IP the increased MCM blend quantity
provokes to increase viscosity this led to increasing fuel injection quantity. The increase
in ID period can observe in the portrayed Figures 5.35,, v, &c. The blend Calorific value
and Cetane number also decreased with the increase in MCM particles blend. The lower
BSEC is with Diesel at 210 bar IP because of its lower density, viscosity, and higher
Calorific value.

In Figures 5.40a, », &c the BSEC decreased as the increase in IP on the same
blend. This BSEC increased with increase in MCM particles blend quantity in KB fuel
though there is an increase in IP. In Figure, 5.40. the KB+1gAP blend BSEC is lower
at 210 bar IP. The NHRR peak 46.91J/0 has attained in Figure 5.40.because of higher
ICP peaks in the Figures 5.35,, 5.37..

In Figure 5.40» the BSEC is lower at 250bar IP with KB+2gAP blend because
of improved atomization. In the Figures 5.35y, Figure 5.37y the 70.16 bar high ICP
peak, 49.27J/6 high NHRR peak respectively. In Figure 5.40. the BSEC is lower at 250
bar IP due to improvement in fuel atomization, similarly the higher BSEC at 190 bar IP
because of improper atomization. The minimal BSEC variation at all IP in Figure 5.40.

because of minimal ICP, NHRR peaks variation in Figures 5.35¢, 5.37. respectively.
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5.12.3 Exhaust gas temperature (°C) vs. % Full load, IP

The Exhaust gas temperature (DGT) is increasing with the increasing load on
the engine. An increase in fuel quantity with the load increased in energy release in the
combustion chamber. This increased fuel quantity facilitates the availability of Oxygen
in fuel and increases in peak though there is a reduction in ID period. Similarly, the
increase in fuel IP leading to increasing in EGT. The neat biodiesel bulk modulus
caused to occurring prior injection. The increased peak retention time when the ICP
peaks are near aTDC, and NHRR peaks are away to bTDC [202].

The attainment of the above situation in the Figures 5.24, 5.35a4, v, &c and also
Figures 5.44, 5.37,, b, &c leads to sharp premixed peak incite to occur the diffusion
combustion. In the Figures 5.35. v, & ¢ the ICP peaks near to aTDC because of
occurrence of early injection, increased atomization and decreased fuel droplet size.
The incidence of ICP peaks at near to aTDC is leading to increasing the time for fuel
combustion in the combustion chamber. In particular, this occurrence initiated diffusion
combustion and to increase the BTE, EGT with the increase in IP.

In Figure 5.41a the highest EGT at 210 bar IP is because of sufficient time to
accumulate more quantity of fuel in the ID period. The multilevel micro explosion
started after absorption of heat of MCM particles from the hot air in the combustion
chamber. In Figure 5.41, the higher EGT at 210 bar IP with KB+1gAP blend because
of higher ICP peak in Figure 5.35.

In Figure 5.41», 5.41¢ the higher EGT with KB+2gAP, KB+3gAP blends at 250 bar
IP because of proper fuel atomization though these are highly viscous and less Calorific
value. At this IP the increase in MCM particles surface area to volume ratio improved

mixing and initiated the multilevel micro-explosion.
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5.13 Emission analysis on KB+MCM blends @ % full load, 17.5 CR,
1500rpm

5.13.1 Carbon monoxide (% vol) vs. % Full load, IP

The CO emissions are lower at 210 bar IP than 230, 250 bar IPs. Because of
available time for higher fuel accumulation in the extended ID period. At higher IPs
230 and 250 bar, the injected fuel induced to over air/fuel mixing. This because of the
presence of MCM particles with lower viscosity and density than KB+2gAP, KB+3gAP
blends. In Figure 5.42a the 1g particles in KB+1gAP blend at 210 bar IP facilitate to
proper air/fuel mixing directed to lower CO emissions. In Figure 5.42, at 230, 250 bar
IP the over air/fuel mixing of KB+1gAP blend directed to higher CO emissions.

In Figures 5.94, 5.42» the higher CO emissions due to the compositional
difference, increase in viscosity, a density of KB+2gAP blend than KB+1gAP,
KB+3gAP. The CO emissions of KB+2gAP blends lightly higher than KB+1gAP,
KB-+3gAP blends though it has followed a similar trend. The CO emissions are higher
at 190 bar IP with KB+1gAP, KB+2gAP, and KB+3gAP blends.

In Figure 5.42., at 250 bar IP the CO emissions of KB+20gLLA blend even
lower than KB fuel due to the occurrence of diffusion combustion. The droplet size
increased because of an increase in viscosity of the KB+3gAP blend. This viscosity
increase provoked too early fuel injection, less ID with superior atomization than 210
bar IP. This accumulated mixture not able to combust completely in the premixed
phase. The explosion of particles and release of Oxygen due to particles contained

methanol led to diffusion combustion.

The MCM particles contained Karanja biodiesel viscosity increased with the
increase in quantity. This increase in viscosity and reduction in calorific value
compensated at higher IP 250 bar. The availability of Oxygen in the MCM particle is
because of the presence of methanol. The presence of methanol in the MCM particles

is because of its usage at the time of wet grinding in the planetary ball mill.
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5.13.2 Unburned Hydrocarbons (ppm) vs. % Full load, IP

The improved air/fuel mixing due to the increased surface area to volume ratio
with the accumulation of sufficient mixture at 210 bar. In Figure 5.10, the HC emissions
are lower with KB+1gAP blend. The further increase in MCM particle in KB fuel
increased viscosity, density, and reduced calorific value. In Figure 5.44 the occurrence
of diffusion combustion with KB+3gAP blend led to a reduction in HC emissions.

In Figure 5.43a the HC emissions are lower at 210 bar IP because of over
mixing of air/fuel at higher IPs 230 and 250 bar. At this higher IPs, the crevices
formation due to fuel impinged on cylinder walls commenced to cool down the cylinder
chamber and deterioration in combustion.

The KB+2gAP blend has attained higher HC emissions in Figure 5.10
because of increased viscosity, density, and reduction in calorific value. In Figure 5.43,
the HC emissions are lower at 250 bar IP. The high viscous fuel accumulation is higher
with higher droplet size increased the delay at lower IPs. This effect can observe in
Figure 5.43p, but the HC reduction is not lower than KB+3gAP blend.

In the portrayed Figure 5.37.at all IPs, the KB+3gAP blend undergone diffusion
combustion. The KB+3gAP blends higher viscosity caused to higher fuel accumulation
in the less ID period. At 230, 250 bar IPs this high viscous fuel attained to occur early
injection. The early injection and reduction in droplet size initiated sufficient mixture
formation even in less ID period. The lower HC emissions are because of availability

of Oxygen due to the explosion of particles.
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5.13.3 Oxides of Nitrogen (ppm) vs. % Full load, IP

The monatomic molecules are quote unstable and rapidly participating in the
reaction with nascent Oxygen to form NOx emissions for stabilization. The following
three stages of Zeldovich Mechanism explains the NOx formation in CI engines[129].

I. N2+0 — NO+[N]

2. [N]+ 02— NO +[O]

3. [N]+[OH] — NO + [H]

In the Figure 5.114 the lower NOx emissions observed with KB+2gAP blend
because of less available time to form sufficient air/fuel mixture formation at 210 bar
IP and less calorific value, slightly increased viscosity, density. The increase in surface
area to volume ratio helped to improve air/fuel mixture formation. The NOx emissions
slightly increased with KB+3gAP blend. The higher NOx emissions are with KB fuel
because of inbuilt Oxygen and higher calorific value. The lower NOx emissions are
because of a lack of Oxygen in Diesel than all other fuel blends.

In Figure 5.44. the NOx emissions are lower at 190 bar IP is because of
improper air/fuel mixing because of poor fuel atomization. The NOx emissions are
higher at 210 bar IP with KB+1gAP blend. Here the presence of 1g of MCM particles
in KB+1gAP blend helped to proper air/fuel mixing due to the increase in surface area
to volume ratio. At 230 bar IP, the fuel impinged on cylinder walls, and this deteriorated
the combustion process. At 250 bar IP the reduction in fuel droplet size and increased
penetration influenced to increase NOx emissions than 230 bar IP.

The highest NOx emissions attained with KB+2gAP, KB+3gAP blends at 250
bar IP because of increased above blends atomization though there is an increase in
viscosity. At this IPs, the KB+1gAP blend may be causing to deteriorate combustion
rate. At the pressure mentioned above the higher viscous KB+2gAP, KB+3gAP blend

induced to proper atomization and drove to increase NOx emissions.
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5.13.4 Smoke opacity (%) vs. % Full load, IP

The lack of Oxygen, improper air/fuel mixing is because of poor fuel
atomization are the majorly influencing factors for the increase in smoke emissions.
The MCM particles contained KB fuel, i.e. KB+1gAP and KB+3gAP blends attained
lower Smoke emissions. The lower Smoke emissions with KB+1gAP blend are because
of attainment of higher ICP peak and available time for fuel combustion. The decrease
in smoke emissions with KB+3gAP blend because of the availability of fuel contained
Oxygen though there is a higher ID period.

This Oxygen availability is because of higher fuel accumulation by cause of
higher ID period. This higher accumulated fuel lead to increase methanol contained
MCM particles in the combustion chamber. The Smoke emissions are higher at 190 bar
IP for all blends because of increased droplet size by cause of improper atomization.
This increased droplet size led to absorbing more heat for evaporation and deteriorated
the combustion rate.

In the portrayed Figure 5.45. the Smoke emissions are lower at 210 bar IP. At
this IP the required fuel gets accumulated in the sufficient ID period. This accumulated
fuel also mixed correctly because of the increase in surface area to volume due to the
MCM particles blend. At higher IPs 230, 250 bar the fuel got over mixed and
accumulated less quantity of fuel in the ID period through smaller in droplet size.

The KB+2gAP, KB+3gAP blends are having a higher viscosity than KB,
KB+1gAP blend because of the increase in fuel viscosity, density. The smoke emissions
are lower at 250 bar IP with the above fuels. The proper dissolution of fuel at 250 bar

IP in the combustion chamber led to uniform flame spread.
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CHAPTER 6

Conclusions

6.1 General

In this experimental study, the test runs carried out on an unmodified DI CI
engine using MCM particles blended Coconut & Karanja biodiesel fuels also Lauric
acid blended Karanja biodiesel as fuel. The observations logged from the test engine by
applying all the fuels mentioned above. Based on the logged data the results calculated
and presented in the form of graphs in Chapter 5 as Results and discussions. The
conclusions presented in this chapter based on the discussions made in the results and
discussions chapter.

6.2 The effect of MCM particles on engine characteristics @ 100% load, SOPs

The methanol mixed wet grounded MCM particles emulsified in the neat
Coconut biodiesel in 1 g, 2 g, and 3 g. These blends physicochemical properties are
presented in Table 3.4. The percentage increases of CB+3gAP, KB+3gAP blends

Density in comparison with Diesel fuel was 4.81, 5.88 respectively.

1. The increasing MCM particles quantity in CB, KB fuels caused to increase
viscosity and density of blends.

2. The inclusion of MCM particles in CB, KB fuels has helped to increase surface
area to volume ratio and owing to their multilevel micro-explosion.

3. The above reason helped to increase ICP, CHR and NHRR peaks with CB+3gAP,
KB+3gAP blends.

4. The ICP peaks of CB+3gAP, KB+3gAP blends at full load operation has
presented them in Figure 5.2y, 5.24 respectively.

5. The CB+3gAP, KB+3gAP blends ICP peaks are 72.99, 69.74 bar respectively.

6. The % increase of ICP peaks of CB+3gAP, KB+3gAP blends with Diesel are
14.25, 9.19 % respectively.

7. The CHR peaks of CB+3gAP, KB+3gAP blends at full load operation has
presented them in Figure 5.3y, 5.34 respectively.

8. The CB+3gAP, KB+3gAP blends CHR peaks are 1.26, 1.25 kJ respectively.

9. The % increase of CHR peaks of CB+3gAP, KB+3gAP blends with Diesel are
36.96, 35.87 % respectively.
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10. The smaller CHR difference between fuels described above blends because of

their higher and nearly same Viscosity, density.

11. The above blends higher viscosity, density is caused to increase fuel rich zones in

the combustion chamber and increased CO, HC, and Smoke emissions.

12. The lower Calorific value and higher densities of MCM particles mixed CB, and

KB blends attributed to less NHRR peaks than Diesel fuel though there is higher
ICP, CHR peaks.

13. The NHRR peaks of CB+3gAP, KB+3gAP blends are 43.64, 48.31 J/0

respectively

14. The % NHRR decrease of CB+3gAP blend 6.43% and % increase of KB+3gAP

blend 3.58% than Diesel fuel at engine full load operation.

15. The percentage BTE decrease of CB+3gAP blend 11.70% and KB+3gAP blend

11.86% than Diesel fuel at engine full load operation.

16. The reduction in BTE with KB+3gAP blend because of less Calorific value,

higher viscosity, density also the occurrence of ICP, CHR and NHRR peaks away
from TDC than neat biodiesel fuels.

17. The higher BTE with Diesel fuel than other fuels because of its high Calorific

value, lower density, and viscosity.

18. The lack of Oxygen in Diesel fuel caused to increase the CO, HC, & Smoke

emissions than all other fuel samples.

19. The absorption heat by MCM particles for evaporation before the explosion has

provoked to NOx emissions reduction.

6.3 The effect of IP on engine characteristics with CB+MCM, KB+MCM blends

1.

@ 100% load, 17.5 CR, & 1500 rpm

The achieved highest ICP peaks with IP variation on CB+1gAP, CB+2gAP, and
CB+3gAP are 69.64 bar (@ 250 bar IP), 72.84 bar (@ 230 bar IP) and 72.99 bar
(@ 210 bar IP) respectively.

The highest ICP peak at 210 bar IP with CB+3gAP blend because of less fuel jet
penetration with required cone angle than at 250bar IP.

The lower ICP at 250 bar IP with CB+3gAP blend is due to the increasing

penetration length and induced to impinge on piston head or cylinder walls.
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10.

11.

12.

13.

14.

15.

The achieved highest ICP peaks with IP variation on KB+1gAP, KB+2gAP, and
KB+3gAP are 69.59 bar (@ 210 bar IP), 70.16 bar (@ 230 bar IP) and 70.65 bar
(@ 230 bar IP) respectively.

The highest ICP peak at 230 bar IP with KB+3gAP blend because of less fuel jet
penetration with required cone angle than at 250bar IP.

The 3.28 % ICP increase of CB+3gAP blend than KB+3gAP blend is due to its
30.18 %, 1.14 % lower viscosity, density and available fuel borne Oxygen though
it has 1.12% less calorific value.

The highest BTE values of CB+1gAP, CB+2gAP, and CB+3gAP blends are
observed 28.02 % (@ 250 bar IP), 25.93 % (@ 230 bar IP), 26.14 % (@ 250 bar
IP) respectively.

In the above presented BTE results the 28.02% has achieved at 250 bar IP with
CB+1gAP blend because of its lower viscosity, density, and higher calorific value
than other blends.

The highest BTE values of KB+1gAP, KB+2gAP, and KB+3gAP blends are
observed 26.32 % (@ 210 bar IP), 25.66 % (@ 230 bar IP), 25.83 % (@ 250 bar
IP) respectively.

The 26.32 % BTE achieved with of KB+1gAP at 210 bar IP because of its lower
viscosity, density, and higher calorific value than other KB+MCM blends.

The 6.46 % BTE decrease of KB+1gAP blend than CB+1gAP blend because of
its higher viscosity, density, lower Cetane number, Oxygen composition also
lower ICP peak.

The highest NOx emissions of CB+1gAP, CB+2gAP, and CB+3gAP blends are
observed 1708 ppm (@ 250 bar IP), 1685 ppm (@ 230 bar IP), 1643 ppm (@ 210
bar IP) respectively.

The highest NOx emissions are occurred at 250 bar [P with CB+1gAP blend due
to improved atomization, availability of Oxygen, lower density & viscosity than
other two blends.

The highest NOx emissions of KB+1gAP, KB+2gAP, and KB+3gAP blends has
observed 1766 ppm (@ 210 bar IP), 1812 ppm (@ 250 bar IP), 1845 ppm (@ 250
bar IP) respectively.

The highest NOx emissions are observed at 250 IP with KB+3gAP blend because
of slightly higher Calorific value, lower Cetane number and higher viscosity led

to accumulating more fuel in the ID.
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16. In portrayed Figure 5.35.the accumulated fuel rapidly combust at 250 bar IP with

proper atomization and caused to higher NOx emissions.

6.4 The effect of Lauric acid on engine characteristics @ 100% load & SOPs

1.

The ICP peaks of KB+10gLA, KB+20gLA, and KB+30gLA blends at SOPs are
60.12, 49.74 and 47.76 bar respectively.

The 33.73% ICP reduction has observed with KB+30gLA blend because of its
higher heat capacity, lower Calorific value and higher boiling point.

The highest ICP peak with increase IP has achieved with KB+10gLA blend which
is 64.23bar at 230bar IP

The higher ICP peak has attained with KB+10gLLA blend at 230 bar IP more or
less same with Diesel.

The KB+10gLA blend has accomplished 23.3% BTE which is higher than the
other two blends at SOPs.

The BTE value with IP variation of KB+10gLA, KB+20gLA, and KB+30gLA
blends has achieved at 230 bar IP.

At SOPs the NOx emissions of KB+10gLLA, KB+20gLLA, and KB+30gLA are
1382, 1325, 1294 respectively.

The attained NOx emissions with KB+LA blends are lower than Diesel fuel.

At engine SOPs the highest NOx emission reduction has achieved with
KB+30gLA blend which is 14.2 %.

10. The highest NOx emissions of KB+LA blends has observed at 230bar IP because

of improvement in fuel atomization.

6.5 Overall conclusions

1.

The increase in ICP peaks of MCM particles contained blends because of
improvement in air/fuel mixing due to increased surface area/volume ratio.

The improved air/fuel mixing and multilevel explosions of MCM particles are
owed to increase BTE than neat CB, KB fuels.

Above reasons are greatly influenced to increase BTE of CB+MCM blends than
KB+MCM blends due to their lower viscosity, density, and higher Cetane
number.

The highest achieved BTE with CB+1gAP, KB+1gAP and KB+10gLA are 28.02,
26.32 and 23.03% respectively than neat biodiesels at 250bar injection pressure.
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5. The lowest NOx emissions have achieved with KB+30gLLA blend than CB+3gAP,
KB+3gAP blends due to maximum heat absorption of Lauric acid.

6. The present investigation revealed that the lower level (1g) addition of MCM
particles improved the engine performance with a slight penalty in NOx
emissions. The higher level addition (3g) of MCM particles has reduced NOx
emissions with a slight compromise in Performance.

6.6 The scope of future work

The following suggestions are made as future work to run engine using MCM particles.

1. The optimized particle size needs to be identified for better engine characteristics.

2. The engine characteristics need to be analyzed by adding different blends of
MCM particles in Diesel fuel.

3. The testing is required to check the effect of different engine modifications like
compressions ratio, injection timing, SCR and DPF for CO, HC and Smoke
emissions reduction.

4. All the emission parameters need to be analyzed interms of specific quantities.

5. The engine characteristics optimization needs to be done on an engine to identify
better Lauric acid blend quantity.
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APPENDIX - A

Uncertainty analysis of instruments used in experimental setup:

Errors and uncertainties in the experiments can arise from instrument selection,
condition, calibration, environment, observation, reading and test planning. Uncertainty
analysis is needed to prove the accuracy of the experiments (Holman, J.B.1988). The
percentage uncertainties of various parameters like brake power and brake thermal
efficiency were calculated using the percentage uncertainties of various instruments

given in Table 1. The uncertainity analysis was performed using Eq. (1).

Tablel: Various used instruments and its range, accuracy and percentage

uncertainties
Sl. Instruments Range Accuracy %_ .
No. uncertainties
1| Pressure transducer (CP) 0 -350 bar +1bar 0.1
2 Crank angle encoder () 0-360° +1° +0.2
3| Engine speed (N) 0—5000 rpm +10 rpm | +0.7
4] Load cell (w) 0-50kg +0.1 kg | +0.01
5| Fuel flow transmitter (mf) 0—-500 mmWC +1 cc +0.3
6. Time measurement (t) - +0.2 s +0.2
7| Air flow transmitter (af) 0—250 mm WC +1 mm +0.2
8| Exhaust gas temperature (EGT)| 0— 1200 °C +10 °C +1.7
Five Gas analyzer
9. Carbon Monoxide (CO) 0—15% vol +0.06 % | +0.4
10| Carbon dioxide (CO>) 0—20 % vol +0.5 % +0.5
11 Oxygen (02) 0—25 % vol +0.1 % +0.4
12| Unburnt Hydrocarbons (HC) 0 - 10000 ppm +12 ppm| +0.12
13| Oxides of Nitrogen (NOx) 0 —5000 ppm +10 ppm| +0.2
14| Smoke 0—-100 % +1.0 % +1.0%
Percentage uncertainty = \/xlz P T S x ? —mmmmme- (1)

Percentage of uncertainty occurring in the experiments

(CP)2 +(¢9)2 +(n)2 +(w)2 +(mf)2 +(t)2 +(af)2 +(EGT)2 +(C0)2 +(C02)2
= [ +(0,) +(HC)’ +(NOx)’ +(Smoke)’

% Uncertainity in experimental measurement =

VOI2 40224072 +0.012 403240224022 +1.72 404>+ 0.5 +0.4> +1.122 +0.2> +1.0°
= 2.065 %
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Determined Physicochemical Properties of Diesel fuel:

Test runs

Provert Averase Standard | Standard Equation Apparatus ASTM
perty Test1 | Testz | Tests | Testsa | Tests 8¢ | Deviation Uncertainty used used standards
Flash point Pensky
0) 55 54 | 52 | 56 50 53.4 2.41 1.08 - Mot D93
F'r(eog‘)"“t 61 | 58 | 57 | 54 57 57.4 2.51 1.12 ]
Density 835 | 829 | 832 | 834 | 831 832.2 2.39 1.07 - Hydro D792
(kg/m3) meter
= % -
Kinematic H Xiot;f;/t) Red wood
viscosity | 3.41 | 2.83 | 245 | 2.58 | 2.84 2.82 0.37 0.16 AT viscometer | D445
B=279 t=time
(mm?/sec) (sec) -1
SPAM
Calorific 143773 1 43714 | 43706 | 43710 | 43706 | 43711.8 |  7.09 317 | CVem*CpraT | Automatic | o4
value (kJ/kg) ’ ’ ’ p Bomb
Calorimeter

Average (X) = (

Standard deviation (o) = \/ [

Test, +Test, + Test, +Test, + Test,

5

)

(Test, —;)2 + (Test, — ;)2 + (Test, —;)2 + (Test, —)_c)2 + (Test, —;)2

Overall Diesel fuel testing uncertainty

5-1

J , Standard uncertainty (u) = ( g
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\/((1.08)2 +(1.12) +(1.07)* +(0.16)° +(3.17)°)

3.693 %

&




APPENDIX - B

SPEED Load EGT Air flow Fuel flow
fuel (N) (kg) ©C) mm WC in CC

1497 | 12288 | 338.709 59.839 21

1494 | 12273 | 339.849 59.11 20

E 1497 | 12284 | 340.158 60.245 20
= 1494 | 12242 346.708 59.487 20
1495 | 12244 | 345.738 60.398 19

X 149540 |  12.266| 342.232 59.816 20.00
o 15 0022]  3.699 0.532 0.71
u 0.7] 0010 1.654 0.238 0.32

Sample Performance calculations on Diesel fuel at full load operation:

Fuel consumption in burette (mf) = 20 cc

Time taken for 20cc (Tf) = 60 sec
Calorific value of Fuel (CV) = 43712 kl/kg
Engine speed (N) = 1495 rpm
Maximum load on engine (w) = 12.27 kg
Arm length = 0.185 m
Density of fuel (p) = 832 kg/m?

Torque (T) = (wt * g * Arm length) 12.27 *9.81 * 0.185 = 22.27N-m

% %k * L P *

Brake power (BP) = Mj = (2 771495 22'27j = 349kW
60000 60000
Fuel consumption (FC) = mf 7360070832 | _ 0.9984 kg/hr = 2.77*10* kg/sec
T *1000
3.49
Brake thermal efficiency (BTE) = ( BP J = " = 28.79 %
FC*CV (2.77*107)*43712

Brake specific fuel consumption (BSFC) = (FC/BP)=(0.9984/3.49)= 0.286 kg/kW-hr
Brake specific Energy consumption (BSEC) = (BSFC*CV) = (0.286*43.712)

=12.50 MJ/kg — hr
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