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SUMMARY

This research work has been undertaken to utibze dost, inedible
and waste feedstock as raw materials for biodipsmluction and utilization
in a diesel engine. As such, we have proposed tvedlible and waste
feedstock, namely, kapok oil and CNSL (cashew rhellsliquid), to be
synthesized into biodiesel. Significantly, kapoklas not been considered as
an alternate fuel for diesel engine thus far despiting an indispensable
renewable source, while CNSL is at the beginniagetof development. As a
different approach, steam treatment process folliolaye mechanical crushing
has been employed to extract bulk quantities ofroih kapok seeds as well
as cashew nut outer shell. Subsequently, kapokdseldwas produced from
kapok oil through alkaline trans-esterification g@es, while CNSL biodiesel
was synthesized through double stage trans-estdiifn process due to the
higher FFA content of CNSL. Notably, the estimathdrmal and physical
properties of biodiesel were found to be condudoretheir use in a diesel

engine.

After the synthesis of the required biodiesel,dperation of them in a
diesel engine was studied through various fuel andine modification
strategies. As such, in the first phase, the omeraif kapok biodiesel was
optimized and to incept with, conventional testirfigkapok biodiesel in blends
with diesel was done. From the experimental ingasion, B25 (25%
biodiesel and 75% diesel) was found to be the aptinblend. To reduce the
emissions for B25, in our next attempt, we modifibe properties of the
blend by adding 1,4-Dioxane, a multipurpose fualitaee. Furthermore, we
attempted to adapt higher blends of kapok biodiesed diesel engine by
coating the engine components using insulating ma&tend varying the
combustion chamber geometry. As an outcome of tsasdies, B50 (50%
biodiesel and 50% diesel) was found to be the aptinblend. In addition,
NOx (nitrogen oxide) emission from a coated dieselirengvas mitigated by
implementing SNCR (Selective non catalytic reductim the tail pipe. In the
second phase of this study, CNSL biodiesel wassiiyated in a diesel engine
and by varying the fuel injection pressure, B25 wgaswn to have better

engine characteristics than diesel. To further owprthe engine performance,



Summary IX

B25 was tested in a coated diesel engine and felgenent analysis was
performed to understand the effect of coating agirenperformance. Finally,
to harness the renewability of 100% CNSL biodieselias operated in diesel
engine after preheating it, and, additionally, asor®mic analysis was

performed to verify its economic feasibility.

In the last phase of this research study, comhustiod emission
modeling for kapok biodiesel were performed throwgh3D CFD code,
KIVA4. Accordingly, the fuel library of KIVA4 was pdated with the
properties of kapok biodiesel and appropriate reacimechanisms for
combustion and emission of kapok biodiesel wereseho In the end,
simulations were performed and the results sudn-aglinder pressure, CO,
HC and NQ emissions were validated with the experimentad.dat
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CHAPTER 1

1. Introduction

1.1. Renewable sour ces of energy for power production

With the onset of globalization, the world has beetmessing a rapid
growth and development in almost all possible sphegspecially science and
technology has been immensely fostered. In wakethef upsurge in
development and increase in world population, thp between electricity
demand and supply has been increased. In a fordd&tDepartment of
Energy has predicted an increase in demand fotrieieg by 28%, from 3,839
billion kwh in 2011 to 4,930 billion kWh in 2040gegessitating for capacity
addition to meet the demand [1]. Since the majasitelectricity production
emanates from coal and natural gas fired powerntgldhese energy sources
are getting depleted with the each passing daytlaavorld’s energy system
is being pushed to the breaking point. In additiorthis, burning of these
sources of energy also contributes to the emissidrazardous gases and soot
emission into the atmosphere, paving way for clenatange. Obviously, the
effect caused by climate change is no less omiamgsin current form, the
world is on track for warming of 6 Celsius — a lewkat would create
devastation, wiping out agriculture in many areas @endering swathes of the
globe uninhabitable.

Scientists and research community are aware oallowe mentioned
consequences and they are attempting to advooatediitions to overcome
the rampant issues with energy demand and clinfetage. More often than
not, sustainability and renewability are two quastential affordable solutions
that could help avert these problems. Significanthe world has already
committed to some contemporary renewable sourcesery like wind, solar
and hydro to meet the energy demands. Generadlgethre touted to be clean
energy technologies as natural sources were usedorfimucing power,
enabling greener environment. Reportedly, solamdwihydro power and

biomass does contribute to renewable energy geoefabm 524 billion kWh
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in 2011 to 858 billion kwWh in 2040, growing by aveaage of 1.7 percent per
year [1], as statistically depicted in Figure 1However, there are three
important factors which have to be considered icidieg the suitability of
these renewable sources over the conventional techhologies such as 1)
Availability of the source 2) cost competitivenegish fossil fuel technology
3) Long term viability and geographical conditioms.the beginning of 21
century, spurred by the growth of these renewahkrgy technologies, the
electricity demand has been offset from 9.8% t&D[I]. If this scenario is
likely to improve with the deployment of more reraMe technologies, a
restraint on energy deprivation and environmenéafadtation can be brought

to prominence in the near future

2011

1,000
800 Solar
600
Geothermal
400 Biomass
200 Hydropower
0 MSWILFG
2008 2015 2020 2025 2030 2035 2040 =
eia

Figure 1.1 Prediction of renewable electricity gena¢ion by EIA
1.2. Liquid biofuelsand its application in power generation

In addition to the power generation in large scéteough renewable
source of energy, domestic electricity has alsonbe®duced from certain
prime movers, driven by fossil petroleum fuel [@he common type of prime
mover being used for generating electricity is @sdl engine, which has been
designed to operate in stationary mode. Apprecjahig prime mover offers
better efficiency than gasoline engines due to aning of the fuel, with the
additional advantage of reduced HC and CO emissibmshe application

point of view, they are used in buses, trucks,,G@Bipressors, generators and
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pumps, which could be broadly classified underdpanmt, industrial, marine
and agricultural applications. It is noteworthynb@ntion that stationary diesel
engine (generators) is being used in many indsséime domestic applications
to generate power and electricity while for trams@pplication; the engine
being used is different. Characteristically, thoutiese generators are
rationally conceived to meet the emergency powenatals, they also find
application in agricultural and marine fields. Alsince they are deemed to
operate at a constant engine speed, design peawgpetthe engine is simple.
In addition, this kind of diesel engine also fingdse in marine applications, in
which, huge capacity engine are designed to produgqeower output of
90,000kW, running at a precisely slower speed dirg®. On contrary, in
agricultural sector, relatively small capacity stasry diesel engines are used

in tractors, irrigation pumps and threshing mackine

Basically, diesel engines are powered by fossikalieand all its
operational characteristics are standardized ®ute of diesel, ever since the
age of engine invention and development. However, @ependence on
petroleum based fuel grows stronger each yearrahght of this, the price of
the crude oil is escalated to greater heights, kvhi@s become the potential
threat to the developing and developed countrigdf{gis current scenario is
likely to prevail for next couple of decades, therld would be at the risk of
severe depletion of petroleum based fuels. Envienmtaily, the emission of
greenhouse gases through the burning of petrolewgts has caused havoc
with no end in sight. Moreover, the other emissisash as CO, NQand
smoke could cause ruinous effect on atmospheretifprecisely contained.
These pitfalls of fossil fuel shortage and enviremtal degradation could be
overcome by supplementing biomass based fuels, hwhie reported to
effectively mitigate the emissions in addition gplacing the petroleum based
fuels [4, 5]. Statistically, biomass based fuets the third largest source for
renewable energy generation and has contributechophenally to the
generation of electricity, from 37 billion kWh ir021 to 102 billion kWh in
2021. On the whole, there have been prediction tatfmse biomass based
fuels contributing to one half of the energy demdyd2050 and both the
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developed and developing countries are thrivinget® this happen in the near

future.

In respect of several benefits in the utilizatidnrbmmass based fuels
against the use of conventional fossil fuels, abersible attention has been
paid on the development of them all over the wonldh particular focus on
biofuels that possess advantages of being reneveadalebiodegradable [6].
Notably, liquid biofuels, produced from plants abidlogical raw materials
have grabbed the attention of many researchergabke\substitute for diesel
in a diesel engine. From the production point cdwi these biofuels are
pointed out to be synthesized from the parts aftglauch as seeds, crops and
other naturally available renewable materials. iDitly, these biofuels
contains essential hydrocarbons and unlike digggbssesses inherent oxygen
that makes it distinct and advantageous in respéduel oxidation and
combustion process. Moreover, though the propedidgbese liquid biofuels
are different due to their chemically different eallar structure and
composition, they could be made conducive for traperation in diesel
engine, which makes them more attractive. Systenudaissification of these
liquid biofuels delineates to vegetable oils, aldsh biodiesel or esters,
carbonates and ethers, which has been shown imeFib2. In a broader
classification, biofuels can be categorized intstfiand second generation
biofuels, depending on the source from which it pmoduced.
Characteristically, the biofuels produced from wab& sources such as edible
oil, starch and cellulose are termed as first garwr biofuels, while second
generation biofuels are synthesized from inedibderses such as lingo
cellulosic biomass and agricultural wastes. Froengtoduction point of view,
these biofuels are synthesized from different semrthrough biological or
chemical treatment methods. In the present trecwrding to an international
energy agency, replacement of 6% of petroleum fooglsiofuels in USA and
Europe appears to have been possible and for odiems, depending upon
the availability and policies, this is likely to ya In all prognosis, many
biofuel refineries are believed to prosper in tleamfuture and the economy
will grow in the 2£' century.
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1.2.1.Vegetable oil as source of fuel for diesel engine

From the classification of biofuels, vegetable &itsn both edible and
in-edible sources seems to be arguably one ofd@kediternate fuels for diesel
engine, while alcohols are suited for operatiogasoline engine. The use of
vegetable oils directly in diesel engine had beemmoemorated early since
1900, when Rudolf diesel tested peanut oil in aaliengine [7, 8]. Though
the cost of vegetable is higher compared to dikssd| it was used at times
when there arose an imminent threat of petroleus fieprivation. In
particular, during the World War 1l, between 193@al940, vegetable oils
were used as a potential substitute for dieselnfddly, the source for these
vegetable oils is from oil seeds, which are eiitdtivated or collected from
scattered locations. Subsequently, oil is extratteh the seeds by means of
mechanical, solvent or enzymatic extraction techesy after preprocessing
the seeds by drying it in an oven or sun. In thechmaical extraction
technique, either manual or screw driven press deen employed, which
contributes to around 60% to 65% and 68% to 80%aetibn of oil,
respectively [9]. Nonetheless, this method of ailr&ction is not suitable for
all kind of seeds and hence in the event of seemtsappropriate for
mechanical extraction, solvent extraction technigquam be adopted. For
solvent extraction technique, it has been pointgtdtimat a highly soluble less
viscous solvent is needed to extract oil from pawdeseeds [10]. In-order for
this to be realized, the particle size and tempegabf the medium seems to
have a crucial role and besides this, the mixtae to be agitated well to
increase the oil yield. In addition to the aboveotwethodologies, there
prevails an environmental friendly mode of oil extiion, known as enzymatic
extraction method [11], which refrains from prochgiany volatile organic

compounds thereby, preventing environmental paltuti

Chemically speaking, vegetable oils are water uigel hydrophobic
substance composed of fatty esters of glycerol wiglher molecular weight
[12, 13]. However, the fatty acid composition offelient types of vegetable
oil varies, due to the distinction of being exteattfrom different sources.
Besides the presence of free fatty acids, vegetabl@lso does have sterols,

phospholipids, water, odorants and other contansnamhich obligate for
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refining of the oil to get purified [14]. Howevewhen compared to fossil
diesel, vegetable oils are bound to more oxidattben stored for a prolonged
duration, especially for fuels with more unsatuddtgdrocarbons. Eventually,
when used in a diesel engine, the formed peroxm® fpolymerizes into
insoluble compound, which could block the fueléiltand injector nozzle

holes.

Vegetable oil could be directly used in diesel ergbecause of its
better burning properties and it is reported toeheaduced the emission of
deleterious greenhouse gas, £@nd carbon foot prints [15, 16]. Moreover,
the cetane number of it is higher and approximateky calorific value of it is
90% of diesel, equipping as a pertinent substituteliesel in a diesel engine.
Nevertheless, the use of neat vegetable oil dyaatldiesel engine is not
advocated as its viscosity is higher, affecting @mgine performance and
combustion, and prolonged use of them in dieseinengould pave way for
problems such as injector clogging, carbon depoarid lubrication oil
contamination [3, 17-19]. Notably, the possible wag reduce the viscosity
are 1) Dilution or blending 2) micro-emulsificati@) pyrolysis and 4) trans-
esterification. Dilution of vegetable oil pertain® blending it with
conventional diesel in various proportions wheremixed properties of
vegetable oil and diesel could be subtly balanbeagdortantly, there have been
observations about the reduction in viscosity, wkien proportion of diesel
with the vegetable oil is increased and this hasvehto improve the engine
performance and emission [20, 21]. The other ptssitiempt to reduce the
viscosity of the vegetable oil amounts to micro-ésification wherein, water
particles are infused into the oil and the homodggred the resultant mixture
is ensured by a surfactant. Technically, the erfietsivegetable oil comprises
of three phases namely, oil, aqueous and surfagthases, and during
evaporation and combustion of fuel, the low boilfraction water evaporates
and help improve the fuel spray characteristics 3. Besides these two
approaches, chemical treatment of vegetable o#sdaaned the interest of
many researchers and in light of this, processies fiyrolysis or trans-
esterification has been considered to reduce #eogity. Characteristically,

pyrolysis involves breaking down of higher molesulaf vegetable oil into
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smaller molecules, after subjecting it to decomjpmsiin the absence of
catalyst [24, 25]. On the other hand, trans-estatibn is a chemical reaction
in which the vegetable oil reacts with an alcolwofdrm smaller compounds,
esters and glycerol. Subsequently, glycerol isnghiout and the formed ester

is termed as biodiesel, a potential renewable sooirfuel.
1.2.2.Biodiesel and its development

Biodiesel is a fuel made up of mono alky esteratfyf acids, derived
from animal fat or vegetable oil by trans-esteafion process [26].
Significantly, biodiesel synthesized from vegetabile has many advantages
such as renewability, higher combustion efficiedoyer sulfur and aromatic
content [26, 27]. Furthermore, the presence of rgrite oxygen within it
enhances its biodegradability [28] and the fact thadiesel is enriched with
free fatty acids improves its lubricity [29]. Bes&lthese inherent merits of
biodiesel, literature review on biodiesel claimatth has a potential to reduce
the economic dependency on foreign oil import, sugal by its authoritative

domestic origin.

In the aftermath of the extensive revelation alibatcomposition and
properties of biodiesel, many experimental studigs the performance,
emission and combustion characteristics of a dexsgihe fueled by it came to
fore. From the engine experiments, it was repattiat ignition delay reduces
as the mixing ratio of biodiesel increases, becahsecetane number of
biodiesel is greater than that of conventional @ig80]. Also, biodiesel
produced from various vegetable oils emits lowednagst emissions such as
smoke, HC and CO [31]. Over and all, from the esites studies conducted
using blends of biodiesel in a diesel engine, 208hd of it with diesel has
been recommended as an optimum one, consideringrihi@e performance
and emission. Accordingly, this has provided anetup for many researchers
to find a viable biodiesel from several vegetahlesources. It is worthwhile
to mention that in the process of selecting suitalil for biodiesel production,
there are several considerations such as availgbitost, stability and
manufacturing method. In recent times, researdhmave forfeited using edible
vegetable oil as source for biodiesel productiod ether they have set their

sight on inedible oils as the demand for edibleetalle oil has been increased
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and there are concerns such as high cost and impdobd chain [32]. In this
regard, inedible oils such as Jatropfatiopha carcus Karanja Pongamia
pinnatg, Nagchampa Qallophyllum inophyllury)y Rubber seed Hevca
brasiliensig, Neem Azadirachta indica Mahua Madhucha indic Jojoba
(Simmondsia chinengjsand Microalgae are being used as prominent ssurc
for biodiesel production as they are readily asddaand are economical [33].
Moreover, inedible plants can be grown in wastel$anvhich further benefits

as green cover to waste land.

Besides the edible and inedible oils, waste pradscich as waste
cooking oil and animal fats have also been givetentibn by many
researchers as a viable candidate for producinglidsel. Considerably,
harnessing the renewable source of energy fromwdite products would
help combat the land availability issue for growicrgps. In all likelihood,
biodiesel produced from these inedible oils as \asliwaste products, when
being used as alternate fuel in a diesel enginaildveeplace a fraction of
petroleum based fuels and other conventional finelse near future, and will
supposedly generate green energy to help prevemersal effect on
atmosphere. However, there are still several caimsr associated with the use
of biodiesel such as higher viscosity, lower energgtent, higher cloud and
pour point and increased NCmission [28]. On account of its higher FFA
content, the long term use of biodiesel in a dies®ine is likely to pose
durability problems and soot depositions on theirengarts, especially the
fuel injection equipment’s. After weighing the prasd cons of biodiesel
derived from various vegetable oil, researchersehg@voposed several
strategies to compensate the limitations with therrhal and physical
properties of biodiesel. These techniques relateddifying the engine design
and operating parameters or altering the propeudiethe fuel by adding
additives or other chemical treatment methods. blptahese strategies would
not only improve engine performance and emissiont &ilso enables

adaptation of higher blends of biodiesel.
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1.3. Motivation and Outline of thethesis

Over the vyears, though different species of biadidsave been
capitalized as substitute for diesel, its cost availability are the two factors,
forbidding the commercialization of these fuelsistatally. Further, it has
been duly noted that the cost of biodiesel, whighstill higher than the
conventional diesel, is dependent on the feedstookt and therefore,
exploration of low cost feedstock is the need e turrent ongoing research.
In the wake of all contemporary issues pertainimghe choice of suitable
feedstock for biodiesel production, various studiasthe characterization of
biodiesel form inedible oils have been investigdtgdnany researchers [33-
35], given inedible oils are cheaper and can bevgrim abundant. Further, the
selection of inedible feedstock could also helpriatree dispute between food
and fuel, and might provide a chance to establishl defined agricultural
policies for rural development. In further introspen, it was noticed that
even with the inedible food crops, the availabibfyland for cultivating crops
is of concern. Therefore, besides exploring anibledeedstock for biodiesel
production, focus on utilizing waste product astahle raw material for
producing biodiesel is beneficial. In the final sensus for the development of
biodiesel, the feedstock should be both in-edibl@ @ waste product as these
considerations would not only reduce the cost ofli@sel but would also help
encounter the land availability and problems asdedi with food chain. In
this regard, we have set an objective to a setmxistock, which is in-edible,
waste and economical for biodiesel production atitization in a diesel
engine. Further, to make the produced biodieselenamnenable for diesel
engine, we have aimed to optimize the use of thgmadopting various
strategies.

With the above stated objectives, an extensivealiiee review on the
list of vegetable oils available so far was made e performance, emission
and combustion characteristics of few inedible t@sel have been
summarized. Further, to get insights on the opttmn of biodiesel in a
diesel engine, review of fuel modification stratsgihave been made and
distinctly, a summary on design modification stges for optimizing

biodiesel in a diesel engine, which has not beeoraplished before has been
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made. The review work is made in line with the objees proposed and has
been described in Chapter 2. After an extensiveckewe have chosen kapok
oil, in our study, to synthesize biodiesel and afethem in a diesel engine.
As a matter of fact, the oil extracted from kapekds are being underutilized,
despite having the potential to qualify as a viablédstitute for diesel.
Previously, kapok oil was extracted only in smallanqtities by Soxlet
extraction technique, with the intent to produced aptimize biodiesel.
However, it is reliably learnt from the literatustéudy that testing of kapok
biodiesel in diesel engine has not come to lighfaspwhich would demand
production of large quantity of biodiesel. In thssenario, as a different
attempt, this study has adopted steam treatmentegso followed by
mechanical crushing technique, which extracts largeportion of oll
conveniently. Further, this study has focused oeparng biodiesel from
extracted kapok oil by trans-esterification procasd the properties of it, as
determined by ASTM standard methods, were founietan agreement with
international biodiesel standards. All details pehg to the extraction of
kapok oil from its seeds, biodiesel production ahd evaluation of fuel
properties have been explained in Chapter 3. Ryrthe engine used for the
experimentation and other information regarding tlexperimental
methodology with engine have been explained inchapter.

After ensuring the feasibility of using KME (kapoblodiesel) in diesel
engine, various blends of KME with diesel were p@rep and the
performance, combustion and emission charactesistic a diesel engine
powered by KME — diesel blends are investigatedHerfirst time. Followed
by this, we decided to choose an optimum blend iamgtove the engine
characteristics for the reported blend by addingual additive. After
scrutinizing several additives and their role orgiea performance and
emission, it was identified that 1,4-Dixoane, desjgs multipurpose benefits,
has not been used as an additive with biodieseadrefbre, 1,4-Dixoane was
added with the optimum blend of KME in a measurartprove the blend fuel

properties and achieve better engine charactevistic

Followed by the experimental investigation of kapbiodiesel in

diesel engine without any modifications, we carread optimization studies
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by making certain engine design modifications stoasdopt higher blends of
KME in diesel engine. Notably, in this study, calesing the advantage of
design modification strategy over optimization oihgme operating
parameters, the former has been chosen to opekdEe-Kdiesel blends. From
the literature review, we identified two probableesgyn modification
technigues known as thermal barrier coating of mmgtomponents and
optimization of combustion chamber geometry. Ifitia the engine
components were coated by insulating material iglyrtstabilized zirconia,
so that the heat losses to the cooling water artdhiest were reduced to
improve the thermal efficiency. The coating wasiaeobd through plasma
spray technique and various blends of KME with eliesere prepared and
tested in a coated engine. Further, the contentissige of increased NO
emission from coated engine was identified, whial hot been addressed so
far by many researchers when testing any of thdiééel in a coated engine,
and measures were taken to mitigate it. After tkgeemental investigation,
the optimum blend with better engine performancel amission was
identified. In our next study, the design of thentmstion chamber geometry
was altered when testing KME — diesel blends inesal engine and finally,
the best combustion chamber design was zeroednithi$ attempt, three
different combustion chambers such as toroidgbeizaidal and hemispherical
chambers were selected to test kapok biodiesel. optienization of kapok
biodiesel in a diesel engine through design antraeelification strategies has

been elucidated in Chapter 4.

This research study is not only limited to identity KME as viable
alternate fuel for diesel engine but has also tatjéo propose one more
potential feedstock for biodiesel production anidizattion in a diesel engine.
As such, in the second phase of this study, a lost feedstock, cashew nut
shell liquid, which is at the beginning stage of’/elepment, was considered
for our study. From the literature study, it istaér that despite the economic
viability of CNSL, not much attention has been picarness the renewable
source of energy from it due to difficulties enctared in fuel processing and
characterization. Since the sole objective of tesearch study is to choose

low cost and waste feedstock for biodiesel synfhege have shed some light
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on using CNSL in a diesel engine. Further, as femift attempt, CNSL was
extracted from the cashew nut shell through steaatrhent process, which
has not been considered by previous researcheresnfiance the recovery of
maximum proportion of CNSL, the shells are furtbershed in a mechanical
expeller. Subsequently, CNSL biodiesel was produmedouble stage trans-
esterification. The extraction of CNSL from cash&hell, biodiesel synthesis
and fuel characterization have been explained iap@hr 3, alongside the fuel

characterization of kapok biodiesel.

After the synthesis of CNSL biodiesel, experimemakstigation was
carried out in a diesel engine using various blesfd€NSLME with diesel.
Based on the outcome of this study, the optimunmdblef CNSLME was
identified and the use of it in diesel engine wasimized by increasing the
fuel injection pressure. Further, the effect ofrtha@ barrier coating on the
engine performance and emission using the optimiemdoof CNSLME was
realized. However, herein, in-order to understdraimprovement in thermal
efficiency by coating and understand the physicatimanism behind this, a
finite element analysis was performed. In this rdga 3D model of the key
component of the engine, piston, was created uSIB4IDWORKS and a
coupled field thermal-stress analysis for the cotie@al and coated engine
piston was carried out using ANSYS workbench. Fnahe results of the
simulation work such as thermal stress, heat flad #&emperature were
examined and effect of coating on engine perforreamas analyzed. At last,
apart from the design change, the fuel propertyiseosity was reduced for
CNSL biodiesel and has been used as neat fueldhepting the fuel before
supplying to the engine. Notably, this measureretfeahe benefit of exclusive
use of 100% renewable fuel in a diesel engine.réstengly, among the
various vegetable oils, CNSL appears to have loe@st and hence an
economic analysis was conducted to justify thisntlaThe experimental
investigation of CNSLME and the design as well las tuel modification
strategies followed to optimize it has been desctilm Chapter 5. Thus, for
both the proposed biodiesel, KME and CNSLME, designd fuel
modification strategies were employed so as tonupé the use of them in a

diesel engine.
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In the last phase of this research work, numerioadstigation on the
modeling of biodiesel combustion and emission wasfopmed using a
computational three dimensional CFD code, KIVAdislworthwhile to note
that KIVA4 cannot handle complex chemistry and leettaccommodate the
chemical kinetic reaction mechanisms for biodiemail model combustion,
CHEMKIN solver was used and results of it were dedpvith KIVA4. In this
work, the numerical study was carried out for botimventional diesel and
kapok biodiesel. Based on the surrogate compormemtiesel and KME,
appropriate reaction mechanisms were chosen frarature and they were
coupled with KIVA4. Followed by this, the criticgroperties and other
advanced properties of KME were evaluated basethercomposition of it
through property prediction models and were inatloleKIVA4 fuel library.
Finally, engine simulations were carried out and tiiptained combustion as
well as emission results are compared with the exeatal data. The model
description, simulation procedure and analysisestits for diesel and KME
are detailed in Chapter 6. Finally, the summary futdre recommendations

are elucidated in Chapter 7.



CHAPTER 2

2. Literaturereview

Since this research work focuses on the selecfitmocost feedstock
for biodiesel production, a comprehensive literatteview on the production
and characterization of biodiesel produced frondiile vegetable oil and
waste products has been made. Further, the masineot inedible and waste
feedstock’s were chosen and the engine charaatsrsich as performance,
combustion and emission when fueled by the repduets were elucidated.
Though lower proportion of biodiesel could be bletdwith diesel and
operated in a diesel engine without any modifiegtio envisage better engine
characteristics and realize the use of biodiesdligher proportions, engine
operating and design parameters have to be optimie®wever, when
compared to the review work on optimization of @perg parameters of a
diesel engine, no efforts were up taken to sumraaghe design modification
strategies of a diesel engine when fueled by bsadier herefore, this review
work would furnish a comprehensive review on thesgigde design
modification strategies for biodiesel operatiorainliesel engine. In addition,
certain fuel modification strategies adopted to rove the performance and
emission of a diesel engine, when fueled by biadjebave also been
summarized in this work. Significantly, the litareg¢ review is made in line
with the objective of the current study, focusing medible and waste
feedstock and their optimization in a diesel engim®ugh design and fuel
modification strategies.

2.1. Inedible sourcesfor biodiesel production

Thus far, more than 350 oil bearing crops have bdentified to
produce biodiesel, encompassing edible and ineddselstock [36]. In a
survey, Botanical Garden of Indian Republic (BGHs found a plethora of
oil yielding crops and classified their family nanteabit and uses, besides
identifying the prospects of using them as fuelg].[From the survey, it is
evident that a growing interest has been shownutbvate inedible crops,
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considering that they are cheap and grow withoigictihg the food chain. In
addition to these inedible sources, waste prodsietdr as animal fats, waste
lubricating oil and waste cooking oil have garnemadch attention as a
renewable fuel for diesel engine, predominantlyaose of their cheaper price
[38-41]. In this backdrop, researchers have figuetdmany pertinent inedible
feedstock’s for biodiesel production so as to usant as alternate fuel in a
diesel engine. These days, since many species bese cultivated and
evolved, review work on categorizing the inedibleedstock based on
properties, production method and engine charatiesihave been brought to
fore. Notably, Mohibbe Azam et al [42] studied thr®perties and fatty acid
composition of 75 species of vegetable oil in Inali@ gave a good account on
the possibility of using them as alternate fuetantheir study, 26 species of
crops, encompassing some inedible oil crop spesieh asAzadirachta
indica, Calophyllum inophyllum Jatropha curcasand Pongamia pinnata

have been declared as appropriate substitutesefeeldn the near future.

Demirbas [36], in his review on progress and retemtds in biodiesel,
recognized some inedible plant species such aepbatrfatropha curcak
Karanja or Honge Hongamia pinnata Nagchampa Galophyllum
inophyllun), Rubber seedHevca brasiliensis Neem Azadirachta indicg
Mahua Madhuca indica and Madhuca longifolia, Silk cotton Ceiba
pentandrd, Jojoba §immondsia chinengjsBabassukEuphorbia tirucalli and
microalgae for biodiesel production. Besides catega the properties and
fatty acid composition of these inedible sourcesbiodiesel production, the
review work of Demirbas [36] asserted that thesgliinle oils are cheap when
compared to edible oils in India. In another revieark on characterization
and production of biodiesel from different sourcgsgh et al [43] identified
few inedible sources such as Babassu, BrassicaatariB. napus, Camelina,
Cumaru, Cynara cardunculus, Jatropha curcas, baro@na, Jojoba oll,
Pongamia glabra, Laurel, Lesquerella fendleri, MahRiqui, Palm, Karang,
Tobacco seed, Rubber plant, Rice bran, Sesame almors oil. The
performance of these alternate sources of fuelpegit@s, composition,
constraints and their economic viability were addesl in this review work,

besides focusing on the future prospect of biotligdezation and production.
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No et al [44], emphasized the need to tap the rabiwvsource of
energy from inedible sources of vegetable oil dadlerivatives to encounter
the present energy crisis, and also to produceidset at cheaper prices.
Notably, in his review, different vegetable oils the likes of Jatropha,
Karanja, Mahua, Linseed, Rubber seed, Cotton seg¢dNaem oil were zeroed
in and distinction in respect of fuel properties\gime performance and
emissions were summarized. Based on the extensiNectton of data on
these reported aspects, Jatropha oil was identiiée the better candidate for
diesel engine and it was shown to be operated ghrangine modification
techniques like preheating, dual fueling and fueldification strategies like
blending with diesel, biodiesel and degumming. @iering the energy
scenario of India, Kumar et al [45] reiterated theed to utilize inedible
feedstock for biodiesel production to attain energystainability and
underscored the need to search for dedicated ileesd®ds and examine the
possibilities of producing biodiesel from the extesd oil. Few species, noted
in their study werel. curcas, P. pinnata, R. communis, A. Mexicana, C.
odollam, P. roxburghii, S. mukorossi, H. brasiliensC. inophyllum, M.

azedarach, S. chinensis, M. indica, S. trigug@e€ruvianaandA. indica

Apart from these inedible sources of vegetable, athicro algae
biomass has been widely contemplated by many resea; highlighting that
the oil productivity of it is higher than oil yidglly crops [46, 47].
Characteristically, the cultivation of microalgaegpgnds on the natural sources
such as sun, COand water. Once cultivated, the microorganismsvedn
them into sugar, which is then converted into lyegrides. In addition,
significant focus has also been made to harnesgeif®m waste products
such as waste cooking oil, animal fats, discardegine lubricating oil or

waste plastic oil [48-51].
2.2. Properties of biodiesel and vegetable oils

Internationally, there exists a legitimate standBrdauthenticate the
properties of biodiesel and every newly emergiragli@sel has to comply with
this standard. Categorically, the American systérstandards can be termed

as ASTM, which has postulated a unique standarthi®operation of B20 or
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20% of biodiesel with diesel in a diesel enginetia same note, the other
popular standards emerged in the recent past amgp&an standard - EN,
United Kingdom — BS, German — DIN and to name a. fEéhe international

standard for the properties of biodiesel have lamicted in Table 2.1 and
despite this, each country has set its own nornis standards as per the

location, climate factors and so on.

Table 2.1 Standard for the properties of Biodiesel

Ester content >96.5% (m/m)
Viscosity at 40°C <6.0
Flash point °C >100
Sulphur content >15 ppm
Cetane number >47 (747-751)
Water content <500 ppm
CU strip corrosion 3 Max
Acid value >0.8
lodine value <140

Characteristically, when the vegetable oil undesgo¢&rans-
esterification process, some of its properties gbhaand therefore, it is
essential to compare the properties of vegetalblamai biodiesel. Foremost,
viscosity, which determines the flow and atomizafwoperties of the fuel, is
noticed to be higher for vegetable oil and after titans-esterification process;
it is reduced by one of eighth of the original ealdue to the breaking of
heavier compound to smaller one. Generally, theggndensity of biodiesel
and vegetable oil are lower than diesel due toptesence of chemically
bound oxygen in it [41]. Comparatively, after traasterification process, the
calorific value drops from 38.20 MJ/kg to 37.2 Mjlind 37.5 MJ/kg to 36.5
MJ/kg for Jatropha and Rubber oil methyl ester,leviti was noticed to be
increased from 34.0 MJ/kg to 36.0 MJ/kg and 35.6kigldo 36.8 MJ/kg for
Karanja and Mahua oil methyl esters [44]. In anott@mparison, the cetane
number of the vegetable oil, which defines thetigniquality, is noted to be

lower for vegetable oil when compared to its bisdle For example, an
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increase in cetane number from 37.9 to 45.7 an@l 8751, respectively, was
noted in the transition from soybean and rapesekdootheir respective
biodiesel. It is worth mentioning that the lengthtlee hydrocarbon chain is
directly correlated to cetane number and sincecdmdon chain length of
biodiesel is greater, the cetane number of it isegaly higher. Further, with
the notion that there prevails an opposite effettveen ignition and cold flow
properties, biodiesel reports poor cold flow praojesr such as cloud point
(CP), pour point (PP) and cold filter plugging pai@FPP). In general, the CP
is defined as the temperature at which the fueleapp cloudy, PP is the
temperature at which the fuel stops to flow and ER® the temperature at
which the fuel blocks the filter due to crystalliom. The cold temperature
properties are dependent on the amount of sataratid length of the carbon
chain and by this token, the increase in degresatiration of biodiesel is
believed to increase the CP, PP and CFPP. lllingthat coconut oil was
reported to possess higher saturated fatty acdishemnefore, the ester of it has
higher cloud point of 5°C, while safflower oil reieely has higher unsaturated
hydrocarbons and hence it was observed to showrlolead point of -6°C.
Finally, from the environmental aspects, biodiesmbtains lower sulfur and
phosphorous content, minimizing the toxicity andking the environment
greener. Thus, most of the fuel properties of l@sei are dependent on its
chemical composition and structure and therefdre distinction in properties

of biodiesel obtained from different source is mrable.
2.3. Engine characteristicsfor inedible oil and itsderivatives

With the assurance that biodiesel produced frondibte feedstock

hold promise in reducing the overall productiontctiseir characteristics in a
diesel engine, with and without chemical treatmdrstye to be analyzed.
Undeniably, each feedstock exhibit a different scen of engine

characteristics as their properties are bound to/ wepending on the
geographic and climatic conditions. To ascertais, tlew inedible as well as
waste feedstock’s were chosen in the current sty the performance,
combustion and emission characteristics of them thed@ derivatives were

discussed. The notable feedstock selected in &view work are Jatropha,
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Polanga, Karanja, Mahua, Castor, Rubber seed, wasteng oil, animal fats,

plastic oil and engine lubrication oil.

The most prominent feedstock, Jatropha, is widdktriduted in
tropical and subtropical region such as Africa,idndnd Southeast Asia.
Statistically, the oil yielding capacity of the j@pha seed ranges from 30 to
50%, with linoleic or oleic acid as its major cangnt. The experimental
investigation of Jatropha oil in blends with diesela diesel engine was
carried out by Pramanik et al [52], after analyzitgyproperties. From the
study, 50% addition of Jatropha oil with diesel wagarded as an optimum
blend for which the engine showed decreased BSHL E@BT, with an
increased BTE than diesel. Conclusively, considgtire long term durability
of the engine, the authors have recommended forifivattbn of fuel
properties. In the wake of this, Chauhan et al [&8¢mpted to reduce the
viscosity of Jatropha oil by preheating it, befbeng supplied to the engine.
In this regard, a shell and tube heat exchangerused to recover the heat
from the engine exhaust gases so as to increastuehénlet temperature.
Subsequently, the experimental study revealed arease in BTE of the
engine and decrease in emissions such as HC, C@nawick with the increase
in fuel inlet temperature. As an outcome of thisdgt 80°C was regarded as
an ideal preheat temperature for Jatropha oil wispect to engine
performance and emission. In another study, Serkbihar et al [54]
perceived effective improvement in fuel propertigsblending Jatropha oll
with less viscous methanol. However, since thetigmidelay of the resultant
blends were noticed to be longer, the authors viggntlual fuel operation by
injecting methanol in the inlet manifold and bicgké through the main fuel
injection system. In this regard, the ignition oétmanol was supported by the
auto-ignition of biodiesel and the experimental estgation revealed
decreased N emission, with increased HC and CO emissions.nlotleer
measure to reduce the viscosity, Rao et al [55)estdd Jatropha oil to trans-
esterification process to produce biodiesel andsegently, the prepared
biodiesel was used in blends with diesel. From é¢xperimental study,
reduction in ignition delay and pressure rise rat@s reported and the

emissions such as HC, CO and smoke were reducedafospha biodiesel



Chapter 2: Literature review 21

blends. Similarly, many experimental studies on dperation of Jatropha
biodiesel blends were up taken in the past decadeocaer and all, 20%
addition of it with diesel was regarded as theahl@ blend based on the

engine characteristics [56-58].

Polanga oil, also called as poon or tamanu oil, momly referred by
the name oftalophyllum inophyllumis now being considered as a potential
source for producing biodiesel. The seeds of tee possess about 50 - 60%
oil content and typically, the oil was reportedhave 29.7% saturated fatty
acid and 62.3% unsaturated fatty acid [59]. Devanale [59] made a
comparative study on the engine characteristicparin oil and poon oil
methyl ester blends with diesel. Based on theieargental results, reduction
in smoke, CO and HC emissions were observed fon pdanethyl ester and
its blends, whereas these emissions were repartee higher for poon oil and
its blends. These discrepancies are due to thaaish in their properties;
especially the viscosity of poon oil is very mudgher than poon oil methyl
ester. In another study, Sahoo et al [60], consideihe higher viscosity and
acid value of Polanga seed oil, produced biodifset it through triple stage
trans-esterification process. In the first stagpe organic matters and other
impurities were removed by them using a reagent sutssequently, acid
trans-esterification followed by alkaline transez#ication were carried out to
synthesize the required biodiesel. From their emngiexperimental
investigation, higher BTE and lower BSFC were aiedi for neat Polanga
biodiesel at 100% load, with lower HC and smokessions than diesel.

The oil extracted from the seedspmfingamia pinnataformally called
as Karanja or honge oil, is an inedible sourcepimducing biodiesel and is
native to countries like India, Malaysia, Indonesiaiwan, Bangladesh, Sri
Lanka and Myanmar [61]. The oil content in the seethges from 25 to 40%
and the fatty acid composition of the extractedfimin the seeds reveals the
presence of 51.8% oleic acid, 17.7% linoleic adid,2% palmitic acid, 7%
stearic acid and 3.6% linolenic acid [62, 63]. Ineaent study, Agarwal et al
[64] blended Karanja oil with mineral diesel andreal out an experimental
load test in a diesel engine, with and without pedgimg the oil. For

preheating, hot exhaust gases from the tail pipth@fengine were recovered
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and utilized in a specifically designed heat exgean From the results
obtained, 50% mix of Karanja oil with mineral dieseas declared to be the
suitable blend for both with and without preheatihganother study, instead
of preheating the oil, Raheman et al [65] transn#fstd it to synthesize
Karanja methyl ester, using their own developedsiasterification system
and by this the viscosity was reduced by 2.9 tites that of Karanja oil.
Based on the engine experimental results, emissoos as CO and smoke
were reduced by 80% and 50%, respectively, for Karhiodiesel blends than
diesel. However, the engine power reduced for [demdth biodiesel

proportion beyond 40% and thus B40 was chosen aptamum blend.

Another important inedible oil of Indian origin thdas gained
popularity as renewable source of fuel for diesebiee is Mahua oill,
recognized by the botanical namiladucha Indica Reportedly, the oil
yielding capacity of the seeds was found to be 366) and the extracted
mahua oil from the seeds contain both saturateduamsdturated fatty acid,;
however, the presence of saturated fatty acid edgminant in this oil,
affecting its cold flow properties [67]. To helpthanticate the adaptability of
Mahua oil for diesel engine, Agarwal et al [68] danted an experimental
investigation in a single cylinder stationary diesegine. As an outcome of
their study, blends up to 30% of Mahua oil with s#iewas proved to be
efficient, showing increased BTE and reduced BFS@wer load while at
higher load, the BSFC was found to be akin wittseieHowever, the smoke
density was noticed to be higher for the reportkshd and it was shown to
increase further with the increase in proportioathua oil with diesel. In the
same study, an economic analysis was conductetharauthors documented
reports of price of Mahua oil to be slightly highéwan conventional diesel
fuel. In further development, Puhan et al [69] s-@sterified Mahua oil using
NaOH and methanol, and the properties of the prediltodiesel were found
to be conducive for its operation in a diesel eagifhe single cylinder diesel
engine showed a slight loss in engine power anckase in fuel consumption
when testing biodiesel. However, in terms of emissreduction in CO and
smoke emissions were noted for Mahua oil methyredh another study,
Raheman et al [70] pretreated Mahua oil and thdrested it to trans-
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esterification process to synthesize the requiremtiésel. The prepared
biodiesel was then experimentally investigated idigsel engine in blends
with diesel and it was concluded that 20% addibérMahua biodiesel with
diesel is recommended as the reported blend didigaificantly affect the

engine performance and emission.

Castor tree (botanical nameRiccinus Communjspopularly grown as
drought resistance plant crop, is widely grown ropical and subtropical
countries like India, China, Brazil and Thailand. dddition to the domestic
use, castor oil produced in many countries aregbemnported, and India top
the market, importing about 80% of the producedacasl [71]. Notably, the
estimated properties of it showed an increasedsigcand boiling point due
to higher colligative properties of it, while thestting point and solidification
point are observed to be lower. Due to its highscosity and hygroscopic
nature, direct use of castor oil in a diesel enggnaot recommended, while
ester of castor oil is found to be suitable foropgration in a diesel engine. In
a recent study, Panwar et al [72] converted castanto its methyl ester by
trans-esterification process and the test carrigdroa constant speed diesel
engine showed increased BTE and lower BSFC for idskends of castor oil

methyl ester.

Rubber seed oil, a unique vegetable oil obtainethfthe seed of the
tree, has 17% free fatty acid content. After aniatyzhe composition of the
oil, it was noted to be highly unsaturated, with63® linoleic acid, 24.6%
oleic acid and 16.3% linolenic acid [73]. Ramadkasl [74] examined the
prospects of using inedible rubber seed oil as lternate fuel for diesel
engine. As such, they prepared suitable blendsitdfer seed oil with diesel
and evaluated their physical and thermal properbgsASTM standard
methods. From their investigation, the blend praporof 50% to 80% rubber
seed oil with diesel was found to be the optimumndl Subsequently, to
ensure the durability of the engine for the operatf this optimum blend, it
was operated in a long run and consequently, haghon deposits were found
on the fuel injection equipment, mandating frequeinange of fuel pump,
filter and combustion chamber. Therefore, in timeixt study, to encounter the

higher viscosity of rubber seed oil and long termrathility problems,
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Ramadhas et al [75], endeavored to trans-esterifysynthesis biodiesel. Due
to the higher FFA content of rubber seed oil, dewihge trans-esterification
was employed to improve the yield of biodiesel. iThexperimental
investigation in a diesel engine asserted an ingr@nt in BTE for lower
blends of biodiesel whereas, the engine emissioa® wointed out to be

decreased with the increase in proportion of beelie

In addition to the above described inedible vedetatils, waste
cooking oil has grabbed the attention of many neseas, as it subtly reduces
the cost of the fuel. Despite their economic besgfised cooking oils are
reported to have higher viscosity, while all otipeoperties are shown to be
comparable with other vegetable oils. Significantlyfew cases, the quality
of the used cooking oil is deteriorated due to tlledecomposition and
therefore, it requires proper treatment before dpeiged in a diesel engine.
The possible strategies to pre-treat used cookihgare steam injection,
column chromatography, neutralization, film vacuewaporation and vacuum
filtration [40]. In a study, Yu et al [76] experim&lly investigated waste
cooking oil in a diesel engine and pointed out arel@se in ignition delay,
with the SOC being noted to be in advance tharetligg 2.7° CA. Followed
by this, to mitigate the emissions and improvegldormance, Pugazhvadivu
et al [77] preheated waste frying oil and showegbrmmement in engine
performance and reduction in CO and smoke emisSabsequently, many
researchers opted for trans-esterification of usexking oil so as to reduce its
viscosity and make it amenable for its use in asalieengine. In this
connection, Utlu et al [78] designed a reactorrmdpce biodiesel from waste
frying oil and found the physical and chemical s of it to concur with
the general biodiesel standards. Further, the e@rpatation conducted in a
turbocharged four cylinder diesel engine revealecduction in CO, C¢
NOyx and smoke emission, while the engine torque, p@ugyut and specific
fuel consumption were found to be in par with dieges opposed to this,
when Valante et al [50] operated a stationary engising waste cooking oil
biodiesel in blends with diesel, the emissions sashCO, HC, N and
opacity were observed to increase with the increabediesel concentration.
Notably, 50% blend of biodiesel showed 20.1%, 23&% 4.8% increase in
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CO, HC and smoke emission, respectively. The disgreies with the results
of emission between various studies could be ated to the difference
between the nature of the engine and the propeatidse produced biodiesel,

which are deemed to be vital for the operationmyf laiodiesel.

Now-a-days, plastics have become inevitable antksins being non-
degradable, it inflicts severe environmental consemn this juncture, Mani et
al [48] engineered the use of plastic oil, whick disposed of as waste, in a
diesel engine as a substitute for diesel. The ptiggeof the waste plastic oil
were noticed to be similar to diesel, qualifying# essential alternate fuel in a
diesel engine. With this token, the plastic oil iested in a diesel engine and
the results evinced a comparable BTE with diesgh an increase in CO and
HC emission. Further, the engine emitted more xNé&nission and to
counteract this, Mani et al [79], in their nextduimplemented cold EGR
with the engine. As a notable mention, in theidgttEGR level was estimated
to be 20% was found to be effective in the reductbNOx emission without
compromising the engine performance. In anothedystuo improve the
engine performance and emission, Mani et al [80Q]jedathe fuel injection
timing, when using waste plastic oil. Among theioas fuel injection timing
considered, retarded injection timing of 14° CA BT Bhowed reduced NQ
CO and HC emission, with an increase in BTE.

Arpa et al [39] identified that the engine lubricat oil is being
discarded as waste and thus, initiated an atteorygilize it as a fuel for diesel
engine. In this regard, the contaminants preserthénlubricating oil were
filtered and a diesel like fuel (DLF) was produdayg pyrolyitic distillation
method. Further, oxidative desulfurization methodswadopted to remove
toxic sulfur from 3500 to 420 ppm at a temperatoi&0°C. After ensuring
the physical and thermal properties of the lowwsutliesel like fuel (LSDLF),
it was operated in a diesel engine. From their y&ml the engine torque,
brake mean effective pressure and BTE were fourmktmcreased, while the
emissions such as $0CO and NQ were noticed to be decreased than
ordinary diesel. Many experimental investigation wsing blends of waste
lubricating oil with diesel have been reckoned he past [81, 82] so as to

equip it as an additional sources of alternate fuel



Chapter 2: Literature review 26

The use of animal fats as source for producing ibssd has been
considered in the recent times by many researclasrdhese are normally
abandoned as restaurant waste. In this connedigait et al [51] produced
biodiesel from lard, beef tallow and animal fat andasured the properties
and composition of the fatty acid methyl ester. tinitly, the produced
biodiesel showed better oxidative stability andrilciby, however, the cold
flow properties of it were noticed to be inferiar tonventional soy based
biodiesel. In another study, Oner et al [83] perfed an experimental
investigation in a diesel engine using inediblenalitallow biodiesel. From
their study using biodiesel — diesel blends, deszea effective efficiency and
increase in fuel consumption were noticed with therease in biodiesel
concentration, much because of its lower caloratue. However, emissions
such as CO, NQ SG, and smoke were observed to be lower for 100%wallo
methyl ester when compared to diesel. When illtisigathe production and
utilization of biodiesel from animal fats, it is tegvorthy to cast some attention
on using fish oil, obtained the discarded wastdspaf fish, as source for
producing biodiesel, which is a triglyceride contag essential fatty acids.
The notable fatty acids present in the fish oil @%&8% stearic, 23.6%
palmitic, 9.84% myristic, and 6.56% octadecatetoéeracids. In a recent
study, Godiganur et al[84] noted that the highecesity of fish oil as main
obstacle for using it directly in a diesel engiag,it would affect the pumping,
atomization and the ensuing combustion processcdumteract the above
problem, they trans-esterified the fish oil and pgneduced methyl ester was
found to have properties closer to diesel. Witls ttoken, blends of fish oil
methyl ester was tested in a single cylinder statip diesel engine and from
the engine test results, the BSFC of B20 was mbticelower than diesel,
while the engine showed maximum BTE of 31.74% f@0BNotably, the CO
and HC emissions were noted to be decreased vatintnease in proportion
of fish oil methyl ester in the blend, while the N@mission was reported to
be increased due to the presence of oxygen witlgrbiodiesel itself and high

in-cylinder temperature.

The above discussion on the properties, productod engine

characterization of biodiesel produced from in-&libil and other waste
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feedstock’s confides them as potential substitatedfesel in the near future.
In addition, the main highlight of the discussiathe ability of them to

reduce the overall biodiesel production cost, asytlare cheap, readily
available and sustainable. Therefore, looking towathe future, more

research work should evolve on the synthesis @dible and waste product
feedstock as source for producing biodiesel arzeitihem in a diesel engine.
Finally, though production of algal biodiesel haalibed attention, it has not
been extensively tested in a diesel engine likerotontemporary biodiesel.
Therefore, considering the large production cagaftitom algae and other

benefits, researchers should also operate algdidsiel in diesel engine.
2.4. Engine design modification strategies

The above discussion on the characteristics ofeaetliengine with
inedible vegetable oils and its derivatives, wagteduct and animal fats
throws some insights on the pervasive trend likelfollow when using fuels
other than diesel in a diesel engine. Comparatj\®bdiesel and its blend are
agreeable for its use in a diesel engine than abtebil itself in respect of
their fuel properties and engine characteristicewever, there prevails a
restraint on the maximum quantity of biodiesel elended with diesel and
significantly, most of the researchers, if not Bive contended to blend only
20% biodiesel with diesel for achieving fairly letengine characteristics [85,
86]. In this outset, researchers have contriveatesgies to modify the engine
SO as to realize the use of higher blends of bsmdien a diesel engine.
Typically, modifications of engine operating ancid@ conditions have been
regarded as the two strategies to optimize theotib@diesel in diesel engine.
In such a backdrop, it is noteworthy to perceive pinoposals that have been
dealt with in the past to change the engine opegadind design conditions.
Noticeably, researchers have pointed out variatbroperating parameters
such as fuel injection timing, injection pressunggction pulse and duration to
optimize biodiesel in a diesel engine [87-90]. $amy, for changing the
engine design, researchers have opined to alteertme compression ratio,
insulate the engine components and change the ¢ggoofethe combustion
chamber [91-93].
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With the advent of different varieties of biodiesand the
experimentation of them as viable alternate souofdael happening around
the corner, researchers have judiciously summarizedstudy on biodiesel.
Initially, much to the betterment of growing resgeers, many review work
have been specifically set to demonstrate the edboisefist of feedstock
available for synthesizing biodiesel and variousitsgies that goes into the
production of biodiesel from these indigenous fésdss [94-98].
Subsequently, many other review works establistred life cycle, policy
issues and economic analysis of biodiesel, given ghoduction cost of
biodiesel is crucial in its commercialization [903]. Ecologically, depending
on the geography, each country has their own pobtimcthe production of
biodiesel and consequently, this has led to theeldpment of different
varieties of biodiesel at different regions. Fatance, countries such as India,
USA, Europe, Malaysia, Indonesia, Iran, and Pakidtave identified their
own feedstock for biodiesel production and the peass of these biodiesel as
sustainable energy solutions have been documestedparate review works
[104-111]. In addition, the behavior of these basdil in a diesel engine have
been reported as review work [112-115] and moshe$e work delineate the

characteristics of a diesel engine, powered bydfit variants of biodiesel.

With umpteen number of review work on characterwabdf biodiesel
production and experimentation flourishing, only ager of works have
contemplated on summarizing the optimization meth@ertaining to engine
operating and design conditions. Recently, Mohaal §87], consolidated the
various injection strategies such as optimizatidnfuel injection timing,
pressure and rate shaping for the operation ofiésetlin a diesel engine that
has happened in the past few decades. Apart frasy tio studies have
attempted to summarize the design modificatiortesgias, aimed to optimize
the use of biodiesel, as a review work. With sudftivation, in the current
review work, we have summarized three major engiodification techniques
such as variation of engine compression ratio, latguin of engine
components and modification of combustion chambesigh, when using
biodiesel as an alternate fuel. The intricacies gminto the task of design

change, impact of the design modifications on emgimaracteristics and other
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advantages as well as the limitation of it havenbdely addressed in the

current review work.
2.4.1. Thermal barrier coating of engine components

The historical perspectives of engine coating ssidiate back to two
decades when the ceramic coatings acquired muchipeace as an efficient
insulating material for variety of applications Bt119]. At a time, when there
was an adjuration to improve the engine performamoany researchers
adopted coating technique to accomplish it. Theabje with the realization
of coating is to increase the surface temperatiitkeoengine components and
thereby, the temperature difference between cytimaled wall could be
minimized to prevent heat transfer. Conceptualhe hotion of decreased
temperature gradient or otherwise reduction in e, aids in the conversion
of trapped heat into useful piston work, improvithg engine power output
and efficiency. Significantly, thermal barrier cogt of engine components
has several advantages such as improved performhigte power density,
prevention of metal components from thermal stresd decreasing the

cooling requirements [120].

As a matter of fact, it is noteworthy to lay an dragis on the selection
of suitable material for the intended coating pss¢@s the material properties
plays a crucial role in ascertaining the impact adfating on engine
characteristics [121]. Normally, materials with pdbermal conductivity are
chosen as it seldom allows heat to percolate ime material under
investigation. As such, materials such as ceraram@$ zirconates, both of
which are reported to have good mechanical pragsgriare contended by
modern researchers as pertinent coating matetials fL23]. In addition to the
thermal conductivity, another important propertyatthpresides over the
durability of the coating material is CET (coeféat of thermal expansion).
Undesirably, the CET of insulating materials aresdo, while for the metal
substrate it is observed to be higher; when thierdifice between the CET of
coating and substrate material increases, delaimmaf coated surface from
the substrate takes place, affecting the durakilitthe coated engine [124].
Therefore, in consideration, it is advisable to mtain the difference in CET

between the metal and coated surface as low agfBss
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The motive to improve the efficiency by TBC has bheecomplished
in the past studies by applying ceramic coatingigisiarious methods [125-
127]. Regardless of the wide range of methods abiail for insulating the
engine components, plasma spray coating is the @mmmethod employed to
apply suitable coating for diesel engine appligatias it creates a spat
structure with 10-20% volume fraction of voids arrdcks [128]. There are
several factors which govern the application of ticga on the engine
components and in the past few years, many resaarblave investigated and
studied the effect of thermal barrier coating ogiee performance. In this
connection, Morel et al [129] showed that the hestsfer was ably prevented
by applying thermal barrier coating. Also, the sastedy pointed out the
prevalence of high temperature, supporting betierlustion so as to improve
the thermal efficiency. Lawrence et al [130] inwgated the performance and
emission characteristics of LHR diesel engine wdtihanol as fuel and
emphasized the benefit of coating the engine commisnwith PSZ. This
study reported an increase in BTE of up to 1.64#&tbanol with coating and
a significant reduction in BSFC. However, in congrathere are also few
research works which had reported no improvemergfficiency even after
coating the engine components, presumably due nte stefects in coating
[131, 132]. Considerably, Mendera et al [133], wdx@amined the effect of
plasma sprayed coating on engine heat releaseededd¢hat the PSZ coating
in diesel engine application didn’t help to imprabe efficiency as expected,
given that PSZ coatings were transparent to hehatran and the ceramic
materials were translucent, affecting the heat idarproperties. Further,
Cheng et al [131] compared the performance of aisdl and non-insulated
diesel engine and it was noticed that insulatedinendparely showed an
improvement in efficiency. All the endeavors beimgde in the context of
TBC brings into light an importance of optimum bada between decrease in
heat rejection rate and thickness of applied cga#nrecent report added that
an increased intensity of coating would reduce wmdtric efficiency and
increase pumping power [134]. Therefore, failing dsike an optimum
balance would yield contradictory results of impmgythe fuel efficiency in

some cases while decreasing it in other casesd&es$uel savings, the high
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temperature encountered with TBC could reduce éomsdike CO and HC,

with slight reduction or increase in NQ125]
2.4.1.1 Effect of coating on biodiesel combustion and enigs

Stationary diesel engines are widely being useégricultural and
marine applications and suffers less operatiorféitdities, as they are bound
to be operated at fixed load and operating contltior a long time. Despite
their flexibility in handling and operating alteteafuels like biodiesel and
alcohols, the prevailing concerns of energy indecuand sustainability
mandate for some energy efficiency measures [1883ling further, due to
the lower calorific value of biodiesel, fuel congution and brake power of
the engine were reported to have been increasedesrdased, respectively.
In this connection, engine developers are tryinfynie a promising solution in
utilizing the energy efficiently when using biodéks Apparently, thermal
barrier coating of engine components, an attempinioimize the energy
losses has conquered the interest of many researalien fueling a diesel
engine by biodiesel. Besides the implementatioinefmal barrier coating in a
diesel engine for the operation of conventionakédidguel, this strategy has
also been extended to a diesel engine powered tgielsel, which are

summarized below.

Prasad et al [136], to combat its poor viscosityl amlatility of
Jatropha oil, emphasized the need to supply additibeat for the burning of
Jatropha vegetable oil by conceiving LHR enginasthis regard, a separate
piston crown was made of superini-90, a materiathwbwer thermal
conductivity, and screwed in between the crown lbody of the piston with
an air gap of 3mm. In consequence of their experiaiestudy, the engine
performance was noticed to be improved, with thealmastion parameters in
par with diesel. These results are reported toubgfipble as the heat lost to
the engine coolant has been reduced, declaringibileedatropha oil as

substitute for diesel in the developed LHR engine.

Though preheating of vegetable oil esters is ooefging solution to
reduce its viscosity so as to improve the combuospimcess, the concept of
LHR engine offered much more benefits, as notedHagimoglu et al [126].
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Therefore, in their study, they insulated the eagiomponents using yttria
stabilized zirconia (¥O3ZrO,) with a thickness of 0.35mm over 0.15mm
thickness of NiCrAl bond coat. From their studye BSFC of the engine was
reduced by 4%, which in turn had a positive impattimproved engine
efficiency. Further, the authors also conceded ittwease in in-cylinder
temperature as reason for the reported decreagaelnconsumption and
improvement in BTE. In summary, the above study heded the thermal
barrier coating of engine components as an alteritda to preheating the
fuel, while the former prevents the heat loss tqriome the efficiency
whereas, the latter technique reduces the fuelosigc to improve the

combustion and performance.

Significantly, Hazzar et al [137], foresaw the heghviscosity and
lower calorific value of cotton methyl ester (CMB¥ major obstacles for
better combustion and therefore, they decidedsioG&IE in an engine coated
by molybdenum (Mo). Notably, the coating thicknesabout 300 microns is
maintained and care is taken to ensure that thg@ssion ratio of both the
coated and uncoated engine is same. As a resul, &Tthe engine was
increased up to 2.2 to 2.3%, with the reductioB&+C of up to 3.5 to 5.6%.
In wake of this reported increase in combustiorciefficy, the emissions such
as CO and smoke were observed to be reduced by 22% and 5.2 to 10%,
respectively. Significantly, the authors highligihtdhe remarkable advantage
of effective burning of the fuel due to the injecti of biodiesel into the
combustion chamber after it is heated. However aggative consequence,
NOx emission was noticed to be increased for coateinendue to more

active combustion and the subsequent increaseaylimder temperature.

In another study, Hazar et al [138] employed twffedent coating
materials in the form of MgO-Zr{xo be applied on cylinder head and valves
for a thickness of about 0.35mm and, Zt® be applied on the engine piston
with a thickness of 0.15mm. For this study, canmokthyl ester was used as
renewable source of fuel. The reported study coettesl decrease in heat
transfer from the engine and because of this; engawer output and specific
fuel consumption were increased and decreasedeawsgly, for canola

methyl ester. Though CO and smoke emissions werlrto be reduced, the
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NOyx emission was increased due to the increased indeyl temperature and
the inherent presence of oxygen within the biodielee significant highlight
of the above study was effective utilization of ¥®@anola methyl ester,

enabling complete replacement of fossil fuel, toated diesel engine.

In a different attempt, MohamedMusthafa et al [188mpared the
performance and emission characteristics of a doditesel engine, fueled by
rice bran and pongamia methyl ester. Distinctlyai$h, a thermal power plant
waste, had been used as coating material to beedpph piston crown,
cylinder head, cylinder liner and valves and thekiess of the coating is set
to be 200 microns. Comparatively, the BSFC of tloated engine was
decreased by 6.6% for rice bran methyl ester aR& 3or pongamia methyl
ester, due to the positive effect of improvementombustion, than uncoated
engine. On the other hand, the gaseous emissichsasuCO and smoke were
reduced more for rice bran methyl ester than pomgamethyl ester.
Invariably, with the coated engine, 100% use of¢heenewable methyl esters
was appreciable with the assured token of enhapeddrmance and reduced
emissions. Having studied the effect of TBC on eliengine characteristics
with biodiesel, Iscan et al [140] explored the feidisy of fueling straight
vegetable oils in a coated engine, instead of brali With the reported
advantage of the coating process, waste corn @l eh@sen as the requisite
vegetable oil and ZrPwas chosen as the pertinent insulating materidleto
applied on piston combustion chamber and valvesakoutcome of their
experimental attempts, interesting facts were tidnsd with the engine
components showing no abnormalities after 100hpefation and so does are
the other insulated components. Apart from thesitige results on durability
of the coating, the engine also showed improvedopaance, with a
reduction in fuel consumption and increase in terdtollowed by this, Aydin
et al [141] extended the concept of LHR enginetheovegetable oils such as
cotton and sunflower oil. Ironically, the same aogumaterial, ZrQ@, was used
and the authors ascertained the utilization of puegetable oil, without
subjecting it to pyrolysis, crackling or trans-egteation process, in a coated
engine. From the experimental investigation, thdgomance of the engine
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was enhanced and simultaneously, HC and CO emsssi@ne decreased,

with a compromise of increased N@®mission.

Realizing the importance of LHR engine and motidatey the
uncertain demand in petroleum fuels, Prasath gt44l] targeted to combine
the benefits of coated engine and renewable bieldfegl in their study. In
addition, a detailed analysis of the combustiorat helease rate and heat
transfer rate from the engine was accomplisheditiir@a simulation technique
and the predicted results were validated over tiggne experimental data. For
the experimental part, Jatropha oil methyl estes wsed as a renewable fuel
and the engine components were coated using Nitmdugh plasma spray
coating technique at a thickness of 0.5mm. Notathlg, combustion results
duly pointed out an increase in in-cylinder presstwr both diesel and
Jatropha biodiesel in a coated engine in view ofemamount of fuel being
burnt in the premixed combustion phase. FollowedHsy, cumulative heat
release calculations were performed by them andengal heat release rate
was found to be in par with diesel. The heat treanahd NQ model predicted
a reduction in heat rejection and increase inxNgDission, representing a
highly useful tool to predict the heat transfer tbiferent fuels in different

engine configuration.
2.4.1.2.Summary and future recommendations

With coating studies on diesel engine proving tovib@ in improving
the engine performance and combustion, there hexs dgrowing inclination
in the adoption of this design modification techuggby many researchers.
Instead of making changes with the properties oflieisel by preheating, it is
rather rational to go for coating of diesel engamnponents as this is more
practical, reliable and effective in improving thengine characteristics.
Conceptually, the increase in available energy feygnting the heat transfer
improves the combustion characteristics such agesting of ignition delay,
increase in combustion duration and higher accuredldneat release. In
consequence, the trapped heat is ably convertedpiston work, increasing
the engine torque, power and efficiency. Thustfee,studies which report the
use of biodiesel or vegetable oil in a coated diesgine, as summarized in



Table 2.2Summary of research work on coated diesel engineléd by vegetable oil/ methyl esters

Year Research group Type of fuel Coating material Performance Emission
. Sunflower oil Y03 ZrO, — 0.35mm BTE —1 i
2008  Hasimoglu et al methyl ester NiCrAl — 0.15mm BSFC —|
. Cylinder head, valves CO—-|
2009 Hazar et al g:[g(r)la oil methyl MgO ZrQ, EEEE Smoke -
Piston - ZrQ 4 NOy —1
. CO-|
2010 Hazar et al Cotton seed oil M.olybdenum —-0.25mm BTE -7 Smoke —|
methyl ester NiAl — 0.05mm
NOx —1
Methyl ester of BSFC —| Smoke —|
2011 Musthafa et al Pongamia and RiceFly ash BP —1 HC —|
bran oil BTE -1 NOy — 1
BP 1 ke
2012 Iscan et al Waste corn oil 40 Torque -1 4
BSFC -,  HC-l
NOx —1
Pure Cotton seed BSFC —| grgo_kf =
2013 Aydin oil and Sunflower ZrO; BP —1 HC —|
oil BTE -1 NOyx — 1

1 — increased}— decreased when compared to uncoated engine
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Table 2.2, has acceded to increase in BTE, reduatidBSFC, decrease in
CO, smoke and HC emissions. However, due to thdehnign-cylinder
temperature, the NOemissions was reported to be higher and as of now,
studies have resorted to control N®mission from a coated diesel engine.
Therefore, in the right earnest, researchers doyldeveloping a coated diesel
engine with effective after treatment techniqués IBCR or EGR to reduce
the NG emission. Otherwise, the NQreduction additives could be added
with biodiesel or vegetable oil, when testing iccated diesel engine, to avoid

the complexity of more arduous engine modificatiaithh SCR and EGR.
2.4.2 Variation of compression ratio

The basic laws of thermodynamics assert that tiseadactor by which
the pressure inside the combustion chamber coulsulged past or reduced
below the optimum pressure. Significantly, this téacis called the
compression ratio, which is defined as the ratitotdl cylinder volume to the

clearance volume.

R_V5+Vc
N Ve

Where \&- Swept volume; ¥ — Clearance volume

The change in clearance volume, which entails trenge in distance
between the cylinder head and top of the pistonigbgregion), affects the
compression ratio, and depending on the requiremembuld be set to a
prescribed value. Typical values of compressionoraire 12 to 24 for
compression ignition engine, while for Sl enginesanges from 8 to 12.
Understandably, there are two eminent ways by wthiehcompression ratio
of a DI diesel engine can be altered. One pragnaajicoach is to change the
thickness of cylinder gasket so as to decreasenarease the clearance
volume. On the other hand, there exists anotheablevapproach to alter the
compression ratio of engine, which delineates tanging the geometry of
piston bowl so that the clearance volume can eeihcreased or decreased
[143]. However, a great deal of efforts has to lagdpo accomplish this,
though there are additional benefits like increiasairflow and turbulence in
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the combustion chamber, and hence normally noepext for changing the

compression ratio.

In addition to the above two strategies, with thdvamcement in
technology and development, engine developers aweedevised some other
approaches to change the compression ratio witktogiping the engine and
altering the combustion chamber geometry. Concépiuaengine cylinder
block was made to be tilted to change the cleararmleme and this
methodology is applicable for both stationary andable speed engine [144].
In further advancement, few engine developers hmade provisions in the
engine like diesel injection point or spark advaneat so as to enable engine
operation at lower compression ratios. At any paldr speed and loading
condition, either the injection of fuel or igniticdhrough spark point can be
enabled, facilitating the realization of engine m@en from lower

compression ratio of 8 up to the maximum permissiallue of 22.

It is worthwhile to reprise the fact that compressratio of an engine
is directly proportional to cycle efficiency. Withe increase in compression
ratio, the output power of the engine increases smdaloes is the engine
torque, and therefore, the BTE of the engine isvaEkto increase. Further,
the combustion parameters such as in-cylinder presand temperature
increases with the increase in compression ratliclwcould be positively
correlated with the improvement in efficiency [148]n the emissions front,
NOx emission increases with the increase in compnessitio due to high in-
cylinder temperature, however, the other gaseoussen were reported to be
lower [143]. These assertions on engine charatitrisvith the change in
compression ratio unanimously applies for all VORjiae fueled by diesel
and this scenario is likely to prevail over for ¢hiesel too, given that the

principle is applicable for all fuels.
2.4.2.1 Effect of compression ratio on biodiesel combustiand emission

Most of the research work reports the use of lowends of biodiesel
with diesel in a diesel engine without any modificas and therefore, a
design change is required to adapt higher blendsoafiesel. Notably, many
researchers have emphasized the need for engindicatons to help adapt
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biodiesel in face off its distinct properties [148l7] and therefore, suggested
increasing the compression ratio of the engine\aalde approach. Typically,
the lower calorific value and higher viscosity abdiesel appears to have
affected the combustion process and with the iseréa compression ratio,
these shortcomings are limited to some extent.ekoerpt of the work on the
modification of compression ratio with biodieselfasl for a diesel engine has
been summarized in this subsequent section, tbegedr insight on it

Jindal et al [146] diligently identified the need bring about some
modification in engine design, when biodiesel iswgaised in a diesel engine.
With this consideration, they set about a reseasttldy to change the
compression ratio of the engine to increase thkebppwer and compensate
for the setback of lower calorific value of biod&sSynonymous with their
objective, the BSFC was decreased with the incrégassmmpression ratio,
when using Jatropha methyl ester as renewableRueher, to help improvise
the atomization of biodiesel, the fuel injectioregsure was optimized and
with the increase in injection pressure, there aa®ticeable improvement in
engine performance. After several combination ompession ratio and
injection pressure value, the engine was found hows reduced fuel
consumption at an injection pressure of 250baraandmpression ratio of 18,
which happens to be 10% lower than standard se(@f®-17.5 and IP-
220bar). Regarding the emissions, CO and smokesemisvere noticed to be
decreased with the increase in compression rate® tduthe persistence of
higher in-cylinder temperature, caused by more detap combustion.
However, interesting observation of increase in él@ission was reported
with the increase in compression ratio due to tih&tidn by residual gases,
whereas at lower compression ratio, the longetimmnidelay has prompted to
reduce the HC emission. On the other handy M@ission was reported to
increase with the increase in compression ratiohénfinal consensus, though
some increase in emissions were reported with beease of compression
ratio, the fact that they were still lower than sdie was conceded to be

appropriate, with a notable advantage of utiliZl8§% Jatropha methyl ester.

Gumus [148], to study the combined effect of madifythe engine

operating and design parameters on the charaatsrisf a diesel engine
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powered by biodiesel, initiated a research work/éagying compression ratio,
injection pressure and timing. In his work, Hazet kernel oil methyl ester
was used as the renewable fuel and the combustenaaeristics were
investigated at different operating and design @arcs. It was noticed from
his study that increase in compression ratio reduth shortening of ignition
delay and increase in in-cylinder pressure, rateheft release rate and
cumulative heat release, when using hazel nut kbindiesel and its blends
in diesel engine. Further, as the compression ra#ie increased, BSFC was
pointed out to be decreased, while the BTE wasas®d. Conclusively, the
increased injection pressure, compression ratio iapgttion timing were
demonstrated to be crucial in the improvement afire combustion and

emission characteristics.

Haik et al [149], have shed some light on usincaelpiodiesel in a
variable compression ratio diesel engine, emphagittie importance of algae
oil over other vegetable oils. As such, algae atml ester was prepared by
trans-esterification process and suitable blendsitofvith diesel were
investigated in a diesel engine. With the experimletesting at a default
compression ratio of 22, the engine was reporteshtw higher heat release
rate and noise for algae oil methyl ester, thoinghtdbrque output produced for
it lower than diesel. To avert engine noise, thegeession ratio of the engine
was reduced to 18 and in light of this, the experitation showed no sign of
engine knocking or noise. Reportedly, this washatted to the reduction in
in-cylinder pressure as well as temperature atithe of fuel injection. By this
token, the maximum pressure rise rate was redured $o control the degree

of smoothness of operation of the engine.

Raheman and Ghadege [85] identified the need ion@e the engine
operating and design parameters such as injedting, injection pressure
and compression ratio, when fueled by biodieselinmiprove the engine
performance and emission. In this light, Mahuahoddiesel was chosen as
renewable source of fuel and from the engine stitdwas identified that
biodiesel showed a remarkable improvement in engeréormance when the
compression ratio was increased, whereas for diglsel improvement in

performance at higher compression ratio was ndtligppreciable. After the
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root cause analysis of the reported occurrence hitbdiesel and diesel, the
lower volatility and higher viscosity of biodieselas adjudged as potential
reasons. Though the results confirmed the utibmagf 20% Mahua biodiesel
in blend with diesel at any compression ratio fettigg fairly comparable

performance with diesel, higher compression ratidlowas recommended for
pure Mahua biodiesel operation. In an another st8ayin et al [150], when

using biodiesel - diesel blends in a variable caagion ratio engine, procured
a suitable biodiesel from the external source,iedi®sel was commercialized
and readily available in markets these days. Ngtdbe authors reported that
increase in compression ratio resulted in improvame BSFC, BTE and

BSEC due to faster combustion at higher compressatin. On the other

hand, HC and CO emissions were reported to be losken the compression
ratio was increased due to the increase in in-dglinremperature during the
expansion stroke. However, these benefits wereeaetionly at the expense

of higher NG emission.

Selvan et al [91], as a different attempt, conddicia engine testing
using diesel — biodiesel — ethanol blends at cosgwa ratio of 15, 17 and 19.
The renewable biodiesel used in their study wa®pgha biodiesel and all the
physical and thermal properties of it were ensutedoe within general
biodiesel standard. Noticeably, despite the lowetare number of ethanol
present in the blend, the in-cylinder pressure a@served to higher at higher
compression ratio due to complete combustion. énstime note, the peak heat
release rate for the blend fuels were noted toigleeh at a compression ratio
of 19 and the total combustion duration decreasdth the increase in
compression ratio. In another study, Mohanraj €tLal], tilted the cylinder
block of the engine to vary the engine compressatio form 14 to 18, and
investigated tamanu oil biodiesel in a diesel eagimhe results of their
experimental study confirmed that the performarfcia® engine is a function
of compression ratio and the engine emissions aschiC, CO and smoke

were drastically reduced with the increase of casgion ratio.

Amarnath et al [144], in their experimental study dcompare the
performance of engine fueled by Jatropha and Karargthyl esters, acceded

to the decrease in BSFC with increase in compressitio. As such, BTE of
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the engine was perceived to be 5.31% and 6.34%ehifgr Jatropha and
Karanja methyl esters, respectively, when the cesgon ratio was increased
from 14 to 18. Further, HC and CO emission wereeplesl to be decreased as
the compression ratio is increased on accountgfdriheat of the compressed
air. As expected, N emission was shown to be increased for both the
biodiesel when the compression ratio was incredsedto higher in-cylinder
temperature and availability of surplus oxygen witthe biodiesel. In another
study, Amarnath et al [152] optimized both the coespion ratio and injection
pressure of a diesel engine fueled by Karanja bsmli using genetic
algorithm. While the increase in compression raéisulted in shortening of
ignition delay and increased the peak in-cylindezspure, the increase of
injection pressure enhanced the atomization anfduelir mixing process.
Accordingly, at higher injection pressure and coaspron ratio, BTE of the
engine was increased, and emissions such as Han@®moke were reduced
at a negative consequence of higheryNgnission. As a final disposition of
the optimization study, the authors disclosed 2R0Obgection pressure and

compression ratio of 18 as optimum value.

Recently, Kassaby et al [153] employed waste aapkil biodiesel as
a renewable fuel for diesel engine and examinedetigine characteristics
under varying compression ratio of 14, 16 and 18.eApected, the BSFC of
the engine decreased not only with the increagpeaportion of biodiesel with
the blend, but also with the increase in compresgitio. According to their
study, on an average, BTE of the engine was ineckay 18.39%, 27.48%,
18.5%, and 19.82% for B10, B20, B30 and B50, respsyg, when the
compression ratio is increased from 14 to 18. Sirly)) HC and CO emission
were decreased by 52% and 37.5%, respectively,ewli emission was
increased by 36.84%. These benefits were ascribethé promotion in
combustion with the increase in engine compressao, wherein the

combustion delay was reported to be decreased Bp%3than diesel.
2.4.2.2.Summary and future recommendations

In summary, the increase of compression ratio teduh increase of
in-cylinder pressure and shortening of ignitionagewhile BTE of the engine

was increased and emissions such as HC, CO andesmoke reduced.
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However, increased in-cylinder pressure and maxinaressure rise rate
could lead to engine knocking at high load and bethe extent to which the
compression ratio can be increased has to be meffailn addition, the
enhanced combustion was asserted to have incretdsedin-cylinder
temperature, thereby increasing the NGmission. However, many
researchers have enunciated optimization of opgyggarameters along with
variation of compression ratio to control the N@mission. In a general
perspective, though retardation of injection timingan engine with higher
compression ratio could reduce the N@mission, it would compensate for
engine performance and therefore, effect of in@@asompression cannot be
realized. As a suggestion, suitable after treatntechnique of SCR or
addition of NG reduction additives with the fuel blend can bepédd in the
near future to mitigate the N@mission, without compromising on the engine

performance.
2.4.3.Modification of combustion bowl geometry

In the history of engine development, engine mastufars are
conspicuous of design of the combustion chambeicoieusly as it is the key
component, determining the degree of combustion ergine performance.
Usually, the combustion chamber is a bowl in pidigre, with the swirl being
generated in the angular direction to control timdugl mixing and speed of
combustion. Typically, different combustion chambeesign will have
different effect on air/fuel mixing process and noyed air/fuel mixing will
help achieve enhanced fuel burning rate [154].0mception, when the piston
moves toward TDC (at the end of compression stdke)gas is pushed into
the piston bowl and shape of the combustion bowérd@nes swirl motion
and air/fuel mixing process. On the other hand,ni@ngement of fuel spray
into the combustion chamber has to be properlygdesed as it controls the
fuel vaporization. For example, in conventionalséleengine, part of fuel
impingement is on the combustion chamber surfacd #re mixture
distribution is highly non-uniform, leading to inoplete combustion [155].
Therefore, in the design process, care should kentéo develop a proper
combustion chamber, which could enhance the alr/fuxing and the

subsequent combustion process. With these consmea in the past,
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researchers have been nursing several optionscideden the shape of the
combustion chamber and figure out an optimal desimht from the

development of simple design of open combustionmiiea, there is a
phenomenal change in design to re-entrant type) sambustion chambers,

pre-combustion chambers and so on.

In the primitive stages of engine development, @imthe complexity
and strenuous efforts to be paid in optimizing dwnbustion chamber
geometry experimentally, many numerical studiesewsmducted. However,
with the age of development, few experimental &sidivere also thoroughly
accomplished using conventional diesel fuel witHfedent combustion
geometries like hemispherical, open cup, toroiddallow depth and re-
entrant combustion chamber. The air flow and tls®aated flow fields in the
bowl and squish region are interconnected, and different shapes of
combustion chambers, the engine performance, cdinbhuand emission
characteristics are different. In order to studg thffect of combustion
chamber geometry on engine performance and emjsSiamo et al [156]
opted for re-entrant type instead of conventionamispherical type
combustion chamber and showed an improved perfarenand combustion.
As a significant measure of their study, the heaindfer calculations
manifested an increase in temperature of the conoloushamber wall, which
ably prevented the ignition lag. Further improvemén combustion and
engine performance, were justified by increaseninyiinder velocity and the
accompanied higher turbulence. In the experimentalestigation by
Kidoguchi et al [157], a high squish combustionrabar with a squish lip was
recommended to reduce the NQand soot emissions simultaneously.
However, the authors insisted on the need to reterdnjection timing when
using the reported combustion chamber so as talahei rapid pressure rise
and engine knocking.

2.4.3.1 Effect of combustion chamber geometry on biodieselmbustion

and emission

In the past, there have been many revelations abmtengine
characteristics when using different combustiomaber for diesel [158-160].

Nevertheless, with some general trend obtaineddiesel, the effect of
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combustion chamber geometry when using biodieselwth of an
investigation and in wake of this, few researchesge recently changed the
combustion chamber design for using biodiesel. &ithe properties of the
biodiesel are distinct, a design modification ispect of change in geometry
of the combustion chamber is quintessential to eodahe fuel/air mixing
process and the combustion process. The follovarge excerpt on the effect
of various piston bowl geometry on the performancembustion and

emission characteristics of the engine when fublediodiesel.

Jaichandar et al [161] carried out engine experiaietesting with
three types of combustion chamber geometries irfdira of hemispherical,
toroidal and shallow combustion chamber withoueralg the compression
ratio of the engine. As a notable mention, the anstlemphasized the necessity
to go for engine modifications, in particular thentbustion chamber shape,
when using B20 blends of Pongamia biodiesel agnaite fuel, so as to
improve the air/fuel mixing process. From theirastigation, among the three
combustion chambers, toroidal combustion chambey etmerved to evince
better performance and emission, due to its geanetonsideration.
Significantly, both the squish and swirl motions fimroidal combustion
chamber was noted to be superior, enabling betfeonzation and mixing of
the blend fuel. Further, due to the improvementambustion process and
presence of oxygen with in biodiesel, the gasemisstons such as CO, HC
and smoke were reduced, with an increase inx N@ission. However,
regardless of the type of combustion chamber, @epéble increase in
diffusion combustion phase and decrease in prenuretbustion phase were
reported for B20 due to the shortening of ignitdmlay. However, the authors
remarked that the likelihood of the results to ctymipr various biodiesel,
produced from different feedstock was noted to mbeassible as the fuels
properties of biodiesel are prone to variations.

In-order to study the effect of re-entrant combustchamber design
over the hemispherical, toroidal and shallow corntibnschamber design,
Jaichander et al [162], in another study, conduate@xperimental study in a
diesel engine using the same B20 blend of Pongaiodiesel. As a notable

mention, in re-entrant combustion chamber, thelithe combustion chamber
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protrudes beyond the wall surface of bowl and Weas reportedly facilitated
to increase the engine performance and emissiccoount of better air/fuel
mixing process. Further, with re-entrant combustabramber, the surfaces
were reported to be hotter and this enabled togmtethe ignition lag and
provide better fuel economy. From the experimentasults, toroidal
combustion chamber discerned higher BTE than reentcombustion
chamber and interestingly, the BTE of the re-eritcambustion chamber was
found to be flanked between toroidal and hemispghégombustion chamber.
Due to better mixture formation and the subsequieat combustion
environment, HC, CO and smoke emission were divlltge be lower for
toroidal as well as re-entrant combustion chamb®ant conventional
hemispherical combustion chamber, while N@mission was reported to be

higher.

As a follow up to the modification of combustionachber geometry
for achieving better performance and emission, wing Pongamia methyl
ester, Jaichandar et al [163] coupled the effecvaring the combustion
chamber design and operating parameters in thair stedy to realize more
effective engine characteristics. From their prasictudies, as explained
above, toroidal combustion chamber was chosen ap@mum design along
with the conventional hemispherical combustion chamn the current study.
In addition to the design change, the fuel injetiwessure was increased so
as to enhance the atomization of the Pongamia dsetliblends and the
holistic effect of these changes on engine chatiatits was recorded.
Previously, when compared to hemispherical combnstchamber, the
toroidal combustion chamber showed lower BSFC aitll the increase of
fuel injection pressure, BSFC was further reduédedremarked by them, the
fuel was atomized finer due to higher injectiongstge and this coupled with
higher swirl ratio of toroidal combustion chambastsupported better fuel/air
mixing process, improving the performance of thgiea. As a reflection of
complete combustion, BTE of the engine was incrtamed notably, for
toroidal combustion chamber, the BTE was increase3#.31% from 33.07%
when the injection pressure was increased up tdo&30urther, the HC

emission for toroidal combustion chamber was pdirdgat to be 30% lower
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than that for hemispherical combustion chambeuktidad condition and it
was further decreased when the injection pressa® increased. Similarly,
there was a reduction in CO and smoke emission %% and 28%,
respectively, for toroidal combustion chamber, whe&ompared to
hemispherical combustion chamber at higher injecfiwessure of 230bar.
With the observation of increased N@mission with toroidal combustion
chamber, due to the increase in in-cylinder tentpesainflicted by the
enhanced combustion, Jaichandar et al [164] attnijat retard the injection
timing to control NQ emission. As a case in point, the injection timings
retarded form 23° CA to 20° CA in steps of 1° CAthAhe retardation of fuel
injection timing, the fuel mixing time was reducaad hence the burning rate
of the fuel was abated to decrease the in-cylindemperature and NO

emission, with a marginal increase in HC, CO andlsaremission.
2.4.3.2.Summary and future recommendations

The degree to which the swirl motion of the air amdbulence within
the confines of the combustion chamber are amglifee dependent on the
geometry of the bowl in piston. The better air ntoeat offers the benefit of
improved performance and emission. Though basidi¢atpn of combustion
chamber geometry can be learnt though simulatiomliet, a myriad of
experimental data is needed to make this comprerertdowever, extensive
revelations on the modification of combustion b@ebmetry have not been
considered for the experimental testing of biodigsa diesel engine. Owing
to the availability of different categories of biesel, each being produced
from different renewable source, the experimentalestigation of certain
species of biodiesel in a diesel engine with défercombustion geometry is
alone not adequate. Therefore, there exactly paopaucity of experimental
data on different species of biodiesel been tested diesel engine with
different combustion geometry.

2.5. Fuel modification strategies

The use of neat vegetable oil in diesel engineadleexists in
literature [135], while the initiative to use theam fuel incepted way back in
1900 when Rudolf diesel used peanut oil to fuekelieengine [165, 166].
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Vegetable oils could be directly used in dieselieagoecause of its good
burning properties and it was reported to have ceduthe deleterious
greenhouse gas GOQ(carbon dioxide) and carbon foot prints [15, 16].
Nevertheless, the use of neat vegetable oil dyrentldiesel engine without
reliability issues hasn’t been realized thus farjta viscosity is significantly
higher than diesel affecting the engine performaarod combustion. Further,
prolonged use of them in diesel engine would pawey Mior long term
problems such as injector clogging, carbon depoaitd lubrication oil
contamination [3, 19, 167]. Therefore, in ordereduce its viscosity, several
studies have focused on using preheated vegetdbie @ diesel engine to
enhance the fuel atomization such that the fueffectively mixed with air to
favor combustion process [53, 77, 168].

In a recent study on preheating of fuel inlet terapee, Chauhan et al
used preheated jatropha oil for fueling diesel magind found that such an
option could increase BTE (brake thermal efficieneyd decrease BSFC
(brake specific fuel consumption) [53]. Furthermoateés also learnt from their
study that preheated jatropha oil gave less emrmssidiC (hydrocarbon), CO
(carbon monoxide) and smoke with slight increaseNi®x (oxides of
nitrogen) than unheated jatropha oil. Similarly,npather research studies
have shown an improvement in engine performanceaeshaction in emission
when using preheated vegetable oil than unheale[d3b, 169]. Literature
analysis gave ample evidence of decrease in vigctsi preheating the
vegetable oil and subsequent improvement in pedona and emission when
tested in a diesel engine. Though the idea of atétgewould wriggle out the
difficulties encountered in trans-esterificationogess and minimizes the
production cost, the viscosity hasn’t been consiblgr reduced. Therefore,
researchers have entrusted on producing biodiegetrdns-esterification
process as it is an efficient method to reducevibeosity to amenable levels
[170, 171].

The addition of fuel additives is gaining popularias this can be done
with ease when compared to engine modification rtiegles. Significantly,
additives play a crucial role in changing the malacstructure of the fuel and

its enhanced chemical reactivity benefits in attgjrbetter performance [172].
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Fuel additives can be classified into four categgrias cetane number
improvers, fuel injection deposit cleaning detetgemombustion promoters
and oxygenates. The general classification of &dglitives that are intended

to be added with biodiesel are shown in Figure 2.1.

[ Fuel related ]

techniques
Oxygenated lenition bromoters Blending and Metal based
additives e P Stability additives additives
Enhance combustion Shortens ignition Prevents phase Improves cold flow
Reduces smoke & CO delay separation properties
emission Reduces NOy emission Enhance performance

L

[ Multi purpose ]
d

additives O
1,4-Dioxane ———> [ j
@)

Figure 2.1 Different types of fuel additives

To begin with, cetane number improvers are eitlegoxide group or
nitrate group members that are deemed to contrth BDx and smoke
emission simultaneously [173, 174]. Prolonged us@jector without proper
cleaning is at high risk of clogging, because giatgts blocking the injector,
and these deposits could be evaded away by theimtpdetergents [175]. The
combustion promoters are concocted to acceleratpdbe of combustion and
soot oxidation process, reducing the combustiomtdur on the whole [176,
177]. In addition to this, oxygenated additiveseliti-ethyl ether, di-methyl
ether and carbonates have the tendency to promuatation of fuel to support
better combustion [178-181]. Nowadays, contrary regular additives,
metallic fuel additives have also been consideoeninprove the performance
and emission characteristics of a diesel enginegnwbeled by diesel as well
as biodiesel. In this connection, a recent invasiog, conducted by Keskin et
al [182], on the effect of metallic particle addés such as Mg (Magnesium)
and MgO (Magnesium oxide) brought into light an mgement in BSFC

(brake specific fuel consumption) by 6%, when thgiee is driven by tall oil
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biodiesel mixed with suitable metallic particlesa @e similar lines, the fuel
borne catalyst, Fegl(ferric chloride), have been added to biodiesel to
improve the engine performance [183].

Besides the prevalence of many fuel additives,etlextists an ether
based oxygenated additive, 1,4-Dioxane, known toprave engine
performance and emissions. A recent study on tleeafisesthanol — diesel
blend in diesel engine reveals that 1,4-Dioxanevadl splash blending of
ethanol with diesel in a clear solution, reportingproved performance and
emissions [184]. Moreover, 1,4-Dioxane acts as taneeimprover, besides
generating stable blends and promoting fuel oxitafl72], so as to improve
the ignition attributes of the fuel. It is surpnigito note that diethyl ether is
rather insoluble in water, whereas 1,4-Dioxane,ertibased additive,
is miscible and hygroscopic. Since it is being atygenated additive, the
aromatic intermediates are reduced [185] and thidsDioxane, unlike other
fuel additives, materialize as an dual purposetaddiserving to improve the
combustion as well as the ignition of the fuel.

2.6. Conclusions

A comprehensive literature review on the charazé¢ion and
optimization of biodiesel produced from inedibledawaste feedstock in a
diesel engine has been made. The properties andeeobaracteristics of
selected biodiesel were elucidated and the proggdawering the biodiesel
production cost when utilizing inedible and wastedstock has been
emphasized. With regards to the adaption of bieiliesngine and fuel
modification strategies were proposed and pastrearpatal investigations
pertaining to these have been documented. Therdesigification techniques
such as thermal barrier coating, variation of caspion ratio and
modification of combustion chamber geometry, emetb{o operate biodiesel
has been summarized. Interestingly, such a rewevdesign modification
strategies has not been accomplished before antkherthe pursuit of this
research work, this review work has been up takenthe benefit of
researchers. Finally, in the fuel modification stgges, the impact of adding

certain additives with biodiesel on engine chamdsties was summarized.
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3. Materials and experimental methodology

3.1. Kapok biodiesel

3.1.1.History of kapok seeds

Kapok tree is grown in India, Malaysia and othertgaf Asia and has
greater economic importance for domestic and im@dlisise in Nigeria. The
pods of the tree contain seeds surrounded by &y flygllowish fiber that is a
mix of lignin and cellulose and about 120-175 sesuldd be found inside
each pod. In hindsight, kapok tree is mainly grdenits cotton and fiber,
while the seeds are normally disposed of as wasterial. Historically, the
identification of kapok seeds dates back to 193therwDr. C.L.Alsberg,
happen to collect some kapok seeds, during histaslava, and examine the
fatty acid composition of the small quantity of eitracted from the seeds
[186]. Reportedly, from his study, the oil was fduto contain 17.15% of
saturated fatty acid and 76.32% of unsaturateg &adid. Later, from 1964 to
1974, various studies disclosed the presence ot mapsaturated fatty acid
than saturated fatty acids in kapok oil with valéaproportions of cyclo-

propenoid fatty acids [187].

At present, the kapok oil has only limited applicatand the natural
production of seeds remain underutilized. Howewary recently, the oil
extracted from the seed is being considered asndispensable source of
biodiesel and researchers are deliberating to Barbenefits from it. As a
significant contribution, a recent study on thedwuction of biodiesel from
inedible kapok (C. Pentandra) oil has reporteduthes of soxhlet extractor and
n-hexane as a solvent to extract oil from the daed powdered kapok seeds
[188]. Subsequently, they optimized the biodieseldpction, presenting the
results of reaction time, reaction constant andsatbn energies, during the
conversion of raw oil in to methyl ester. Anothesearch work in connection
with production of biodiesel from kapok oil has ated the same approach to

extract oil and have reported higher oxidative iitglof kapok methyl ester
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than the standard values [189]. In the above wakly, the chemistry part for
the biodiesel production was discussed in detailgdting the kinetics of
biodiesel production form kapok oil. However, nadst has attempted to

experimentally investigate it as an alternate fne diesel engine.
3.1.2.Extraction of oil from kapok seeds

In the current research work, kapok pods, entaiirigrge number of
black color kapok seeds surrounded by silky fibeere collected from a
village in India. Thus far, kapok oil is reported have been extracted by
Soxhlet extraction method using n-heptane as sblj&30, 191]; however,
this study has attributed to extract kapok oil lhgam treatment process
followed by mechanical crushing. The outline of #team treatment process
followed by crushing of the hot seeds in an expdilas been depicted in
Figure 3.1.

Reactor

Oif
-

Motor Mechanical Expelfer ﬂ

Kapok
oif

Figure 3.1 Outline of the oil extraction processdm kapok seeds

Firstly, the seeds separated from the fibers wetedhto be in good
physical condition and therefore, without subjegtih to any pretreatment
process, these seeds were fed into a reactor @é leapacity to hold bulk
volume of kapok seeds. After which, steam from @asgte line is allowed to
be passed into the reactor so as to soak the sadd$ot steam and help

extract small fraction of raw oil. Subsequentlye tkft out oil in the seeds is
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recovered by crushing the hot seeds in a mechaaiqatller and the total
guantity of oil, as collected through these stépshannelized into a separate
tank as shown in Figure 3.1. The extracted oihentpurified through a filter
so as to remove any sediments or contaminantsolgftin it. After the
extraction process, the total oil yield, which wadculated to be 21%, was
ensured from the weight of seeds used and weigtutalf oil extracted using
the following formula,

Weight of oil extracted

Total yield (% weight) = Weight of seeds

For application like diesel engine, this method ailf extraction is
reasonable, as it admits bulk extraction of oikisingle trail and makes the
method economical. Further, this method is belieieednhance the recovery
of oil than normal mechanical expulsion techniqud &ould help improve
the properties of the extracted oil. This is beealmt treatment of seeds by
steam recovers some proportion of oil and this mEwmigy a mechanical
expeller would help enhance maximum recovery ofistinctly, the process
of steam treatment followed by mechanical crushiag not been attempted
by many researchers when compared to other oihetn techniques such as
mechanical, solvent and enzymatic extraction methid®2]. The physical
and thermal properties of the extracted kapok asl,evaluated by ASTM
standard methods, have been shown in Table 3.1. edtienated fuel
properties of kapok oil reveal that it has highescesity and boiling point,
which does not support its direct use in a diesgjiree. Therefore, it is
essential to trans-esterify the extracted kapokmiteduce its viscosity and

make it feasible for its use in a diesel engine.
3.1.3.Trans-esterification of kapok oil

The process of trans-esterification to synthesimelibsel entails an
alcohol and catalyst wherein, the tri-glyceridegshwiarger molecules are
broken into smaller compounds, esters. As sucthensample preparation of
biodiesel, one litre of kapok oil is heated in agmetic stirrer apparatus,
containing a hot plate and stirrer. Subsequentig,dil is heated up to 65°C

and in parallel, KOH pellets were dissolved in nagibl in a separate vessel to
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form potassium methoxide solution. The formed pztas methoxide
solution is then poured into the heated oil andestiwell. When the reaction
completes, methyl ester and glycerol gets separatedglycerol is drained
out. After repeated washing using distilled watsndiesel is separated out
and heated up to 100°C to remove the last tracesmtdr molecules from it.
The physical and thermal properties of the produmediesel are imperative
before using it in a diesel engine and hence, these evaluated by ASTM
standard methods, as shown in Table 3.1. It ishmdrile to note that, after
the trans-esterification process, all the propemieKME were found to be in

compliance with biodiesel standard.

Table 3.1 Physical and thermal properties of rawpak oil and KME

Property gﬂtgﬁzgig?em kapok oil KME Diesel
Density (kg/nf) ~ ASTM D1298 923.2 875 822
\*fl'snceorgﬁ‘)t/"z fig) ASTMD44s  312+16 54+10°  36410°
Flash point (°C) ASTM D92 170 156 74
Pour point (°C) ASTM D97 -10 -8 -23

Gross calorific

value (kJ/kg) ASTM D240 39086 36292 42700
Sulphur content Lessthan Less than

(%) ASTMD5453 5 505 0.05

Calculated cetane gy pg76 38 54 50

index

Copper strip

corrosion @100°C ASTM D130 '\r']"t worse '\k']"t worse T]Ot worse
for 3 hours thannol thannol thannol

3.1.4.Composition of KME

It is a well-known fact that biodiesel are methgtezs of fatty acids
and therefore, typical composition of a biodiesghthesized from vegetable
oils, ought to possess long chain methyl esters.cimposition of KME was
estimated by conducting a gas chromatography — spesgrometry (GC-MS)
analysis. Notably, the column of the GC-MS wasiaflif heated up to 50°C
and subsequently, at the ramp rate of 2°C/mintdhgerature was raised up
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to 200°C with the split ratio of 80:1. Further,ibhat, with a purity of 99.99%,

was used as a carrier gas at the flow rate of 2pl/ffrom the spectrum
(Figure 3.2), the major constituents of KME werentified to be methyl

esters of linoleic acid, oleic acid and palmiticidacThis is done after
comparing the retention time of various compoundth standard database
and finally, arriving at the exact constituent. Tiggical composition of KME

in % volume is shown in Table 3.2 and after analygzihe fatty acid

composition, the presence of both saturated andturaded hydrocarbons
with oxygen in their structure is perceivable, hsven in Figure 3.2.

Table 3.2 Composition of KME

Fatty acid methyl ester Composition (%)

Palmitic acid (C16:0) 21.2

Stearic acid (C18:0) 4.14

Oleic acid (C18:1) 23.55

Linoleic acid (C18:2) 37.4

Linolenic acid (C18:3) 15
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Figure 3.2 GC-MS spectrum of kapok methyl ester
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3.2. Cashew nut shell liquid biodiesel

3.2.1.Cashew tree and cashew nut production

The cashew tree is evergreen, growing up 10-12nm \&itshort
irregularly shaped trunk. The tree is most prevalerAsia and other south
East Asian countries. The main commercial prod@iche cashew tree is the
nut and from the production statistics of food aggliculture organization, it
has been found that India is the second largesiugery of cashew nuts among
the top ten producers listed in Table 3.3 [193]e Total cultivation area of
cashew in India amounts to 0.7 million hectares amtl million tons of

cashew were reported to have been produced [194].

The cashew fruit obtained from cashew tree haslaeii-shaped nut,
consisting of coriaceous epicarp, spongy mesocagpstéony endocarp. The
cashew nut shell is the outer covering of the cashet, which is normally
peeled off during the processing of cashew nuts. ddshew nut shell is about
0.3 cm thick, having a soft feathery outer skin anthin hard inner skin.
Between these skins is the honeycomb structuretaicomng the phenolic
material known as CNSL. In ancient times, the owteell of cashew was
usually discarded as waste and later, researchave klocumented the

presence of useful oil in cashew nut shells thraihgir scientific studies.

Table 3.3Top ten cashew nut (with shell) producers

Country Prod_uction Yield
(metric tons)  (MT/hectares)

Nigeria 650,000 1.97
India 613,000 0.66
Ivory coast 380,000 0.44
Vietnam 289,842 0.85
Indonesia 145,082 0.25
Philippines 134,681 4.79
Brazil 104,342 0.14
Guinea-Bissau 91,100 0.38
Tanzania 80,000 1.0
Benin 69,700 0.29

World Total 2,757,598 0.58
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3.2.2.Prospects of CNSL as an alternate fuel — An ovewie

CNSL may be generated from cashew shells by vapousesses such
as hot bath process, cold solvent extraction tegles and roasting process.
The general roasting of the cashew shell in a fter@oduces a dark brown
liquid with higher FFA content. However, in hot bairocess, oil is extracted
from cashew shell by immersing it in hot bath a6-180°C, while cold
solvent extraction process has also been adoptexttact CNSL. The hot
extraction produces a different CNSL when compaoetthat obtained by cold
extraction process [195]. CNSL obtained either oy br cold extraction
process consists of anacordic acid, cardol ancaoatd196], but their typical
composition varies depending upon their procesgially, the extracted
CNSL is being used to treat wood and is believegravent termite attack.
Composite Technical Services (Kettering, Ohio, US3Aye investigated the
use of CNSL as a resin for carbon composite pradd@7]. It is extensively
used in the manufacture of superior type of painsjlating varnishes in the
electrical industry, special types of adhesive a#mlerake linings, phenolic
resins and also in petrochemical industry [196]adklition to its commercial
use, as stated above, since it is a biodegradahleces of energy; it is
worthwhile to replenish the erstwhile degrading rpleum reserves by
harnessing it as a renewable fuel. Therefore, nay&dt is also being viewed
as one of the probable source for producing biedlias it is economically

viable and available in abundance.

Past studies, which focused on utilizing the umattel CNSL as an
alternate fuel, have resorted to use it after sitipjg it to some pre-treatment
processes. When compared to other contemporarytaldgeoils, CNSL is
reported to have higher viscosity and FFA cont&udnsequently, it is an
arduous task to trans-esterify CNSL and only lichifecus has been paid so
far to adopt this method. Considering these facttew researchers have
attempted to use CNSL in a diesel engine withoahdfesterifying it or
reducing its viscosity to desired levels. In th@gection, Kasiraman et al
[198] have tried using CNSL directly in diesel emgi however, they blended
CNSL with camphor oil to enhance the evaporatida o the blend fuel. In

another study, Loganathan et al [196] used pyraly@&ISL as blends with
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diesel to investigate the characteristics of a lsimgylinder diesel engine.
Notably, pyrolysis increased the calorific value tbe fuel, however, the
viscosity was still observed to be higher, affegtthe fuel atomization and
combustion process [199]. A recent study also poimut subjecting CNSL to
second stage distillation process, after the indistillation of cashew shells,
to remove the waste polymeric materials from CN8d ase them as a bio-oil
with diesel [200, 201]. Until now, only one resdatudy has attempted to
trans-esterify CNSL, obtained by hot extractionldwled by distillation
process, [202]. Despite the higher viscosity of CN®is study has resorted
alkaline trans-esterification process, which is reommended for oils with
higher FFA as it would lead to soap or sludge fdroma

3.2.3.Cost comparison of CNSL with various vegetable oils

The exuberent price of the vegetable oil is a mammcern, which
contributes to around 80% of the total biodiesedpiction cost, increasing the
total cost of biodiesel [3]. Therefore, it is highlequired to find a pertinent
feedstock for biodiesel production that would sunstae economy of biodiesel
in the international market. In order to comprehémal current cost scenario,
an extensive cost comparative study of differengetable oils has been
performed and is shown in Table 3.4. After gettinganalyze the cost of
various vegetable oils, it is envisaged that CNSthe cheapest among the list
of vegetable oils considered and hence it coulg@rbelaimed as the low cost

feedstock ever available for biodiesel production.

Table 3.4 Cost details of various vegetable oils

Type of oil Price/ Litre in USD
Palm oil 0.98

Rice bran oll 1.39
Jatropha oil 1.07
Pongamia oil 0.98
Karanja oil 1.15
Castor oll 1.97

Mahua oil 1.48

Neem oil 1.97

Cashew nut shell liquid (CNSL) 0.33
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3.2.4.Extraction of CNSL from cashew shell

In this study, a different approach to synthesi2¢SC from cashew
nut shell has been employed as shown in Figure laBje quantities of
cashew shell are placed in a huge steel contaitefram the bottom; steam is
fed into the container to initiate the steam tresitrprocess. Subsequently, the
shells are further crushed in a mechanical expealter by which, maximum
quantity of CNSL have been extracted. The steaatrtrent process followed
by mechanical crushing was selected over othereagmbrary techniques like
roasting and hot bath process, as it is convemindtbelieved to enhance the
recovery of CNSL from the shells. The major composiof CNSL was noted
to be anacordic acid, cardanol and cardol. Furttiner,physical and thermal
properties of raw CNSL were determined by ASTM dtad methods and it
could be well comprehended that it possesses higbeosity, flash point and
boiling point when compared to conventional dieselthe past, a research
study has reported the properties of raw CNSL [2@3¢rein, the viscosity of
it was perceived to be 53 * $an?/s at 38°C. In our case, the physical and
thermal properties of raw CNSL were different frone past reported study
and this difference in properties could be attelouto difference in method of
CNSL extraction.

CNSL EXTRACTION AND BIODIESEL SYNTHESIS
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steam and oil
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Motor Mechanical Furnace e
Expeller aline
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Figure 3.3 CNSL extraction and biodiesel production
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3.2.5.Synthesis of CNSL biodiesel

Attempts on trans-esterifying CNSL by single stadkaline trans-
esterification process proved futile. This is bessglCNSL with higher acidity
and viscosity, when subjected to alkaline transrégtation, decreased the
yield of biodiesel and was liable to soap formatiém light of this, as a
different attempt to counter the difficulties wittans-esterification process,
CNSL was trans-esterified in two stages. In thet fatage, an acid catalyst,
sulfuric acid and an alcohol, methanol were usedninimize the higher
viscosity and acidity of CNSL and then in the setstage, methanol and an
alkali catalyst, i.e. potassium hydroxide, were duge produce CNSL
biodiesel. The glycerol, produced during the trasterification, was drained
and sufficient washing was done to get the requ€&tSLME. Finally, the
cleaned biodiesel is heated to about 100°C so asntove last traces of tiny
water particles. The basic fuel properties of CN&_Buch as specific gravity,
kinematic viscosity, calorific value, flash and pgoint were determined by
ASTM standard methods and are shown in Table 3.5.

Table 3.5Thermal and physical properties of CNSL and CNSLME

Property CNSL CNSLME
Density (kg/n) 956.4 909.3

Kinematic viscosity (rffs) 43.1* 10 10.3 * 10°

Ash (%) 0.08 0.16

Carbon residue (%) 6.74 1.29

Flash point (°C) 226 170

Pour point (°C) -12 -1

cloud point (°C) -7 -5

Copper strip corrosion @100°C Not worse than  Not worse than NO
for 3 hours NO 1 1

Gross calorific value (kJ/kg) 38681 34300

Sulphur content (%) Less than 0.005 Less than 0.05

Calculated cetane index 33 48
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3.2.6.Composition of CNSLME

Having identified the key constituents of the raNM&L as anacardic
acid and cardonol, the composition of biodieseltlsgsized from it was
determined in a gas chromatography — mass spedimpi@@CMS), with the
column specification; 200°C operating temperatu2&C/min ramp rate,
2ul/min flow rate and 80:1 split ratio. The GC-MBestrum, as shown in
Figure 3.4, identifies methyl esters of linoleiddaand palmitic acid as two
major constituents of CNSLME. The individual estersre determined from
the retention time, noted above the peak of eaofpoonds, with the standard
library of database. Deeper scrutiny of their dtrites reveals that both are
unsaturated hydrocarbon, perhaps with longer hydtbmn chain length and

inherent oxygen in their structure, in the likesotifer contemporary biodiesel.

.........

3000000

Figure 3.4 GC-MS spectrum for CNSL biodiesel
3.3. Diesd engine and experimentation

Typically, generator sets are available in différassortments such as
small, medium and high power requirements and dépgnup on the
application, preferred specification can be chodédrese days, for research
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studies, there is a growing interest in the adopdibthis single cylinder diesel
engine generator for testing alternate renewal#és flike alcohols, vegetable
oils and biodiesel, owing to the flexibility in hdling as well as the ability to
operate at desired operating and loading conditionong hours. Therefore,
in the current research study, to experimentalyestigate kapok and CNSL
biodiesel, this single cylinder constant speedaliesgine (genset), enabling
variation of operating and design parameters, heenlused. The engine,
which is a naturally aspirated one, is configuredoperate at a default
compression ratio of 17.5, with a capacity to peEla maximum power of
5.2kW. Further, combustion chamber is a hemispakebowl in piston type

and the other detailed specification of the rembmiéesel engine has been

discerned in Table 3.6.

Table 3.6 Engine specification

Four stroke, Kirloskar make, direct injection,

Type constant speed ,vertical, water cooled

No of cylinders one
Bore 87.5 mm
Stroke 110 mm
Compression Ratio 17.5:1
Rated Power 5.2 kW

Rated Speed

1500 rev/min

Dynamometer Eddy current
Start of injection 23° BTDC
Injection pressure 220 bar

Type of injection

No of nozzle holes

Mechanical pump-nozzle injection
3

Conventionally, the air flow rate of the stationatdiesel engine is

maintained constant and this is ensured by thespredrop measured in the

u-tube manometer, attached to orifice meter inithet manifold. The air,

which has been filtered through an air filter, melucted into the cylinder,

while the fuel is injected directly into the cyled The fuel injection

equipment, which necessarily comprises of a fuehunjector and fuel flow
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lines are of mechanical type and therefore, fudiveley and operational
characteristics are regulated manually. Typicdhg, fuel injection pump is an
inline pump with plunger, barrel, and associatethgonents. The plunger is
actuated by the camshaft and the fuel deliveryogegned by shape of the
plunger as well as the profile of the cam. Basedtlm speed and load
requirements, the delivery is changed, though theke of the plunger is
fixed. For instance, when the load is increaseel ftlel pump rack rotates the
plunger and controls the required quantity of fteelbe sent to the engine.
Notably, the start of fuel injection is fixed at®2BA BTDC and this can be
either retarded or advanced by changing the thekoé&the shim with the fuel
pump. The schematic diagram of the engine expetahesetup and the

associated equipment’s has been shown in Figure 3.5
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1. Kirloskar TV1 Engine 8. AVL smoke meter
2. Eddy current dynamometer 9. AVL Di-gas analyser
3. Injector 10. Pressure transducer
4. Fuel pump 11. TDC Encoder
5. Fuel tank 12. Charge amplifier
6. Air stabilizing tank 13. Indimeter
7. Air filter 14. Monitor

15. Exhaust silencer

Figure 3.5 Schematic diagram of the engine experime setup
3.3.1.Eddy current dynamometer and power measurement

The engine is loaded by water cooled eddy currgmachometer,
which works on the faraday’s law of electromagngtiaciple. When the load
applied to the engine has to be varied, the cusepplied to the dynamometer

is varied and depending upon the magnitude of tineent supplied, required



Chapter 3: Materials and experimental methodology 63

load is applied. The force (F) exerted by the aupload on the dynamometer
is measured by the strain gauge, fitted in its iyysand the measured force
signals are converted to torque (T) as noted below,

Torque (T) = Force exerted (F) x R

Where R is the distance measured from center pbitite shaft to the pivot

point of the stain gauge.

From the estimated torque values, the respectiveepoutput of the
engine are calculated as follows,

Brake power (BP) = Torque (T) * N
Where N is the speed of the engine is rpm.
3.3.2.Engine measurements

The quantity of fuel consumed by the engine, focheand every
loading condition, is measured manually by a barattd stopwatch. In this
regard, the time taken for the consumption of 1dfcfuel is noted down, for
three times, and finally the average of the tinkemais used in the calculation
of total fuel consumption. Ip is the density of the fuel, then the fuel

consumption can be written as follows,

Density (p) * volume

Total fuel consumption = -
time

Significantly, the two important parameters that firke the
performance of the engine are BSFC and BTE, botlwloth have been
accounted in the present study for the performawvaduation of both kapok
and CNSL biodiesel. BSFC of the engine, quantifythg amount of fuel
consumed for producing 1kW of power output, cae$t@nated from the total

fuel consumption using the below formulation,

BSFC = rre
"~ BP

BTE of the engine, which defines the effectivenesth which the
engine converts the chemical energy, after burtheduel, into useful power,

can be figured out from TFC, BP and amount of lsegiplied to the engine.
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Technically, it manifests how efficient the combaost process has been,
which can be manipulated as follows,

BP

BTE =
Heat supplied to the engine

Where, the heat supplied to the engine is given by,
Heat supplied to the engine = TFC * Calorific value

The major gaseous emissions measured in the custaedy are HC,
CO, CQ, O, and NQ. Arguably, the reason for the occurrence of these
emissions are general and depends up on the typeelobeing used, engine
operating and design condition, engine loading tmrd fuel injection
system employed and other factors. Notably, theperted emissions were
measured using AVL 444 di gas analyzer, which detié® constituent of the
exhaust gases by non-dispersive infrared (NDIR)ggple. According to this
principle, when infrared radiation of different veength and frequency is
being sent by the analyzer into the sample exhgasts, each and every gas
will absorb the radiations at a particular frequemnd emits are different
frequency. Depending up on the absorption potenfiahdividual gases, the
individual compounds are identified through thepeedive peaks of the infra-
red graph. Prior to the measurement of exhaustsemnis, the exhaust sample
to be evaluated was passed through a cold trafdiléerdelement to prevent
water vapor and particulates from entering into amalyzer. HC and NO
emission were measured in ppm and CO ap@rdission were measured in

terms of percentage volume.

In addition to these gaseous emissions, the otioglupt of incomplete
combustion being contended is the smoke emissionAXL 437C smoke
meter has been employed to measure the smoke ydemderms of smoke
opacity, which is the number of smoke particles y@t volume of gas. The
smoke meter works on the principle of light extiaotprinciple, wherein, the
percentage of light transmitted through the sousgerevented by the smoke
particles from reaching the detector and percentadaction is quantified in
terms of HSU. Apart from the emission, temperatfrexhaust gases is also

an important consideration to ascertain the condmugtrocess and in our
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study, a K-type thermocouple is employed in theagwsh pipe to measure the

exhaust gas temperature.

Besides evaluating the engine performance and ®mjssthe
combustion characteristics were also examined énciirrent work and this
has been realized by measuring the in-cylinder soires The in-cylinder
pressure is measured by AVL pressure transducechws installed on the
top of cylinder head. Further a crank angle enconhstalled at the engine
crank shatft, clarifies the crank angle at whichitieylinder pressure is being
measured. The pressure transducer, which is sedjeict water cooling,
produces charge output proportional to the presmgiele the cylinder. In
turn, this charge output of the pressure transdigamplified in the Indi
meter hardware, and the amplified analog signaéscanverted into digital
signal using analog to digital convertor. Furtiibg converted pressure signal
are analyzed in the indiwin software, which caltesa the associated
combustion parameters such as heat release ratpresslre rise rate using
the standard formulations. Characteristically, sb#tware records the pressure
signal for 100 consecutive cycles and the averageevof the in-cylinder
pressure has been considered. Finally, the measaratl calculated
combustion data, stored as a separate ASCII fikecallected from the PC
interface and plot of the requisite combustion peaters such as in-cylinder
pressure, heat release rate and cumulative hesdiseelrate are drawn to

analyze the combustion results.



CHAPTER 4

4. Operation of kapok biodiesdl in a diesel engine

4.1. Experimental investigation of kapok (Ceiba pentandra) oil
biodiesel as an alternate fuel for diesel engine

4.1.1.Background

It is reliably learnt from the literature study theesting of kapok
biodiesel in a diesel engine hasn’t come to lightas and only the production
of it has been optimized. Therefore, in this studitempts were taken to
experimentally investigate KME in a diesel engime the first time. It is
noteworthy to point out that the extraction of kiamil in large quantities for
producing KME is a new attempt with this study. c&nthe extraction of
kapok oil, production of KME and analysis of itsoperties has been

discussed in the previous chapter, it has not deaft separately here.
4.1.2.Methodology

Initially, the engine is made to run with dieset 8) minutes to attain
warm up condition which is ensured by the coolirgtev and lubrication oil
temperature. Subsequently, the engine is tested disiferent blends of KME
such as B25, B50, B75 and B100 without any modifices. Before testing
the engine with respective fuel blends, the preslpuused fuel was
completely drained from the fuel lines, filters, nmps, injector and other
associated equipment’s. During the engine tes@iy,s varied by changing
the engine load through an eddy current dynamonietsteps of 20% from
20% to 100% load. Each time, the speed and requmder output are
maintained constant by adjusting the fuel pump rpokition. The engine
parameters such as BSFC, TFC, BTE, heat release amad emissions
parameters such as CO, smoke andi M@re recorded then. Variation of all
these parameters with respect to brake power ftarent blends of KME was
examined at standard engine operating and desigpghtams. All the reported

measurement with regards to engine and emissioanmeers, which were
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realized at ambient condition, was noted for thtieees to improve the

accuracy of the measured readings. In order tadigut the total uncertainty

of the intended experiment using KME in the dieseyjine associated with

various instrumentation, an error analysis was gotatl in the right earnest.

The accuracy and uncertainty of the equipment'sraadsured parameters are

listed in Table 4.1. From the uncertainty of thdiwdual parameters, the total

uncertainty of the experiment was computed by tle¢hod of propagation of

errors, as described in Holman [204], and was nmtdxk £2.0%

Table 4.1 List of measurement uncertainties

Measurement Accuracy % uncertainty
Load +10N 0.2
Speed +10rpm +0.1
Burette fuel measurement0.1cc t1
Time +0.1s 0.2
Manometer +1lmm ol
CO +0.02% +0.2
NOx +12ppm 0.2
Smoke +1HSU t1
EGT indicator t1°C +0.15
Pressure pickup +0.1 kg +0.1
Crank angle encoder +1° 0.2

Total experimental uncertainty = Square root ofnffertainty of TFC) +

(uncertainty of BP) + (uncertainty of
BSFCY + (uncertainty of BTE) +
(uncertainty of CO) + (uncertainty of

smokef + (uncertainty of N@)?* +

(uncertainty

EGT indicatd?) +

(uncertainty of pressure pick dp)

= Square root of {(H)+ (0.2f + (1F + (LY +
(0.2F + (1Y + (0.2Y + (0.15% + (0.11}.

=2.0%
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4.1.3.Results and discussion

4.1.3.1.Brake specific fuel consumption
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Figure 4.1 Variation of BSFC with respect to brakmwer
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Figure 4.2 Variation of TFC with respect to brakeoper

Figure 4.1 shows the change in BSFC with respebta&e power for
various blend fuels and diesel. It is clearly ewidigom the figure that BSFC
of B25 blend is akin to that of diesel whereas; Birfdl B100 blends show

some discrepancies. BSFC of the engine depends tiponrelationship
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between the amount of fuel injected and the catoviélue of the fuel [205].
As KME has a lower calorific value, in order to guzce the same power
output, the TFC as visualized from Figure 4.2, isrenfor KME and its
blends, thereby resulting in a higher BSFC. Howel@rer blends such as
B25 show good agreement with diesel at most ofdads. The reason behind
the comparable BSFC for B25 with diesel is that@lgh the calorific value
of B25 is slightly lower than that of diesel, thagroved combustion due to
the presence of inbuilt oxygen in it compensates thduced energy.
Moreover, the viscosity of B25 is comparable tosdle while on the other
hand, the higher blends such B75 and B100, expmrteriess complete
combustion, due to lower calorific value and highescosity of KME. In
compliance with these findings, Raheman et al Etjceded increased BSFC
with the increase in biodiesel proportion. In aotaer work, Usta et al [206],
in their investigation on hazelnut soap stock/wasiaflower oil biodiesel,

confessed the supply of more fuel due to lowerrdadovalue of biodiesel.

4.1.3.2.Brake thermal efficiency

The thermal efficiency of the engine relies on éxéent to which the
fuel is burnt inside the combustion chamber [2GT§ure 4.3 shows the BTE
of the engine fueled by various blend fuels andelidt can be seen from the
figure that B25 has a better efficiency than diesel other blend fuels under
different loading conditions. For instance, the BEB25 was increased by
8.6% at lower load and 4% at higher load in conguerito diesel. This is due
to the fact that KME has a higher cetane numberthagresence of oxygen
in the fuel is favorable for combustion. Howeveithathe increase of KME
blend ratio, there is a slight drop in BTE. Thisnainly due to the combined
effects of the increased viscosity of the fuel @hd presence of inbuilt
oxygen. The lower blends of KME have a lower visigosnd experience
better atomization relative to higher blends; asreault, their thermal
efficiencies are higher. However for higher bleradsKME, the increased
viscosity of the blend fuel affects the fuel atoatian and predominate the

combustion process, causing the efficiency to drop.
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Figure 4.3 Variation of BTE with respect to brakeoper
4.1.3.3.Heat release rate and cumulative heat release rate

Cetane number of the fuel is primarily responsitae the ignition
process [208] and therefore, the SOC (start of amtiin) is little bit earlier
for KME and its blends as their cetane number ghéi than that of diesel
(Table 3.1). It can also be observed from Figu#etdat the peak heat release
rate for B25 lie in close agreement with diesehakimum load of the engine.
Nonetheless, the other blends such as B75 and BhO®@ a progressive
decrease in peak heat release rate. For exampl@etik heat release rate of
B100 is 33% lower than that of diesel. This is lhmseawith the increase of
KME percentage, the calorific value of the blendcrdases, while the
viscosity of the blend increases, affecting thd &iemization and the ensuing
combustion process, resulting in a lower peak hedatise rate. Similar to this,
Muralidharan et al [209] pointed out a decreas@enk heat release rate of
biodiesel blends than diesel on account of highscogity and poor spray
characteristics. Further, the reduced premixed cmtidn has had its impact
on diffusion combustion as the accumulated heatas®l happens to get
reduced for higher blends of KME. For better clarénd understanding,

cumulative heat release rate curve has been dragvis@dhown in Figure 4.5
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Figure 4.5 Variation of cumulative heat release mwith respect to crank angle
4.1.3.4.CO (carbon monoxide) emission

Figure 4.6 shows the CO emission for various blfelets and diesel. It
is noted that all the blend fuels emit higher COission, except B25,
especially at full load condition, despite the prese of inherent oxygen

within KME. This is due to the fact that more figlnjected into the engine to
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produce the same power output as diesel (Figurg wi@ch increases the
fuel/air ratio, resulting in incomplete combustioAt the same time, the
increased viscosity of KME further deteriorates tb@mbustion process
resulting in more CO emission. However, for B25 68O emission was
observed to be in par with diesel, with a sligltr@ase at full load condition.
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Figure 4.6 Variation of CO emission with respect boake power

Since B25 doesn’t confront with poorer atomizatiand the presence
of inbuilt oxygen has supported enhanced combustiba results are in
agreement with diesel. There are varied resulth V@O emission for
biodiesel, as Sahoo et al [210], when comparingethession of Jatropha and
Karanja biodiesel, showed increased and decreaSedndission for Jatropha
and Karanja, respectively. These distinctions migite arisen on account of
feedstock type and biodiesel synthesis methodolagya matter of fact, most
of the researchers tend to report higher CO emmssiainly because of higher

viscosity of biodiesel, like the one presented wate KME.
4.1.3.5.NOx (nitrogen oxide) emission

Diesel engine are prone to more fN@mission due to higher heat
release rate and rapid rise of temperature indige combustion chamber
[211]. The NQ emission for various blends of KME increases witle

increase in load due to the increased quantityuef injection, which when
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being burnt elevates the in-cylinder temperatungpakently, from Figure 4.7,
the NGO emission for B25 blend is noticed to be slightigher than diesel.
The magnitude of peak heat release rate for Bamsst similar to diesel and
this accompanied by presence of excess oxygen peaesor the reaction of
nitrogen molecules with oxygen at the temperaturdowrnt gas mixture,
resulting in small increase in NOemission than diesel at higher loads.
However, B100 and other higher blends shows siglktlluced N@ emission
than that of diesel since the combustion of B10(rsdominated by the
significant increase in viscosity and thereby, etffeg the combustion process.
In justification with this, Labeckas et al [212]dicated lower NQ emission
for pure biodiesel, Rapeseed methyl ester in tteede, due to lower calorific

value and slower evaporation of high viscous biselie
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Figure 4.7 Variation of NG emission with respect to brake power
4.1.3.6.Smoke emission

The variation of smoke emission with respect tokéergower for
different blend fuels is shown in Figure 4.8 ani ifound to increase with the
increase in KME blend ratio. The smoke value of B2ppens to be in par
with diesel. For all other KME blends, the smokéueas higher than diesel,
with B100 blend reporting a 31.2% increase at ngid condition. It is well
known that soot precursors are formed during prethoombustion phase and

if the premixed combustion phase is more pronountieele is more time
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available for carbon particles to combine with oatygand combust properly
[213]. But in this case, the premixed combustioagghis less pronounced for
higher blends of KME on account of shorter ignitaelay and lower calorific
value, which in effect, has caused for liberatidnnmre smoke. The other
potential reasons may include increased fuel/aivivedence ratio and
viscosity of higher blends of KME. The deterrenc@'sombustion, resulting
in increased smoke emission for biodiesel, has beerarked by Agarwal et

al [135], which conforms the results of presentgtu
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Figure 4.8 Variation of Smoke emission with respaotbrake power
4.1.3.7.Exhaust gas temperature

The EGT of B25 is slightly lower than that of dieses shown in
Figure 4.9. Notably, higher ignition delay resuitsa delayed combustion and
higher EGT [214]. For B25, SOC happens to be aebilier than diesel,
inciting low temperature to the exhaust gases. alge explains the slightly
increased efficiency of B25 compared to diesel. klosv, the EGT of higher
blends of KME were noticed to be slightly highearhdiesel, despite the
higher cetane number of KME and excess oxygen withME, as the
combustion is deterred by the higher viscosity ™MK paving way for late

combustion in the tail pipe.
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4.1.4.Conclusions

In this study, KME, produced from inedible kapok, dias been used
as an alternate fuel for a diesel engine for tihgt fime. Significantly, the
potential benefits of kapok oil as source for fueldiesel engine has been
tapped. Kapok oil, extracted by steam treatmentcqe® followed by
mechanical crushing, underwent alkali trans-estatibn and the produced
KME was tested in diesel engine. Systematic chariatic study of the fuel to
identify the properties of the biodiesel was dond & was found to be in
compliance with ASTM standard. Among the variousnbls tested in a single
cylinder diesel engine, B25 blend claims a 4% iaseein BTE than diesel and
comparable emissions of HC, CO, N@nd smoke with diesel. It is believed
that the kapok oil would garner much attention godlify as a viable source

of renewable fuel among the other alternate fuethé near future.
Associated publication

o Vedharaj S, Vallinayagam R, Yang WM, Chou SK, CHuHE, Lee PS.
Experimental investigation of kapok (Ceiba pentajpdil biodiesel as an
alternate fuel for diesel engine. Energy Conversem Management.
2013; 75:773-9.
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4.2. Effect of adding 1,4-Dioxane with kapok biodiesel on the

characteristics of adiesel engine

4.2.1.Background

From the previous investigation of KME — dieselrals in a diesel
engine, B25 was observed to evince better enginferpgance and emission
than other blends. When compared to diesel, thmemdaracteristics for B25
were noted to be in par with diesel. To help imgrakie performance and
emission for B25, in the current study, we decittedodify the properties of
B25 by adding a fuel additive. Fuel additives, lyue of their characteristics,
alter the fuel properties in such a way that thelmastion is improved. The
comprehensive literature review on fuel additives,described in chapter 2,
manifest that 1,4-Dioxane has not been used asafisitive with biodiesel
thus far, despite its multipurpose benefits (Fig2wB). Notably, in addition to
improving the engine performance and emission,Digkane also enhances
the blending of biodiesel with diesel and thusttiging stability of the blend
is improved. With all these considerations, 1,4¥aioe, an indispensable
additive, was added with the optimum blend (B25)tle current study,

considering its potential to improve the fuel pndjess.
4.2.2.Methodology

In the current work, in an attempt to improve thefprmance and
emission for B25 in an unmodified engine, we hageided to modify the fuel
properties by adding 1,4-Dioxane with B25. The rgmb additive was
procured from the commercial store and subsequehtlyas added with B25
in the following composition, B25-5ml (B25 — 99.5&&md 1,4-Dioxane —
0.5%) and B25-10ml (B25 — 99% and 1,4-Dioxane -,180f stirred well in
an ultrasonic agitator. Subsequently, the fuel erogs of B25, B25-5ml and
B25-10ml were determined by ASTM standard methodd have been
reported in Table 4.2. 1,4-Dioxane, when added BRB, improves the flash
point as well as the cetane number of the blendthEy the cold flow
properties of the blend such as cloud point and point, and viscosity were

improved, thereby enabling efficient pumping of thel without nucleation.
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Table 4.2 Thermal and physical properties of B28wand without 1,4-Dioxane

Property B25 B25 -5ml B25 -10ml
Density (kg/nf) 850 853 851
: . e

KI2I’1€matIC viscosity ( 16 41 376 3.65

m°</s)

Flash point (°C) 105 95 86

Pour point (°C) -8 -10 -14

Cloud point (°C) -2 -4 -6

Copper strip corrosion Not worse  Not worse Not worse

@100°C for 3 hours than No.1 than No. 1 than No. 1

Gross calorific value (kJ/kg) 41098 41012 40927
Less than Less than Less than

0,
Sulphur content (%) 0.005 0.005 0.005
Calculated Cetane index 52 54 56

4.2.3.Results and Discussion

Heat release curve, a representation of amount nefgg being
released from the burning of fuel, for B25 with andhout additive at full
load condition, has been depicted in Figure 4.1@ould be noted from the
figure that the peak heat release rate for B25 iwgmar with diesel, as there
isn’t any big drop in its heating value when conggato diesel. However, the
blends with additive shows a decrease in magniaideeak heat release rate
than diesel, with B25-10ml showing a lower magnitwaf peak heat release
rate than B25-5ml. This is because, the additiod,éfDioxane in the blend
ably reduces the ignition delay and as a resudtathount of fuel being burnt
in the premixed combustion phase is reduced, dsiogdhe magnitude of
peak heat release rate. The decrease in ignitiay eth the increase of 1,4-
Dioxane, as noted from Figure 4.10, could be attet to the inherent nature
of it to enhance the ignition attributes of theutent blend. Conceptually,
Dioxane molecules fragment at space and time wheruel evaporates, and
this liberates free radicals to improve the igmtiquality of the blend.

Incidentally, Ashok [215], demonstrated the shartgrof ignition delay and
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the subsequent reduction in accumulation of air/fuexture by adding di-

ethyl ether, an additive similar to 1,4-Dioxanethnemulsion fuel.
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Figure 4.10Effect of adding 1,4-Dioxane with B25 on heat relsarate at full load

condition
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Figure 4.11 Effect of adding 1,4-Dioxane with B25\@umulative heat release rate

at full load condition

Despite the reduction in magnitude of peak heatass rate, the
diffusion combustion phase, as noted from Figufel 4was more active for
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B25-10ml. As a result, combustion is more complgtaying way for
increased accumulated heat release rate. This doaildhttributed to the
improvement in fuel properties after the additidradditives. In particular, the
addition of 1,4-Dioxane improves the cold flow peojes and in wake of this,
the fuel atomization and evaporation are improwktdthe same time, the
oxygen enrichment from the additive and KME by litseogether with the
improvement in other fuel properties, have promoiactive diffusion

combustion so as to increase the net energy release

To help understand the effect of 1,4-Dioxane ondhwunt of fuel
being burnt in respective combustion zones, peagenimass of fuel burnt,
calculated from the net energy release rate atdatl condition, for all the test
fuels have been discerned in Figure 4.12. The diglgarly shows a reduction
in mass of fuel burnt in premixed combustion phasé an increase of it in
diffusion combustion phase with the increase inpprton of 1,4-Dioxane
with B25. Notably, the mass of fuel burnt in pregdxcombustion phase was
reduced to 24.86% for B25-10ml from 31.2% for B2&%.compliance with
this, Ladommatos et al [216] pronounced a decr@aseass of fuel being
burnt in the premixed combustion phase, after iwip the ignition

attributes of the fuel being used.
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Premixed combustion
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Figure 4.12Effect of adding 1,4-Dioxane with B25 on mass ofeliburnt in

premixed and diffusion combustion phase at full ld@ondition
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CO emission from a diesel engine is governed biouarfactors such
as fuel/air equivalence ratio, in-cylinder temperatand presence of oxygen
[70, 217]. Despite the presence of inbuilt oxygea5 showed slightly higher
CO emission than diesel due to its slightly highescosity. However, the
addition of 1,4-Dioxane enhances the combustiorrges® and therefore, the
CO emission for the blends with additive (B25-5médd25-10ml) is reduced
than that of diesel. Furthermore, this reductiolC{@ emission could also be
supported by their fuel properties (Table 4.2) sashreduced viscosity and
improved cold flow properties. Notably, B25-10mEbd, as envisaged form
Figure 4.13, depicts a 22.5% reduction in CO emrssihan B25 at full load
condition. In a recent study, TJ Bruno et al [2fh8%tulated the oxygen mass
fraction of 1,4-Dioxane to be 0.36 and in lighttbis, better oxidation of CO
was reported. By this token, in our study too, pinemotion in oxidation of
CO to CQis certaindue to the subtle increase in oxygen proportiortacdy

from biodiesel as well as the additive.
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Figure 4.13Effect of adding 1,4-Dioxane with B25 on CO emigsi

The HC emission for B25 with and without additive raspective
loading conditions has been portrayed in Figurd dhighlighting the effect of
additive on HC emission. From the figure, it coblel inferred that the HC
emission for B25-10ml is reduced by 25.3%, when garad to B25, at full
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load condition. For B25, the increased HC emissinam that of fossil diesel is
due to the incomplete combustion while for the tkemwith additive, the
combustion is promoted so as to reduce the HC @mnis§he reason behind
this is with the enhancement in ignition attribut#sblends with additive
(B25-5ml and B25-10ml) and the contribution of ogggrom both KME and
1,4-Dioxane, more complete combustion is enablgdnkn the past, Agarwal
et al [64] conceded to the increase in HC and COssan in face of
incomplete combustion, caused by the higher visgadithe fuel. However,
later on, this effect was reportedly suppressedheay effect of additive to
improve the ignition and combustion process, resyliin the reduction of CO
and HC emissions [175], which is in compliance witie findings of the

present study.
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Figure 4.14Effect of adding 1,4-Dioxane with B25 on HC emiesi

The blends with additive (B25-5ml and B25-10ml) act subjected to
improper soot oxidation due to inherent presencexygen within the fuel
and additive and thereby, decreasing the smokesemisin addition, since
the cold flow properties and viscosity of the blewth additive are improved,
the fuel atomization is more pronounced and therdg available oxygen
easily penetrates the fuel droplets to properlyliae the soot. It is worthwhile

to link the reduced smoke emission for B25-5ml &#b-10ml, with the
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respective heat release curves of them. With tbeease in proportion of 1,4-
Dioxane with B25, the magnitude of premixed comimusis reduced and this
might have increased the smoke emission, as prencobustion phases are
reported to be smoke free combustion zone [216]cdntrary, B25 with
additive, despite the reduction in magnitude ofnpred combustion, has
shown reduced smoke emission, mainly due to theyexypresent in both
biodiesel and additive, which has promoted theuditin combustion phase, as
described above. Notably, for B25-10ml, as seem flagure 4.15, the smoke
emission is reduced by 24.6% than B25 at full lcaddition, emphasizing
more active combustion. The reduction in smoke simsis in compliance
with the findings of Lin et al [185], who examindde intermediates of a
cyclic oxygenated hydrocarbon (1,4-Dioxane) at I@ressure with an
equivalence ratio of 1.80, and found no aromatiermediates. Further,
reduction in smoke emission, when adding 1,4-Diexasth ethanol — diesel
blends, has also been reported by Sundar et a],[ivhizch is in parallel with

the finding of current study.
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Figure 4.15Effect of adding 1,4-Dioxane with B25 on Smoke esitn

The high flame temperature and presence of sugygen are being
considered as propellants for the formation ofxN® diesel engine [219].

However, B25-5ml and B25-10ml, despite the presesfcamherent oxygen
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within them, were noticed to show a significantuetibn in NG, emission, as
seen from Figure 4.16. From the heat release diiigeire 4.10), it could be
comprehended that the magnitude of peak heat eeleds is lower for the
blends with additive, as the SOC is early, whickvents the accumulation of
air fuel mixture. Early SOC not only reduces thalpéeat release rate, but
also implicates softer changes in pressure andamahpe [220]. Since the
degree of smoothness of engine operation is entaand the in-cylinder
temperature is reduced, the N@mission has been found to be lower for
blends with additive. Similar conclusion were dratw Vallinayagam et al
[221], while investigating the engine charactecstusing pine oil — diesel
blend with ignition promoters, Iso-amyl nitrate aDdtertiary butyl peroxide,
in a stationary diesel engine. In the relentlessyitito control both N@ and
smoke emission simultaneously, the shortening efmiagnitude of premixed
combustion phase by reducing SOC is regarded aappropriate strategy
[61], which has been realized in the current stingyadding 1,4-Dioxane with
the optimum blend of KME.
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Figure 4.16Effect of adding 1,4-Dioxane with B25 on NCemission

The BTE of the engine for B25 with and without ddlei at respective
loading conditions has been shown in Figure 4.1¥ néted from the figure,
BTE for B25 was found to be slightly higher tharesil at all loading
condition. A closer scrutiny of BTE curve revealn@eworthy increase of
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BTE for B25-10ml by 5.7% at full load condition, @t compared to B25, due
to improved combustion as explained above. In apasison, Sundar et al
[222], while investigating the effect of 1,4-Dioann ethanol blended diesel,
reported an improvement in BTE, which is in conemrck with the results of
the present study. Furthermore, to help justify therease in BTE with
additive, the cumulative heat release curve (Figufid) could be analyzed,
which shows an increase in net energy release®26r5ml and B25-10ml.
When comparing B25, B25-5ml and B25-10ml, the aadated heat release
happen to get increased due to the improvemenbimbastion process in
wake of improved fuel properties. This in turn ltasitributed holistically to
the conversion of the accumulated heat release ustful piston work,
thereby increasing the BTE for B25-5ml and B25-10ml
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Figure 4.17 Effect of adding 1,4-Dioxane with B25\®BTE

The BSFC for B25 with and without additive was cddted from the
total fuel consumption (TFC) for all correspondingds and has been shown
in Figure 4.18. For biodiesel with lower energy sign in order to produce
the same power output, more amount of fuel hasetsupplied than diesel,
incurring more fuel consumption. Since KME has ado calorific value, the
BSFC was found to be slightly increased for B2:tteesel, which is the case

for all biodiesel categories. Previously, Muraliddra and Vasudevan [209]
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have confided the increase in BSFC of the enginenwlsing blends of waste
cooking oil methyl ester with diesel, owing to tlmver caloric value and
higher viscosity of the biodiesel. However, witte thddition of 1,4-Dioxane,
the combustion process is improved on account @ironed fuel properties
and this in turn has slightly reduced the BSFChef ¢éngine than that for B25

without additive.
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Figure 4.18 Effect of adding 1,4-Dioxane with B25\@3SFC
4.2.4.Conclusions

The energy crisis and notched up price of crudeand petroleum,
which is reported to have triggered a new interethe field of alternate fuels,
have impelled us to find an enviable renewable @i fuel. As a solution,
KME, produced from inedible kapok oil, has beenduas an alternate fuel for
a diesel engine in the current study. Further tifte slown the emission and
improve the performance of the engine, multipurpadditive, 1,4-Dioxane
has been added with B25 blend of KME. Significantihe added additive has
improved the cold flow and ignition properties dfetblend, with another
advantage of improvement in the blend stability. e Tkombustion
characteristics of the blend with additive (B25-5aiid B25-10ml) were
noticed to be improved, while testing it in a senglylinder diesel engine, with

significant reduction in emission and improvement the performance.
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Significantly, the following observation were dextsout of the experimental

investigation,

* The cetane number of B25-10ml showed an improvéacevat 56,
which has had triggered proactive combustion piocey
shortening the ignition delay.

* The emissions such as CO, HC, Nand smoke were reduced by
22.5%, 25.3%, 15.2%, and 24.6%, respectively, f@5-BOml
than B25. Noticeably, the emission of both N&nhd smoke were
simultaneously reduced with the addition of 1,4>@ioe with
B25.

* The performance parameters such as BSFC and BTEBZ5-
10ml were observed to be improved, when compareBl2tn by
5.7%.

Associated publication

o Vedharaj S, Vallinayagam R, Yang WM, Chou SK, Le®. Effect of
adding 1,4-Dioxane with kapok biodiesel on the ahtaristics of a diesel
engine. Applied energy.2014 (Article in press)

o Vedharaj $ Vallinayagam R, Yang WM, Chou SK, Chua KJE, Lee PS
Influence of additive (1,4-Dioxane) on the perfono@ and emission
characteristics of kapok oil biodiesel. In proceediof: International
Conference on Applied Energy (ICAE) 2013, Pretd8ayth Africa.
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4.3. Reduction of harmful emissions from diesel engine fueled
by kapok methyl ester by combined coating and SNCR
technology

4.3.1. Background

In the consistent effort to improve the charactessof a diesel engine
when fueled by biodiesel, researchers have engideesome design
modification strategies. When compared to the agaton of engine
operating parameters, these design modificatiategjies are more effective.
Notably, it offers the benefit of adaptation of inéy blends of biodiesel, which
have been earlier remarked to be used only up ¢ 20 an unmodified
engine. The distinguished design change conjuredrepalteration of the
engine compression ratio, coating of engine compisneising insulating
material and optimization of combustion bowl geametvhich has been

elaborated in detail in chapter 2.

Among the various design modification techniqudsrmal barrier
coating of engine components has attracted thatetteof many researchers.
The ideology behind this technique is to reduce hkat losses from the
engine, by coating the engine components with nadgenaving poor thermal
conductivity, so as to facilitate the conversioraotumulated heat into useful
piston work. Further, from Table 2.2, which encdatas the work on a coated
engine fueled by biodiesel, it is clearly evidehatt though the intended
objective of improved performance has been metr aftating the engine
components, the limitation of increased fNénission still persists for various
biodiesel and vegetable oils. Thus far, no studybeen initiated to curtail the
NOyx emission from a coated diesel engine fueled bylibgel, though the
other emissions such as CO, HC and smoke were fdande lower.
Regardless of the presence of variousxN€duction techniques for a diesel
engine such as optimization of injection timing, EGSCR and addition of
NOx reduction additives [79, 217, 223], required attenhas not been paid to
simultaneously improve the performance and redoee\iQ; emission from a

coated engine.
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Due to the enormous task to be paid to achievesigmiehange, only a
few studies have focused on it, when using biotli@se renewable fuel
Therefore, following the fuel modification study tionprove the engine
performance and emission, in the current studyhaxee decided to adopt the
design modification strategy of TBC so as to imgrdive engine performance.
Considering that design modifications would empowsng higher blends of
biodiesel [146], contrary to the reported adaptatid 25% biodiesel in an
unmodified engine, herein we have used KME up & %dth diesel (B25 and
B50) in a coated diesel engine. Also, from the &bdiscussion, it is evident
that there exists an appeal for reduction inkNgnission from a coated diesel
engine fueled by biodiesel. Therefore, this redearork would also focus on
to reduce NQ emission by implementing a urea based SNCR systetime
exhaust pipe of a coated diesel engine, fueled It k- diesel blends. Thus
the objective of the study is not only to improw tengine performance by
coating the engine components, but also to redbeeNG; emission by
implementing urea based SNCR system. Finally, tiggne characteristics of
the reported blends in a coated engine with SNGRuamodified engine are

analyzed and compared.
4.3.2. Methodology
4.3.2.1.Coating process

The engine components such as top surface of ghenpibottom face
of the valves and the cylinder head portion assediavith the combustion
chamber were coated using PSZ. Plasma spray coamgpique has been
employed to coat the engine components meticulptistyphotographs of the
coated engine components are depicted in Figur@ 4for to coating, the
components are grit blasted so as to attain acurtaughness (Ra) value of 4,
after which, the surfaces are cleaned using ethylglycol. When the
components are dried, PSZ is sprayed over cleamédce and this ensures
sufficient bond coat between the base substrate¢htandoating material. The
thickness of the coating has been limited to 45€-omis as increased thickness
duly reduces the amount of air inducted in to thiender and this tends to
decrease the volumetric efficiency of the enginféfeciing the engine

performance and emission.
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Coated inlet and exhaust valve Coated piston

Coated cylinder head portion

Figure 4.19Engine components coated with PSZ (partially stééld zirconia)

4.3.2.2.After treatment process

In order to control N®@ emission from coated diesel engine, an
additional SNCR circuit involving a tank with ursalution, 3 way control
valve, small pump and flow pipes, was devised aeldfin the exhaust pipe,
as show in Figure 4.20. The urea solution was pegplay mixing 30% of urea
with 70% of water, widely recognized compositiorr forea based SCR
systems [217], and was placed overhead in the tamnkher, the urea solution
was sprayed into the exhaust manifold and the gyaaof injection was
controlled by maintaining adequate pressure inflbe lines through the
pump and control valve assembly. In this studyawvas directly sprayed into
the exhaust gases without the requirement of atafysh and hence the name,
non-catalytic SCR system. Typically, a catalytioneerter was not preferred
along with the SNCR system, given that the coategine is reported to have
decreased other emissions such as CO and HC alrdadyto better
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combustion. Notably, this SNCR assembly was implaegk only for coated
engine and the emission results are compared witoaied engine without
SNCR. The selection of SNCR system to reducex N@ission than other
strategies like EGR or retardation of injectionitignis because of the fact that
it does not compromises the engine performancema@difications are only
dealt in the tail pipe of the engine. Further, adoway to the reports of Casapu
et al [224], urea — SNCR system is more amenahlesfationary diesel
engine, like the one used in the current studyn flght commercial vehicles
in face of complexity and large dimensions of tlysteam. Therefore, the

selection of urea — SNCR system for the currerttystvas reasonable.

1. Kirloskar TV1 Engine 9. AVL smoke meter
2. Eddy current dynamometer 10. AVL Di-gas analyser
3. Injector 11. Pressure transducer
4. Fuel pump 12. TDC Encoder

5. Fuel filter 13. Charge amplifier

6. Fuel tank 14. Indimeter

7. Air stabilizing tank 15. Monitor

8. Air filter 16. Exhaust silencer

Figure 4.20Schematic diagram of the engine experimental sewith SNCR

assembly
4.3.3.Results and discussion

Before appraising the effect of TBC on engine penfnce, it is
worthwhile to analyze its impact on combustion s In this connection,
the variation of heat release rate and in-cylingtesssure for diesel, B25 and
B50 in coated and uncoated engine, at full loadlitimm, have been shown in

Figure 4.21 (a), (b) and (c), respectively. It ba@nseen from the figures that
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for all the tested fuels, both the peak heat releate and in-cylinder pressure
of the coated engine are higher than that of uecbangine due to the fact
that heat lost were reduced in a coated engineseTtesults are in consonance
with the results of Prasath et al [142], wheremjrmaprovement in in-cylinder
pressure of around 3 bar has been reported foedoagine over normal
diesel engine when fueled by Jatropha methyl edtemthermore, by
comparing Figure 4.21(a) and Figure 4.21(c), itlddae noted that the peak
heat release rate for B50 is lower than diesel botltoated as well as
uncoated engine; mainly due to its lower calontue. Another reason is the
shorter ignition delay of KME because of its highetane number, which is in
agreement with the reports of Sarin [61]. Concdptudhe early start of
combustion, accompanied by poor evaporation of KMas yielded less
amount of prepared fuel for premixed combustiomtigbuting to reduced

peak heat release rate.
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Figure 4.22 Variation of BSFC for diesel, B25 and3 in a coated (-C) and

uncoated engine

The performance parameters such as BTE and BSF& haen
analyzed to appreciate the effect of TBC on engeréormance. For uncoated
engine, BSFC was noticed to be increased with ibeease of KME in the
blend ratio, as seen from Figure 4.22. This treodlict be explained by the

distinct property of KME i.e lower calorific valudan diesel, which demands
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larger quantity of fuel to produce the required poweutput, resulting in
higher BSFC. Similar reports on increase in BSFCvarious biodiesel have
attributed lower calorific value as the prime reasor it [14, 206]. However,
for coated engine, the heat trapped inside thenengylinder and the inherent
presence of oxygen within the fuel has promotedebetombustion for B25
and B50 and thereby, lowering the BSFC of the abatggine. Similar such
conclusion has been drawn by Hazar et al [137],ntlesting canola methyl

ester in a low heat loss diesel engine.
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Figure 4.23Variation of BTE for diesel, B25 and B50 in a coatd4-C) and

uncoated engine

In general, the presence of oxygen within the rexidev biodiesel
promotes better oxidation of hydrocarbon, resultimg increased BTE.
However, higher viscosity and lower calorific valoé B50 caused a slight
decline in efficiency compared to diesel and B2hjch is clearly evident
from the present investigation in an uncoated engin the other hand, in a
coated engine, the BTE of the engine, as showrigar& 4.23, gives a clear
picture of improvement in engine performance foOB the heat loss to the
surrounding has been minimized by the insulatioergfine components. This
reduced heat loss not only increases the energiablafor converting into
useful piston work, but also improves the combunspoocess. As a result, an

obvious higher efficiency has been achieved foteat fuels in coated engine.
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Remarkably, BTE was increased by 9% for B50 in atet engine than in
uncoated engine at full load condition. In the pasprovement in BTE of a
coated diesel engine fueled by sunflower oil bisdiewas reported by
Hasimoglu et al [126], which is in concordance wtile improved efficiency
for B50.

The major emissions such as CO, HC, smoke angd fdOdiesel, B25
and B50 in coated and uncoated engine have bedyraddn light of higher
viscosity, the combustion is said to be incompteteB50 in uncoated engine,
resulting in higher CO and HC emission than diesdlich are shown in
Figure 4.24 and Figure 4.25, respectively. HoweB@5 showed comparable
CO and HC emission with diesel, as its viscosityn@d much higher and
further, presence of oxygen within the fuel couddé promoted oxidation of
CO and HC to C@and HO. In general, many experimental investigation
have shown more active combustion of biodiesel, dmethe inherent
possession of oxygen within its molecular structuesulting in reduced CO
and HC emission [60, 75, 225]. Nonetheless, thezealso contradictions to
the above said fact as the higher viscosity antinggpoint of biodiesel affects
the combustion process [226, 227]. This is why BS@ported to have shown
higher HC and CO emission than diesel in uncoategihe.
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It is very interesting to compare the CO and HCssion from coated
engine and uncoated engine, and analyze the ingbacating on engine out
emissions. Apparently, all the blend fuels showedréased CO and HC
emission in coated engine when compared with uedoangine. This
decrease can be judged based on the expected saciaain-cylinder
temperature, due to the reduced heat losses tootblant, in coated engine.
The increase in temperature is believed to prontteéeoxidation of CO to
CO,, thereby reducing the CO emission by 40% for Bb0dated engine than
that in uncoated engine. The same is the case @eiHission, with B50 in
coated engine showing 35.3% reduction in HC emmsthan that for uncoated
engine, perhaps slightly better than diesel tomil&r such reductions in HC
and CO emission were also noted by Hazar et al][288 Musthafa et al
[139], when using cotton and pongamia methyl dstercoated diesel engine,
complying with the findings of the current studyat€gorically, it has been
reported that SCR systems reduces HC ang RMissions, while the CO
emission increases [228]. On the contrary, in tmeenit study, an appreciable
increase in CO emission has not been envisageBZbrand B50 in coated

engine. This is because of the profound impact adting and effective
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utilization of the heat energy in accomplishing enamomplete combustion

within the combustion chamber itself.

In general, when biodiesel is being utilized asad#ternate fuel for
diesel engine, the NOemission is reported to be increased due to therm
oxygen within fuel, fuel injection advance and otfeatures pertaining to fuel
chemistry [229]. However, there are contradictiolts the above said
phenomenon, as few researchers consider thatwhes fmeak heat release rate,
caused by higher cetane number of biodiesel, redube in-cylinder
temperature so as to impede the formation ofx N®@30]. Incidentally, this
latter occurrence, lower peak heat release ratedace NQ emission for
B50, has happened in the present study with undaditssel engine, as seen
from Figure 4.26. The reasons for this are expthiag follows: due to the
higher viscosity and lower boiling point of KME, eéhatomization and
evaporation of it are affected and therefore, thantjty of well mixed fuel
available for combustion is reduced. Following thige lower cetane number
of KME advances the combustion process and withréldeced quantity of
fuel being available for combustion, coupled by kweer calorific value of
KME, the magnitude of peak heat release rate isedsed and this reduces the

in-cylinder temperature to decrease thexNission for B50.
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On the other hand, it is widely noted that coatedire tends to
increase the in-cylinder temperature and this togretvith the presence of
oxygen within the biodiesel would cause an increas$¢Ox emission, as high
temperature and presence of nitrogen as well agevxin air are reported to
be crucial elements in the formation of N{231]. Substantially, Aydin et al
[141] and Iscan et al [140], demonstrated an irsgaa NQ emission when
using sunflower oil and waste corn oil in a coatedine, perhaps for the same
reason as noted above. In the event of increabmgérformance of a diesel
engine fueled by KME blends through coating of aegtomponents, similar
phenomenon is believed to arise. To avert the éggemcrease in NO
emission for the blend fuels in the current expental study using PSZ
coated engine, urea based SNCR system, which &ded as an effective
after treatment technique [232], has been fittethexrexhaust pipe. With the
SNCR fitted coated engine, the NGemissions for B25 and B50 were
successfully reduced, as shown in Figure 4.26. ifleelogy behind NQ
reduction with urea — SNCR system is: when urespraiyed in the exhaust
pipe, it gets decomposed and hydrolyzed in amm@&), while the formed
ammonia then reacts with NO and Nénd breaks it down to A\Nand HO.
Consequently, NQ emission for B50 in coated engine with SNCR hasnbe
reduced by 13.4% than that in uncoated engine. drallel with these
conclusions, Xu et al [233] and Liu et al [234] heldeady reported a drastic
reduction in NQ emission by implementing urea based yN@duction
system. However, when compared to diesel, thg MfMission for B50 was
noticed to be slightly lower due to deterrence mmbustion and the
subsequent reduction in in-cylinder temperatureysed by the higher
viscosity of KME, and for the other reasons witk #arly start of combustion
as explained above. It could be pointed out thatNI, emission for lower
blend, B25, was shown to be higher than diese¢haproperties are not much
varied, which is in compliance with the generalrere of increased NQ
emission for biodiesel. The temperature of the azhajas at respective
loading condition would have an effect on the yN@®duction potential as the
reaction of urea with it is depend on the tempeeatdo have a better
understanding of this, the EGT for diesel and blénels in coated and

uncoated engine has been drawn and shown in Fig@ié Evidently, the
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coated engines tend to exhibit higher EGT due ¢oréauction in heat losses

and this ought to enhance the N@duction in a coated engine.
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There always exists a tradeoff betweenN&d smoke in a diesel
engine fueled by any kind of fuel. However, in @ase, this tradeoff has been
refrained with the realization of coating and immpéntation of urea — SNCR
system, as both NOand smoke are simultaneously reduced for B50. hyta
a 21.4% decrease in smoke emission for B50 in doatgine than that in
uncoated engine, as noted from Figure 4.28, hasn besalized.
Characteristically, the soot precursors formedhia fuel rich zones of spray
are oxidized by the oxygen from KME and this is Aanated by the enhanced
combustion temperature, following the prevention fedat loss through
coating. To back up this, Di et al [235], in thetudy using oxygenated fuel
(ethanol) as substitute for diesel, acceded tgth®und oxidation of fuel in
the diffusion combustion phase and reported effecteduction in smoke
emission. In general, when the premixed combussanore pronounced, the
soot formations are reduced as the amount of fagigoburnt in diffusion
controlled combustion is reduction. In our case¢sipremixed combustion is
more pronounced for B50 in a coated engine, as Been Figure 4.21, the

smoke emission are noted to be reduced than tlzett imcoated engine.
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4.3.4.Conclusions

The first objective of this investigation was to prave the
performance of a diesel engine by coating the engamponents using PSZ, a
commensurate insulating material. Secondly, theeased NQ emissions
from the coated diesel engine, due to rise in teatpee inside the combustion
chamber, has been identified and efforts were tak®nreduce it by
implementing urea — SNCR system in the exhaust [pipgher, this study has
also thrived to duly utilize kapok seed oil, an endilized bio oil, to
synthesize biodiesel (KME) and experimentally inigege the engine
characteristics in a coated diesel engine. Fronexperimental investigation,
the performance and combustion characteristicsoaned to be improved for
the blend fuels in coated engine, with a 9% ina@eaBTE for B50 in coated
engine than uncoated engine. Further, the majossoms from the coated
engine such as HC, CO and smoke for B50 were fdanble reduced by
35.3%, 40% and 21.4% than uncoated engine, andthathncorporation of
urea — SNCR systems, the N@mission was also reduced by 13.4% than
uncoated engine. Previously, many research stumhesoated diesel engine
with biodiesel, categorically reported better eegoerformance and reduction

of HC, CO and smoke emissions at the expense dfehifjlO; emission.
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However, distinctly, this study has duly notice@ hroblem of higher N©
emission with coated engine fueled by biodieselantkequently, an effective
after treatment technique in the likes of SNCR wasrporated to reduce the
rampant impact of N© emission on atmosphere, implicating much greener

environment.
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4.4. Modification of combustion chamber geometry for the
oper ation of kapok biodiesal in a diesdl engine

4.4.1.Background

Having realized the utilization of higher blendski¥lE by combined
coating and SNCR technology, we have initiated lagrotlesign modification
strategy of optimizing the combustion bowl geometrghe current study. In
the previous study, with coated engine compond§, was noted to show
only comparable engine performance and emissioh digsel, though B25
showed enhanced engine characteristics. To attdiarkengine efficiency and
emission results with higher blends of KME, in tlbarrent study, we
endeavored to operate KME — diesel blends in aetieisgine with various
combustion chamber geometries. As such, threerdiftecombustion bowl
geometries were used for operating different bleod&ME such as B25,
B50, B75 and B100 in a diesel engine. Finally, perfance, emission and
combustion characteristics of the engine with défeé combustion bowl

geometries for the reported blends have been disdus
4.4.2.Methodology

In the event of optimization of combustion chamlgeometry for
kapok biodiesel and its blends, three differenfppskaof combustion chamber
geometry such as TRCC (trapezoidal combustion cbeamB@ CC (toroidal
combustion chamber) and HCC (hemispherical comtmusthamber) were
selected. In the design aspect every combustiomiobg fabrication is done
in such a way that the volume of the combustion|dewnot altered so as to
maintain the same compression ratio for all comgjons. The photographic
view of the different combustion chambers, employethe current work, has
been depicted in Figure 4.29. In a comparisonlithef the TCC touches the
combustion chamber wall and offers better squisin tbther combustion
chambers, while TRCC is shown to have larger sartaea. Experiments are
carried out in diesel engine, after assemblingdiagassembling the variety of
combustion chambers sequentially, following the hndblogy explained in

the previous section of this chapter.
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Figure 4.29 Combustion chamber geometries (a) TR®IHCC and (c) TCC
4.4.3.Results and discussion

The performance, combustion and emission charatitayihave been
analyzed for different blends of KME with variousngbustion chamber
geometries such as TRCC, TCC and HCC and are dsduselow. The
variation of BTE for KME — diesel blends with vau® combustion chamber
geometries at low (20%) and full (100%) load coiodis has been discerned
in Figure 4.30 and Figure 4.31, respectively. Aernred from the figure, it
was noted that TCC was able to show an increaBd ihfor blends up to B50
and after which, BTE was observed to decline, wkléC was noticed to
show increase in BTE for blends up to B25. Sigaifity, for B25 with HCC,
the presence of oxygen within the fuel and a beitdorific value than other
KME - diesel blends have promoted active combustbrt, showing an
increased BTE. However, for blends beyond B25 wiBC, the higher
viscosity of KME appears to have affected the fagdmization and the
subsequent air fuel mixing process, as reported dfiver categories of
biodiesel [236, 237], resulting in lower BTE thaeskl.

With TCC, despite the higher viscosity, the impnoeant in squish has
increased the swirl and promoted better air/fuedimgj, thereby increasing the
BTE by 5.2% for B50 than diesel. Noticeably, thenamced air flow is
believed to improve the fuel evaporation and tbgether with the presence of
oxygen from KME has triggered proactive combustfon B25 and B50.
Notably, the better utilization of oxygen and thehanced air movement to
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improve the BTE has been remarked in the past [238], which coincides
with the outcome of the current study as reporteava. For blends beyond
B50, even with TCC, BTE was found to be decreakad tiesel as the higher
viscosity and lower calorific value of KME has deésl the fuel atomization,
air/fuel mixing and the ensuing combustion procéssdesirably, TRCC did
not support better combustion for any of the selédilends. This is because,
TRCC has higher surface area and this ought teaser the heat losses from
the combustion chamber, meanwhile, the sharp asgtet favorable for the
formation of squish, and part of fuel may deposittlee sharp angle, resulting

in the decrease of engine power output and thaltebgeasing the BTE.
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Figure 4.30 Effect of combustion chamber geometry BTE for various KME —

diesel blends at low load condition

The scenario of BTE with various combustion chandgwmetries at
low load condition has a reverse trend to evinsegxhibited in Figure 4.30.
At low load, regardless of the type of combustibaraber geometry, the BTE
of the engine was observed to decrease slightly thi¢ increase in proportion
of KME with diesel. Characteristically, the preses®f oxygen in KME tend
to dilute the air/fuel mixture and therefore, tlheelfto air equivalence ratio is
reduced, decreasing the in-cylinder temperatureddtminantly, the in-
cylinder temperature that is lower at low load dtod has affected the
combustion of high viscous KME and this is furtttempounded by other
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adverse properties of KME such as lower caloriidtue, higher boiling point
and flash point. The decrease in BTE for bio detiveels with inherent
oxygen at low load condition had already been destnated by many
researchers [240, 241], which is in concordancé whe results of current
study. Notably, though TCC has improved the sqaistd swirl motion, the
negative impact of lower fuel to air equivalencéiarehas deteriorated the
efficiency than diesel at low load condition. Owaed all, either at low or full
load condition, TCC has shown better BTE for dieseivell as KME — diesel
blends than conventional HCC and TRCC.
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Figure 4.31 Effect of combustion chamber geometry BTE for various KME —
diesel blends at full load condition

The maximum heat release rate for KME — dieseldsenith various
combustion chamber geometries has been portrayejume 4.32 and Figure
4.33 at low and full load conditions, respectivelg evident from the figure,
the increase in peak heat release rate than dseappreciable up to B25 with
HCC and for the remaining blends of KME, the maximieat release rate is
found to be lower. Also, TRCC, because of its didtishape, has shown a
lower peak heat release rate for all test fuels tiasel. The reasons for the
decrease in maximum heat release rate for higlegrdbl of KME with HCC
and TRCC can be explained as follows: Since KMEdeai high viscous fuel

with higher boiling point, the quantity of prepared/fuel mixture readily
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available for combustion is reduced after the dekayod and this has reduced
the rate of energy release. Furthermore, the |lavadorific value of KME
reduces the amount of net energy release, lowéhmgnaximum heat release
rate for higher blends of KME with HCC and TRCGspectively, than diesel.
Substantially, many research studies have alsoedmucto the decrease in
peak heat release rate when using biodiesel frdfereit feedstock [242-
244].
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Figure 4.32Effect of combustion chamber geometry on maximunmaheelease rate

for various KME — diesel blends at low load conditi

Significantly, with TCC, peak heat release rate lbeasn scrutinized to
be higher for blends up to B50 than diesel, whileeoblends of KME showed
a drop in peak heat release rate. For TCC, theawagr air flow motion has
inflicted better evaporation and mixture formatitr blends up to B50,
facilitating faster burning of fuel to increase theak heat release rate when
compared to other combustion chamber geometriearaCteristically, the
peak heat release rate for B50 with TCC is increédse 7.2 than that with
HCC at full load condition. Therefore, from the geat test results, TCC has
shown an improvement in engine combustion and pedace for higher
blend of KME, B50, than diesel at full load conditj while the conventional
HCC was reported to show increased BTE and peak retzase rate than
diesel only for B25 at the respective loading ctindi On the other hand, at
low load condition, similar to BTE, the maximum healease rate for all
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combustion chamber geometries were noted to beeased with the increase
in addition of KME with diesel due to the above mened reasons of lower

in-cylinder temperature and fuel to air equivalerate.
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Figure 4.34 Effect of combustion chamber geometiry GO emission for various
KME - diesel blends at low load condition

It is worthwhile to shed some focus on the effeEtcombustion
chamber geometry on the pollutant emission fromeaal engine fueled by
KME - diesel blends. As such, gaseous emissions ascCO, smoke and
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NOx were measured for various blend of KME and arepamed for different

bowl geometry shapes.
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Figure 4.35 Effect of combustion chamber geometry 6O emission for various

KME - diesel blends at full load condition

Figure 4.34 and Figure 4.35 represents the CO @miger KME —
diesel blends with various combustion chamber gé&oeseat low and full
load conditions, respectively. The traditional HE@nces a comparable CO
emission for B25 with diesel and for higher blend§ emission is noted to be
increased as the viscosity of KME predominates ¢bmbustion process,
resulting in incomplete combustion. In addition,edio the lower calorific
value of KME, more fuel is being injected to prodube same power output
and this increases the fuel to air equivalenceo ratiereby resulting in
increased CO emission. On the other hand, TCC sthomeuced CO
emissions for all test fuels than that with HCC arRCC, due to better
air/fuel mixing and the following more complete donstion. Considering the
emissions with TCC alone, addition of KME up to 5@%th diesel showed
reduced CO emissions than diesel. Notably, the @®&son for B50 with
TCC was reduced by 15.7% than diesel, while it fsasd to be 27.8% lower
than that with HCC at full load condition. For btlsnbeyond B50, despite
enhancement in air/fuel mixing process, the negagitect of higher viscosity
had cost for the penalty of increased CO emisdiam wiesel. Furthermore,

for TRCC, irrespective of the blends, the CO emissiwere noted to be
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increased than HCC and TCC due to poor squish amgue shape of the
combustion bowl, trapping hydrocarbons at its sleatges so as to hinder the
fuel oxidation process. While at full load conditjothere was substantial
decrease in CO emission for B25 and B50 in HCCEHDG, respectively, the
trend is more likely different at low load condiioreporting an increase in
CO emission with the increase in addition of KMEhwiliesel. The lower in-
cylinder temperature and the excessive dilutiothefair/fuel mixture are the
reason noted for the increase in CO emission WiHEK- diesel blends,

notwithstanding the different combustion chambemgetries being used.
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Figure 4.36 Effect of combustion chamber geometry smoke emission for various

KME — diesel blends at low load condition

The much reported trade-off between Né&nd smoke emission in a
diesel engine has been well noted and analyzednhimevarious blends of
KME at low and full load condition. Among the vaun® combustion chamber
geometries, smoke emission as inferred from Figu8é and Figure 4.37, was
observed to be lower for all test fuels with TCGrhthat with HCC and
TRCC for the reason of enhanced swirl motion of anid the consequent
active combustion. With TCC, B50 showed a 7.8% c&do in smoke
emission than diesel, while B75 and B100 discertmgtier smoke emission
despite the presence of oxygen within KME. Thibesause; the oxidation of
soot particles is hindered for higher blends of KM&e to the lower in-

cylinder temperature, caused by the detoriatiocambustion. On the other
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hand, at low load, the smoke emission was obsexvéd increased with the
increase in KME in the blend, irrespective of tigeet of combustion chamber

geometry being used.
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KME - diesel blends at full load condition

600

Y TRCC
==pee
[ Hee
w| B = —
T = = = §
o —— — —
& F = _
e = — — —
©] = = o L
“ — — — —]
204 N\ — — = %
AN = = = = =
B25 B75

T
B50 B100

KME - Diesel blends

Diesel
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KME - diesel blends at low load condition

A completely opposite scenario to the smoke enmssse it deemed to
be, was observed with NOemission at full and low load condition from
Figure 4.38 and Figure 4.39for different test fueith various combustion
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chamber geometries. The observed highek M@ission for all test fuels with
TCC than other geometries was held accountablealtiee higher in-cylinder
temperature in respect of better combustion. Sobatly, the increased NO
emission with TCC compared to HCC has been repopediously by
Jaichander et al [161] when using Karanja methigresiowever, only B25
and B50 evinced higher and comparablexNission for TCC, while higher
blends of KME showed decreased fN@mission because of ineffective
combustion. In another interpretation, with HCC, lyorB25 showed
comparable N§ emission with diesel, whereas the other highemdse
manifested decreased N@mission. In contrast, for all other blends, TRCC
showed lower N@ emission due to the combined effect of weak swaitio
and increased viscosity of KME, which has had deterthe combustion

process on whole.
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Figure 4.39 Effect of combustion chamber geometry NOy emission for various

KME - diesel blends at full load condition
4.4.4.Conclusions

Experimental investigation was carried out to optarthe combustion
chamber geometry for the operation of kapok biadi@s a single cylinder
diesel engine. As such, three different combustbamber geometries viz
HCC, TRCC and TCC, with constant compression rdato make the

comparison unanimous, were chosen. In this cormedblends of KME with
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diesel such as B25, B50, B75 and B100 were chosdntested in a diesel
engine with different combustion chamber geometifiesm the experimental
investigation, TCC was found to show better combuasand performance
than other combustion chamber geoemtries for sillikends. However, when
compared to diesel, TCC showed increased BTE oplyouB50 blend and
beyond which, a decline in engine performance veponted. Similarly, the

CO and smoke emission were noticed to be 15.7%7z8fb lower for B50

than diesel in TCC, while NOX emission was showiéoin par with diesel.
It is noteworthy to point out that, with the contienal combustion chamber
(HCC), the engine was able to show better perfoomamd emission for only
B25 blend, while in TCC, blends up to B50 showedtdre engine

characteristics. In the final disposition, among tkarious combustion
chamber geometries, the improvement in which tlggnencharacteristics such
as performance, combustion and emission could tegl rgoes in this trend:
TCC>HCC>TRCC. In our previous study with coatinghOBevinced only

comparable engine characteristics with diesel, avhdrein, improved engine

performance and emission was achieved for B50 i@.TC
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