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Synopsis

The demand for energy alternatives other than ativeal fossil fuel is growing in the
modern era as the rise in depleting fossil fuelgwiand thriving interest in the environment. Most
developing countries are primarily dependent orsthgply from the volatile international market
that affects their socio-economic growth. Non-reakle resources, such as fossil fuels, can be
substituted by renewable resources such as biofiletsned in liquid (biodiesel) and gaseous
form (hydrogen, biogas, producer gas). By adoptieqy policies, generations of biodiesel have
expanded in the modern era in numerous countrieslidsel is acknowledged as a 'green fuel'
with diverse superiority compared to petroleum eliel is non-toxic, renewable, and safe to
handle. Also, biodiesel is biodegradable. The lafus content with an increased flashpoint
compared to petroleum diesel makes the biodiegpebmising suitable automotive fuel in the
near future. According to FAO (Food and Agriculfutaganization) Italy, the rapid escalation
in biodiesel generation is alarming as biodiessttensive use would develop greater constrain
on food supply, and adverse social and environrheotasequences could arise. Though no
possible unanimity can be validated, the high fpdde does not correlate with edible seed oil
production. However, more significant investmeimtshe agricultural sector offer probable

everlasting convenience for agriculture and ruealafiopment.

In Malaysia, the palm tree was popularized sincE1as an exquisite plant. In 2014 the
universal production of oil had expanded about & Billion tons. Only in Malaysia, there was
60% growth of palm agricultural land by 2005. Thatfof the palm tree is produced two or three
years after being planted. Palm trees produce fonitwenty-five years. The amount of oll
produced per hectare is more as compared to ateeed crops. In 2014, Malaysia's government

had mandated the adoption of 5% palm oil methydresibdiesel (B5) with petroleum diesel in



the transport sector entire nationwide. In 201&aeshers have claimed that industrial palm oil
can yield sufficient biodiesel (POME) to balancel®aia'’s total diesel consumption effectively.
Diesel engine manufacturers provide engine waearagn biodiesel's consumption up to B7 in
Malaysia, and the fact that without any significambdification, the diesel engine can handle

biodiesel-diesel blends up to B100 (100% biodiesah) promise a better future environment.

Global biodiesel generation is based on ediblswiih as Palm, Sunflower, etc. However,
in India, Bangladesh, and Pakistan, where scamitfyood is a prime concern, biodiesel
production from edible oil is not very welcome. Sormedible oils are accessible in these
countries, which are prescribed for biodiesel gatiem. Azadirachta Indica (neem) thrives in
different regions of Asia (India, Bangladesh, etig.)he genre 'maliaceae’. This herbal and holy
tree can grow up to 18 meters with 40% oil contsdd. Triglycerides and other triterpenoid
composites are found in neem oil with mainly pailcratcid and stearic acid. Waste vegetable oil
(WVO) indicates the oil after cooking, which is aste product and is produced by food
industries at the time of food formation. A notiblahefty amount of WVO is spawned by the
hotel, restaurant, and food chain industries atwhdd into illicit dumping ground and river. The

use of WVO in biodiesel production can cut downgheduction cost and hazardous waste dump.

In the long run, pure biodiesel directly in the Eregcan cause complications of injector
& delivery valve clogging, severe engine depositg] a sticky piston ring. Inedible vegetable oll
biodiesel blend can be applied to compensate ®tdtal consumption of petroleum diesel. Due
to high viscosity, flash point, density, and lowatieg value, raw vegetable oil cannot be
straightly used in an unmodified diesel engine. &table oil is required to be transformed into
biodiesel to achieve the required properties agnerigel. The neem oil and waste cooking olil
biodiesel from inedible sources can be utilized c@rcially as a counterfeit for petroleum diesel.
Also, the esterifies product maintain tolerabld fu®perties according to the American Society

for Testing and Materials (ASTM), European Comneitter standardization (EN) & Bureau of



Indian Standards (BIS). There are a thriving amainvorks dedicated to the generation and
application of various biofuels. In the modern ¢h&, utmost prevailing substitute to Petroleum-
based diesel is biodiesel; chemically, it was kn@sran alkyl ester of fatty acids from various
plant and animal sources. Biodiesel has more oxygén structure cause of its organic nature,
which allows widespread oxidation of fuel, resudtin complete combustion. Due to biodiesel's
more significant cetane number, it has good sdlitimn characteristics, which benefits in its
combustion and permits achieving comparable thereffitiency values regarding engine
powered by diesel fuel. Biodiesel also reduceddhmation of CO, HC, and soot particles in the

engine. However, the NOx emission from the engiitk hiodiesel is found to be higher.

IC engines' exergy and energy analysis has beesidsred for almost decades to
estimate the various losses developing during thenGine operation. The value of useful work
is represented by exergy, which a system can peowten moving toward the reference
environment by a reversible process. Analysis afrgx can assess the location, type, and
magnitude of energy losses in various engine akarsce, analysis of exergy provides a context

to take necessary action for reducing the lossd#ferent parts of the engine.

Numerous research works have been done on Cl Enginarious capacities. Most of
the works are cited based on the experimental figag®n to find out the engine performance.
Researchers are recently showing more interesimalating the engine performance to get
optimum engine operating parameters instead otlkand test method that requires more time
and expense. Commonly simulation of the engineb&adone considering the engine cylinder
volume as ‘'single zone,” multi-zone,” and ‘muttieinsional’. Generally, single-zone
thermodynamic models are used to have a fast andhgyr analysis of engine combustion and
performance. In the single-zone model, it is assuthat the cylinder charge is a uniform or
homogeneous mixture with the same temperature angpasition for all the time during the

engine cycle. The model must be based on emphraattrelease laws to use a single-zone model



in diesel engines. A multidimensional model se¢saylinder's space on a fine grid, but it requires
detailed information of many phenomena inside tralgustion chamber. This kind of approach
has its disadvantage in computational time anch#esl for massive storage space. The multi-
zone model is an intermediate step between sirmgie-and multidimensional models. Multi-
zone models can be effectively used to model devsgihe combustion systems. However, Multi-
zone models are generally not any good than simghe- models since the phenomena of zone
characteristics and interactions inside the conidmushamber are unknown. Single-zone models

are one of the simplest and fastest methods to nend@e combustion processes.

Based on the above discussions, the present walk déth biodiesel production from
three different vegetable oil. Biodiesel productfoom edible palm oil, inedible neem oil, and
waste vegetable oil was executed, and biodiedesacteristics were studied. Palm oil has been
established as a suitable biodiesel resource obusacountries. Neem oil (considered inedible
but herbal tree) is available in India and tropieajions. Waste vegetable oil is a waste product
produced by food industries and available in pléntgughout the world. The optimal parameters
as catalyst concentration, the molar ratio of madhand oil, reaction time, and temperature for
high biodiesel yield of palm oil biodiesel were emmined by the Taguchi method. An
experimental investigation to study the combustiperformance, emission characteristics of
biodiesel fired C. I. engine were carried out vdtfierent biodiesel blends (B5, B10, B15, B20)
under various engine load conditions at three @iffecompression ratios. The energy in terms
of shaft energy and associated energy loss andyeasrexergetic efficiency were analyzed based
on experimental data. Also, the Cl engine modeldea®loped in an in-house code using a single
zone approach fueled with biodiesel blends. Thelewmtion product model was incorporated in
the model. Finally, the CI engine simulation moaels validated with the experimental results

fueled with biodiesel blends.
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Chapter 1

Introduction and Literature review

1.1 General Description and Applications

Significant dependency on the Internal Combustiaogike (ICE) for the transport and
energy generation sector nowadays has enteredlovgrast few decades. With an increase of
50% compared to the last 100 years, 60 million een® produced globally only in 20{Reitz,
2013) Wherein 2019, the number had increased to 6Tomilh car segments, and only in India,
the total engine operated vehicle production wamiab million in 2019. ICE is used in the
conventional approach for developing mechanical ggousing the chemical energy of fuel.
Energy can be utilized from the resources of tloagegories, e.g., fissile, fossil, and renewable.
The fundamental approach that described the dityab® constancy of humanity's
environmental, economic, and social aspects wasetsustainability(Daset al., 2020) In the
time of abrupt transformation in the environmerpegring globally, it has been unavoidable to
explore renewable energy resources with sustaityalfils claimed by IEO (International Energy
Outlook)-2019, fossil-based petroleum energy consion has been raised in Asia. In non-
OECD (Organisation for Economic Co-operation andddgpment) countries, India and other
parts of Asia & Africa, where the average growtte raas about 4% and the population was about

two-thirds of the global population in 2018; enetgiization would rise by nearly 70% between

1 Source: International Organization of Engine Vehicl Manufacturers. Available in
(at:http://www.oica.net/category/production-statist2019-statistics/). Accessed on June 30, 2020.
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2018 and 2050 compared to a 15% rises in OECD meyitt had been forecasted that the oil
reserves would be depleted within some decadé®itonsumption increased at a rate of 3%
annually(Sharma and Singh, 2009) The amount of increased energy demand was 6.5%
annually in India, but 80% of the crude oil demavats compensated by impo(Bureshet al.,
2018. Hence energy security will be a significant éacthortly. The increase in energy utilization
globally and nationally demands renewable resouaresnergy before the current conventional
resources are crippled. In this context, biofualsehemerged, such as biodie¥éan Ghazali et

al. (2015 reported that biodiesel specified as methyl ester substantial to nature and consisted
of fatty acids. Biodiesel was formed from triglyickrs by the approach of transesterification. It
is an alternative renewable fuel that lessens ¢agynreliance on petroleum diesel. Biodiesel also
has enormous considerable accomplishments in thigalgiclimate. Biodiesel is sulfur-free,
oxygenate, and biodegradable. Investigators obdetivat biodiesel leads to a reduction in

emissions, notably in the case of carbon monoxidburnt hydrocarbons, and soot emissions.

Bhuiya et al. (2016 reported that in the case of worldwide cumulatBléG emissions
and energy consumption, petroleum products-basedportation occupied the third spot. This
degree of usage of petroleum products would rise60% by 2030, primarily cause of
industrialization, populace increment, and bettaysvof life. Biofuels are important cause of
their supportability with petroleum derivatives,dait is renewable. Biofuels could be used on
various kinds of diesel engine vehicles irrespectof climatic conditions. Improving the
production of liquid biofuels, such as biodiesebuld provide accessibility to a cleaner, less
expensive resource of energy rather than petrolpoducts.Ghadge and Raheman (2005

reported that various seed or grain oils had bééred in a few nations as biodiesel resources

2Source: U.S. Energy Information Administration.tdmational Energy Outlook 2019 with projections to
2050". Available in (at: https://www.eia.gov/iedccessed on June 30, 2020.
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as per their accessibility. Oil from soybean sesa@gularly used in Brazil, the United States, and
Argentina. When oil from rapeseed is used genenallyarious European nations, palm oils are
utilized for biodiesel in Indonesia and Malaysialidia, Jatropha curcallértinez et al., 2019

are used as acceptable biodiesel fuel. Vegetablesnurces, soybean oils, and rapeseed are
usually utilized. However, different harvests, &xample, palm oil, mustard, sunflower, hemp,

and microalgae, are also promisiBinghet al., 2019.

Edible vegetable oil, fats, and inedible oils, sashjatropha, and castor oil, were the
resources being utilizedémirbas, 200§. A few current investigations focused on using
inedible oils to create biodiesel locally and eaoically (Bankovicllic et al., 2012; Kumar et
al., 202). Palm, Rapeseed, and soybean oils remained thbliesked resources when neem,
cotton, and mustard were now new oil plamerfirbaset al., 201§. The creation of biodiesel
from inedible oilseeds has been considerably iny&istd throughout the most recent couple of
years. Examples of inedible oil seeds that had dmeadly utilized for biodiesel creation
incorporated Jatrophacurcas, Madhucaindica, Porgganmiata and Azadirachtaindica
(Oyeladeet al., 2017. There was an increase in the extraction of foilm inedible oil seeds
utilized in creating biodiesel, which had the stadengine fuel properties and required no
significant modification in the enginédyhad et al., 2016.

Naylor and Higgins (2017 reported that from an overall perspective, bisdievas
anticipated to shape 70% of transport fuel by 2@\@rrent policy and research have generally

influenced the biodiesel industry's progress inowe countries.
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Figure 1.1Biodiesel Production in 2019, worldwide in Billiditers®.

Figure 1.1 shows the most raised 15 biodiesel ngakauntries in 2019 as sustainable
power organizations, but the biodiesel productioimdia is the least compared to other countries.
The reason was discussed ®gravananet al. (2018 as eight barriers; Economic, Technical,
Trade, Infrastructure, Ethical, Knowledge, Politibarriers and Conflict of interest. Economic
barriers were associated with biodiesel productiosts, whereas Technical and Trade barriers
were mainly due to suitable conservation technokogy quality standards. Still, the most serious
ones were Knowledge, Ethical and Political barrigtseere are many debates on food verse fuel
thought, but on the other side, governments argigirgy subsidies for kerosene (petroleum-
based fuel). If the developing countries can follbwe leading biodiesel creators' improved

design, biodiesel creation and vehicle engine agfitin will continue increasing.

3Sourcel eading biodiesel producers worldwide in 2019, byrttry (https://www.statista.comAccessed
on November 26, 2020.
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- Biofuels Production
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Figure 1.2:Renewable Energy Production and consumption in (EB,, 2020}

As shown by EIA 2020 projections (figure 1.2) o thnnual Energy Viewpoint review,
extended biofuel production should compensate foinarease in energy usageRoshaet
al. (2019)suggested that a considerable degree of biodesaling with fossil diesel (up to B20)
was needed to sustain the transport region's duenemgy demand and supply. This fuel blending
can be maintained by the existing formative estionathat focuses on engine execution using
higher blends of biodiesel-diesel. Engine resealslb needs the engine performance and
emission investigation, demonstrating improved asafj higher biodiesel blends with no
enormous engine modification. The most establisledict for biodiesel usage is the production

rate similar to its consumption (figure 1.2).

*U.S Energy Information Administration, (https://wweia.gov)
U.S. Energy Information Administration, (https://wveia.gov)
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Figure 1.3Biodiesel Production and consumption in U.S, (E2820¥

Still, hopefully, the scenario has changed for tdedl in the current time (figure 1.3). In
any case, biodiesel use could experience a lahigber blending rates that were not acceptable
in the transportation zone. Most biofuel usageriormous quantities in developed countries
happens at a low level of blending with petroleuasdd products. Another limitation that can
restrain the replacement of petroleum diesel idibs®l's commercialization because biodiesel's
advanced formation in the U.S. and E.U. comes pifyniom palm oil or edible oil, which is
limited in the resource since it is required agifoovarious countries. In this manner, the above
discussion demonstrates that locally biodieselyectdn is so far falling behin@dgunkunle and
Ahmed (2019 suggested that the growing advancement could faetar adding to biodiesel

fuel's creation on a large scale. As productiomeases, the interest in transportation increases

5U.S Energy Information Administration, (https://wweia.gov)
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and the prerequisite for sustainable fuel comes. dittumstance will improve with the current

industrialization and commercialization of biodikeseation from inedible feedstocks.
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Figure 1.4Biodiesel cost compared to Diesel in U.S.

The diesel fuel utilized in a diesel engine ismeél from crude petroleum, known as
petroleum diesel. Biomass-based diesel fuels aidis produced using biomass or biomass
materials and incorporated as renewable dieseiaalidsel. However, biodiesel can likewise
utilize as a heating fueK(umar et al., 2016. The fuels that can be used as immediate sutestitu
for petroleum diesel and give a similar vehicléoidhcy are the biodiesel with ASTM standards,
particularly ASTM D6751, and are recommended blenills diesel. Prices in figure 1.4 were
presented in the units in which they are typicalbyd, dollars per gasoline gallon equivalent
(GGE), and it was observed that the price of B2 petroleum diesel were similar. Still, the

price for B100 was higher compared to diesel. Hawgeiv could be said that the price difference

" Clean Cities Alternative Fuel Price Reports (httpfdc.energy.gov/fuels/prices.html)
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would reduce in the futureéSétyawan, 2014 In 2019, the U.S. consumed around 43 million
barrels (1.8 billion gallons) of biomass-based elidsel, practically biodiesel blended with
petroleum diesél The U.S. Environmental Protection Agency reportX019 demonstrated that
U.S. biodiesel utilization was around 900 millioallgns. Government organizations in the U.S
use biodiesel blends, usually B20, with school &adel buses, military vehicles, snowplows,
etc. Fuel stations that sell biodiesel blends di &8%he general public are accessible in pradyical

every statd
1.2 Biodiesel as Engine Fuel

In the current era, diesel engine application iswgng in various sectors, like
construction, agriculture, power generation, amhgport, cause of better thermal efficiency.
Therefore, the pursuit of fossil-based petroleuesel has increased at a sufficient rate. However,
the various emissions are the prime concern ofliesel engine. The significant reduction of
nitrogen oxide (NOx) and particulate matter (PM) tim conventional diesel engine is
troublesome. There is an urgency for a suitabletieol to minimize the PM and NOx to grab the
benefit of good fuel economy with low carbon diexidmissior(Yamaki et al., 1994) Diesel
engine fueled with vegetable oil was approved erdguisition of the Government of France to
build self-reliance in the energy sector in thevproes in Africa, which envisioned low-cost
energy without relying on imported coal fossil fuekanut oil for the initial test was selected as
it was available in plenty in the tropical regiorhe French organization 'Otto’ presented the
peanut oil-powered diesel engine in 1900, Parigtitkbin. During this era, animal oil and castor

oil-powered locomotive was tested by Rudolph Di¢Beldrigo et al., 2012)

8U.S Energy Information Administration, (https://wweia.gov)
®U.S Energy Information Administration, (https://wveia.gov)

~8~
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Amid different alternative renewable fuels, biodies considered the diesel engine's
acceptable fuel for its better ignition qualitynesvability, absence of aromatic and sulfur content,
and biodegradability with low greenhouse gas emmsgiSemwalet al., 2011) The application
of biodiesel on a diesel engine can be adaptedrayl ®r without any modification. Moreover,
the biodiesel properties are very close to didseljt has oxygen content bounded in fuel, and it
has high miscibility with diesel without any blendi agent. Also, biodiesel has magnificent

lubricity to lessen wear and prolong the fuel itige pump life Tamilselvanet al., 2017).

Biodiesel in any percentage can be mixed with diésea biodiesel blend, and it
improves the mechanical efficiency of engines amds cdown the emissions of sulfur
oxides(Kumar, 2007). Due to biodiesel's high flashpoint, the operasafety is also enhanced,
and anyone can apply it directly without any sigmaint modification to the diesel engi(®ngh
and Gu, 2010) Various car producers have recognized the idsabibdiesel is an energy source
that is adaptable with their diesel vehidl@sabani et al., 2013; Ashrafulet al., 2014)

Expanding industrialization demands energy andndefifossil fuel reserves, with
tightening emission norms have created a demaideify petroleum diesel substitutes. Global
biodiesel generation is based on edible oil suclpas, sunflower, etc. However, in India,
Bangladesh, and Pakistan, where scarcity of fotiteiprime concern, biodiesel production from
edible oil is not very welcome. Some inedible aile accessible in these countries prescribed for
biodiesel generationDhamodaranet al., 2017) Neto Da Silvaet al. (2006)reported using
sunflower methyl ester in a high-capacity diesejies, which did not alter engine performance
and fuel consumption more than diesel. Also, exhgas opacity did not change. However, there
was no clear indication of a reduction in CO enaissiA novel approach of rapeseed oil methyl
ester fueled diesel engine with additional ethangction in inlet port was developed and

suggested bitowalewicz (2007) In this approach, ethanol can be evaporated nwuction,
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fresh air enters the engine cylinder with evaparatbanol, which reduces the combustion period
with a reasonable reduction in CO & HC emissiohigh loads and a reduction in NOx emission
at low loads. Also, in the long run, pure biodiediebctly in the engine can cause complications

of injector & delivery valve clogging, heavy engideposits, and sticky piston rings.

Anyone can apply an inedible vegetable oil biodiésend to compensate for the total
consumption of petroleum diesel. Due to high viggog$lash point, density, and low heating
value, raw vegetable oil can not be straightly useath unmodified diesel engine. A combustion
burner for highly viscous waste oil was developgdbwaguchi et al. (2004)for proper oll
atomization and emission reduction. In that burheninous flames with reduced NOx and CO
emissions were observed, along with no black exrsameke. The study indicated the possibility
of high combustion efficiencies of waste oil witss energy consumption in their study. The
neem oil and waste cooking oil biodiesel from ifdglisources can be utilized commercially as a
counterfeit for petroleum diesel as the esterifigdduct maintains tolerable fuel properties,
according to the American Society for Testing aratdviials (ASTM), European Committee for
standardization (EN) & Bureau of Indian StandamES} (Singhet al., 2019. The literature
accessible on inedible oil biodiesel is finiRamadhaset al. (2004)reported that vegetable oil
biodiesel could be applied in unmodified dieselirag. Also, the author recommended various
advantages of biodiesel. Some authors have cordtlindebenefits of inedible oil biodiesel over
petroleum diesel, specifying the operations reguicemprove the fuel properties of inedible oil
biodiesel(No et al., 2011) Markov et al. (2019 proposed a method with various criteria for
composition optimization of blended biofuels. Mudtalinseed, and camelina oils were
considered to reduce exhaust gas toxicity indisatothe diesel engine. It was reported that the
application of B10 biodiesel-diesel blends redutd® % nitrogen oxide emission and 11-16%

smoke opacity along with a 5-15% reduction in carbmnoxide and 11-17% light hydrocarbon
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emission. Also, during the experiments, it was oles that the change in engine efficiency did

not surpass 3% throughout the runtime.

Conventional engine emission products, PAH (pollicyaromatic hydrocarbons),
ketone, and aldehyde emission were also considarége report. Concerning emission, the
potential of methyl ester and different untreatgdgainst fossil diesel were advised before and
after the treatment of exhaust emission with oxiatatalys{Koelch et al., 2005) There were
various economic and substantial benefits of inedid for biodiesel production; researchers
have defined the importance of pretreatment inibleail for biodiesel productiofAraljo et
al., 2013) Fernandeset al. (2013)estimated the suitable arrangement for biodiesalyction

from inedible oil and waste recycling.

However, biodiesel also has particular deficiencige cold flow properties, inferior
storage stability, and unsatisfactory spray charetics with low heating valueMisra and
Murthy, 2011). Though, these deficiencies can be conqueredsuithble feedstock for biodiesel

and processing technigues.
1.3 Biodiesel feedstock

Bart et al. (2010 reported more than 350 oil-bearing feedstockxgeeted hotspots for
biodiesel yieldBart et al., 2010Q. The feedstock should meet two fundamental presiqs: low
creation cost and huge maximum yield. The accdigibf feedstock for delivering biodiesel
relies upon the provincial atmosphere, topographéceas, neighborhood soil culture, and

agricultural policy.
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Biodiesel feedstocks only contribute to 75% of esel creation cost, as shown in figure 1.5.

Energy, 2% General overhead
- 1%
Direct labour,

3%

Depreciation
1%

Chemical

feedstocks,
12%

Qil feedstock,
75%

Figure 1.5 Common cost for biodiesel productiohhfmad et al., 201J)
Therefore, choosing the least expensive resouscessiential to guarantee the minimum creation

expense of biodiesel. Table 1.1 presents the pyilmadiesel resources.

Table 1.1:Primary feedstocks of biodiesel

Edible oils Non-edible oils Animal Fats  Other Sasc
Palm (Elaeisguineensis) Neem (Azadirachtaindica) Fish oil Algae
(Cyanobacteri:
Soybeans (Glycine max) Mahua (Madhucaindica) Pork lard Bacteria
Rice bran oil (Oryzasativum) Jatropha (Jatropha curcas) Poultry Fat Fungi
Rapeseed (Brassica napus L.) Pongamia Beef tallow Latexes

(Pongamiapinnat
Safflower (Helianthus annuus)  Castor (Ricinuscommunis)

Balat (2011 suggested some conditions when looking at bietlit=edstock. Every

feedstock should be assessed dependent on afédtlylile examination. This investigation
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includes accessibility of land, development in agiture, energy supply, the emission of ozone-
depleting substances, soil disintegration, costewaecessities, water availability, and feedstock

impacts on air quality.

In 2017, the feedstock of worldwide biodiesel wadnp oil, 31%, rapeseed oil and
soybean oil contributed 20% and 27%, waste vegetihl 10%, and waste fats contributed 7%
and 5% for other sourceAs indicated by the Department of Agriculture bé tUnited States,
Asian nations, such as Indonesia, Thailand, an@gd, could deliver a generally high biodiesel
measure contrasted with other Asian countries stétes of biodiesel and petroleum-based diesel
in chosen Asian nations in 2018 was reported asnlesia, Thailand and Malaysia, which
produced 5600, 1567, and 1245 million liter biodleBom Palm oil. China and Japan had
produced 834 and 17 million liters of biodieselnfravaste vegetable oil. In contrast, India had
made 185 million liters of biodiesel from waste g&ble oil, inedible industrial oil, and animal
fats. Still, the petroleum base diesel consumpti@s 2 to 5 times higher than other Asian

countries except for Chitfa

India began a program known as the National Bi@diksssion in 2003, which included
Jatropha curcas and a self-supporting extensidineoprogram prompting bio-diesel creation to
meet 20% of the nation's diesel necessities by -280121. Nonetheless, the application was
troublesome due to a few issues, for example, tem@dnce of establishment uphold, innovation
upholds, and monetary heldymar and Chaube, 2013. Scientists in the nation have likewise
been searching for new crude materials of biodi&séia delivered 185 million liters of biodiesel

in 2018, which depended on waste vegetable oiljiie oil, and creature fats, while the

0 UFOP, 2018. UFOP report on global market supply  822a19.
https://www.ufop.de/files/4815/4695/8891/WEB_UFORpRArt_on_Global _Market Supply 18-19.pdf.
11 Gonsalves, J.B., 2006. An assessment of the b®fuadustry in India. https://unctad
org/system/files/official-document/ditcted20066 get.
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utilization of petroleum-based diesel was 102,078an liters. Also, the government has altered

the allowable emission levels of BS6 from 2020.

Oil-based palm is gleaned from palm fruit saplingtive Western Guinea. The palm tree
was later introduced to different states. The pada was popularized in 1870 as a beautiful plant
in Malaysia. In 2014 the universal production dft@d expanded by about 155.8 million tons.
There was only a 60% growth of palm agriculturaldian Malaysia by 2003i§ragimov et al.,
2019. The fruit of the palm tree is produced two aethyears after being planted. The palm tree
had fruit for twenty-five years. The amount of yigld per hectare is more as compared to other
oilseed crops. In 2014, Malaysia's government miaaddae adoption of 5% palm oil methyl ester
(B5 POME) with petroleum diesel in the entire tram$ sectot’. In 2018 researchers have
claimed that industrial palm oil could yield suféat biodiesel (POME) to effectively balance
Malaysia's total diesel consumption. Diesel engiaaufacturers provide engine warranties on
biodiesel consumption up to B7 in Malaysia. Withany significant modification, diesel engines
can handle biodiesel-diesel blends up to B100 (1®@@8diesel) and promise a better future
environment $zulczyket al., 201§. Araby et al. (2018)estimated the essential fuel
requirements of Palm oil and POME blend with dieaeld results indicated that blended fuel
values were very adjacent to petroleum dieseB@f%ho (B30). About 91.07% Palm oil Biodiesel
yield was reported at 70°C with 2 to 3 hours reactime at a 1:15 molar ratio of palm oil to
methanol with catalyst concentration of 3 to 6 vk@H along with the support of heterogeneous

catalysts. However, potassium-based species comnigumpas observed in both spent catalysts

2Adnan, H., 2014. Palm oil biodiesel program to coakk of Malaysia by July. The star online; 2014.
https://www.thestar.com.my/business/business-néMg/P4/26/b5-goes-nationwide/ (accessed 15 July
2020).
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(Adeyemiet al., 201]. Tables 1.2 represent the comparison between, pedem, and jatropha

vegetable oil sources.

Table 1.2:Comparison among Palm, Neem and Jatropha vegetiéisiaurce Atabaniet al., 2013

Name Distribution Plant Plant Oil content Yields Uses
type part

Seed Kernel kgoil/ litres
(Wt%)  (wt%) ha oil /

he
Elaeis Malaysia, Tree  seed, 30-60 30-60 5950 - Edible olil.,

Guineensis Indonesia, kernel biodiesel

(Palm) Thailand, Brazil,
Singapore,
Argentina, US/

Azadirachta  Native to India, Tree  seed, 20-30 25-45 2670 - Oil-
Indica Burma, kernel illuminant,
(neem) Bangladesh, Sri- timber,

Lanka, Malaysia firewood,
Pakistan and biodiesel
Cuba, growing
in tropical and
semitropical
region:
Jatropha Indonesia, Tree  seed, 20-60 40-60 1590 1892 oil-
Curcas Thailand, kernel llluminant,
(Jatropha) Malaysia, lubricant,
Philippines, biodiesel
India, Pakistan,
Nepa

Enthusiastic researchers from Bangladesh have tdleemitiative to develop biofuels
(Baeyens and Kang, 2015 The introduction of a 5% bioethanol blend witmegentional fuel in
the transport sector has been planned by Bangld@@estrnmerit, though; no such activity has

been reported in Bangladesh. Feedstock resourgebiddiesel in Bangladesh have been

BBiofuels International, 2018. Bangladesh to Allo® Ethanol Blend. Biofuels Int Mag. BPDB, 2017.
Annual Report: 2016-2017. Dhaka.
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reviewed Habibullah et al., 2015. However, the production of bioethanol from reable

feedstock has been overlooked. Among the varicegsteck, palms retain high relevance. In the
ancient world, people used the palm for sugar-pewdu In addition to that, the palm can flourish
in grim habitats, and its sap consists of aboufQ®% sugar. The collector can collect the fluid
without destroying the palm tree, and it can bedaggproximately 5-100 years. A male palm tree
could produce a 140.42 kg sugar-based mass witBb29.sugar concentration per annum;
however, a female tree could provide a 195.56 kgasbased massSyvarazet al.,

2019. Nabi et al. (2010)from Bangladesh reported 96 vol% biodiesel yidld@ °C with 22

vol% methanol and 0.45 wt% catalyst concentraticomf a vegetable feedstock. Also, the
reduction in carbon monoxide emission and engimserend smoke with all biodiesel blends was

reported.

Azadirachta Indica (neem) thrives in different cew of Asia (India, Bangladesh, etc.)
in the genre' maliaceae'. This herbal and holydegegrow up to 18 meters with a 40% oil content
seed. Triglycerides and other triterpenoid compssitre found in neem oil, mainly palmitic acid
and stearic acidA(i et al., 2013. Waste vegetable oil (WVO) indicates the oil afteoking, a
waste product produced by food industries at feoch&tion. A noticeable hefty amount of WVO
is spawned by the hotel, restaurant, and food cimainstries and ditched into illicit dumping
grounds and rivers. WVO use in biodiesel productian reduce production costs and hazardous
waste dumpsGapuanoet al., 2017. Biodiesel production, only by alkaline estewdfiion, the
neem oil, and waste cooking oil, is challengingtese oils have high free fatty acids (FFA).
However, acid catalyst esterification followed hadi catalyst transesterification is used to
transform large amounts of FFA oil into suitabletinyéesters. Biodiesel leads to less emission

as an oxygenated fuel.
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There are various economic and substantial benefitnedible oil for biodiesel
production; researchers have defined the importahpeetreatment in inedible oil for biodiesel
production Aravjo et al., 2013. Fernandeset al.(2013)have estimated the suitable

arrangement for biodiesel production from ineditileand waste recycling.
1.4 Availability of Biodiesel in India

In India, biofuel legislation could track the firstofuel legislation in 1948. Then the
Parliament executed Act No. 22, Indian Power Alddka, 1948. The Act's initial intention was
to administer a fundamental approach to advandhmeg Indian ‘power alcohol' production unit.
However, Parliament abolished the Act in the y&8® Finally, in 2002, the EBP was furnished
by the Ministry of Petroleum and Natural Gas, whinhndated with petrol 5% blending of
ethanol. The Ethanol Blending Programme (EBP) Wwadrneffective cause of the deficiency of
sugar molasses, non-observance to embrace ethramogptechnical set back by State agencies,

obstruct procurement, and other reas@@mdvananet al., 2019.

India has empowered itself to produce roughly artguaf the net fossil fuel demand
(Dhar and Shukla, 201%. Though, to satisfy the deficit, resources arparted that exhaust a
considerable sum of the country's foreign currefityerefore, improving convenient technology
and renewable energy can be treated as an assi@grgion to the current ecological and energy
difficulty (Singh Paliet al., 2020. Biodiesel importunity as 20% blending objectisgredicted
to increase by 19.8 liters in 2020 whereas 31.lobilliters in 2030. In India, the biodiesel
generation primarily concentrated on jatropha edsand other prospective tree brone oils have
to be examined effectivelyS€arlatet al., 2015. Therefore, for biodiesel generation and
extensive endeavor, application of different urivea edible & inedible oil feedstock to identify

the complex challenges in biodiesel productioneagipe government's biofuel polidg§mar et
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al., 2012. As suggested by India's biofuel policy, no si@edstock can satisfy the pressure of
20% blending.

India's way of dealing with the biofuel programdaescribed by a mix of reality and
curiosity and the severe extent of aspiration msieem. It is novel because it did not depend on
increasing or broadening traditional agriculturegardless of whether for ethanol creation or
biodiesel creation. On the other hand, various fgraths like rapeseed, sugarcane, soybean, etc.,
are used by the USA, Brazil, and Germany. Furtheeman unfavorable effect on edible oil

accessibility may rise, which may increase foodgsiPohit et al., 2010Q.

Biswas and Pohit(2013 reported that Indian producers were looking fdew oleic
seeds-bearing plants in the forest developed irebdands. Out of these, jatropha and Pongamia
were chosen to create biodiesel to a small dedtee biodiesel mission partitioned it into two
stages, Phase | and Phase Il. For Phase I, thingmeas 2003 to 2007. Where initial time frame
for phase Il was 2007-2012. The main objectivenidf mission was to blend 20% biofuel within
2012. More or less 400 oil-bearing inedible cropes discovered in India. The use of jatropha
gained much appreciation cause about 40% oil comé@th a low incubation time is
extraordinary. Also, the decision was influencedause Latin America and Africa utilized
jatropha for a similar reason. The mission wenuwtrily with a few colleges and exploration
establishments to create and select suitable J@gefaedstock. Very few oil marketing
companies (OMC) are assigned to purchase and bditdribiofuel under a settled value.
Furthermore, only 700,000 hectares were assigrigdtfopha cultivation which essentially little
to satisfy the 20% blending objective across thimnaThe mission lost interest by 2008 because

of agricultural constraints and fluctuating prodaoctfrom jatropha.

Consequently, another strategy was acquainted wvgtteiving a more extensive

arrangement of plants creating inedible oils tlvaidd likewise be developed on barren land. The
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legislature received in 2009 was the National Ratic Biofuels. Again, this activity's objective

of a 20% blend with petroleum fuel was estimated207. However, inedible and waste
vegetable oil and variety in agroclimatic circunmst@s were promoted reasonably for explicit
zones. It was an intelligent choice to enlargesgiection of plants instead of confining them to
jatropha, as it were. Even though the nation hasnmade any exceptional achievement in
biodiesel creation over nearly twenty years of expentation, it has given various important

outputs that may manage the future course of tietvi
1.5 State of the Art of the Present Work

Internationally, over 350 oil-bearing feedstocks acognized as expected resources for
biodiesel productionBart et al., 201Q. Edible oil resources are considered the 1strg¢ioa of
biodiesel feedstock. As of now, over 95% of theldlerbiodiesel is delivered from edible oils.
However, their utilization raises numerous worrgs;h as food versus fuel crisis and significant
ecological issues, such as real destruction of deforestation, and a considerable part of the
accessible farming land. Over the past ten yeargetable oil plants’ costs have increased
significantly, influencing the commercial reasonigpiof the biodiesel industryOeng et al.,
2017). Moreover, the utilization of such eatable odsdeliver biodiesel is not attainable in the
long run due to the developing gap among such aplications and flexibility in numerous
nations. For example, investing all U.S. soybeabiadiesel creation would meet just 6% of
diesel requestsChapagainet al., 2009. Inedible oils are accessible in numerous places,
particularly in barren lands that are not feasfblefood crops. They wipe out rivalry for food,
lessen the deforestation rate, are more proficigatyrally welcoming, and produce beneficial
side effects. They are similar to edible oils. &islimain resources for biodiesel creation from
inedible oils are Azadirachta Indica (neem) and W&asgetable oil. Inedible oils are viewed as
the 2nd generation of biodiesel feedstoclenfet al., 2010; Sarinet al., 2009.
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High viscosity and low instability are the principabstructions that prevent the
utilization of raw vegetable oils in convention&skl engines. The common problems are carbon
deposition, piston ring sticking and injector clogg Subsequently, numerous attempts were
made to improve vegetable oil properties to metalifuel propertiessS{ngh and Singh, 201
These issues can be reduced by transesterificatransesterification is the most well-known
technique to decrease the viscosity of vegetalide Diansesterification has been acknowledged
worldwide as the best strategy. Among differenthrodblogies, transesterification was preferred
because of its minimal effort. A catalyst is utiz to begin the response. Catalyst is also
fundamental as methanol is hardly dissolvable liiofat, improves the solvency of methanol,
and expands the reaction rahéhid and Jamal, 201} Transesterification depends on several
factors. There always exists a high level of disagrent about the transesterification method
among researchers regarding the process's rdlafllant Bhatia et al., 202J). The biodiesel
conversion reactor system's performance will vaiyh vbiodiesel resources' physical and
chemical properties. Engines run with biodieselinegmuch more periodic attention than diesel-
fuelled engines cause of clogging in the injectod aelivery valve of the fuel system. The
properties and suitable design provide reliableatpen for long runs in the case of diesel. Getting
biodiesel is not much difficult, but obtaining ekeat quality and yielding for the long run is
challenging. With the increase in energy demantrof@m products' cost increases as their
inventory are overwhelmed by a couple of natiordidRce on imported non-renewable energy
sources represents a genuine danger to any nagiwergy security and financial steadiness. The
World may run out of oil in the following 50 yeaffglujtaba et al., 2020Q. Numerous countries
have started to search for alternative renewal#é daurces Bian et al., 202Q. Even though
biodiesel's burning properties are like petrolewodpcts, it tends to be utilized in an unmodified
engine with no adjustmenBlatia et al., 2017. Feedstock determination is a significant errand

as over 70% of the expense of biodiesel creatiarddited to feedstockl@mil et al., 2017.
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Biodiesel creation is founded on eatable oils (palthand is liable for expanding food costs
(Guoet al., 202Q. Using second-generation non-consumable feedstacikch as Neem oil and

waste vegetable oil, can help manage food secamiydiminish creation costs. Since Neem oil
and Waste vegetable oil have a high substancesefunsaturated fats, biodiesel is profoundly
viscous. However, Acid catalyst esterification|deled by alkali catalyst transesterification, is

utilized to decrease FFA.

However, this technology does not flourish satisfaly even though biodiesel resources
are available in large quantities everywhere arabedNorld. In many cases, the government is
taking part in making policies, providing subsidiaed developing awareness to make it reliable
and acceptable technology. Biodiesel has been atkdged worldwide as a prompt answer to
the weighty reliance on diesel fuel. Be that amaly, the drawn-out dependence on edible oils as
feedstock for biodiesel creation has underminetledil's suitability and raised some natural
issues. Besides, over the most recent ten yearsabts of vegetable oil plants have expanded
drastically. Because of these components, it &l Wit discover other inedible oil feedstock to
substitute edible oil to create biodiesel. Thisdgtsl real target is to derive biodiesel from the
different inedible feedstock, Neem, and waste \adglet oil available in India, then study
biodiesel's combustion, performance, and emissi@racteristics, and afterward contrast the

experimental data with edible palm oil. Also, aralynergy and exergy from experimental data.

Engine performance will also vary with the biodietype and blend quantity. In these
circumstances, the built and test method is ngbgargoncerning time and cost to find suitable
operating parameters and performance. The modelirggine systems for diesel and biodiesel
blend applications based on engine geometry, thdymamics, heat transfer principle, and
emission simulation can provide adequate guidelioe=ficiently and economically design the

system. Models can predict engine operating paemn&r available fuels. Based on the above
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discussions, it is prudent to study the state séaech on methodologies that are practiced in

modeling a single zone engine based on differatiésel blends.
1.5.1 Modeling of engine

Commonly, the CI engines are intended for diesel. futilizing a similar engine for
biodiesel activity needs minor alterations in thgiae working conditionsSayin and Gumus,
201]). Researchers are recently showing more intenesiniulating the engine performance to
get optimum engine operating parameters instedalidding and testing method that requires
more time and cost. Also, engine makers are camlgtsearching for approaches to improve
engine functions with reduced expenses and tinmeigft development. Naturally, the engine's
multidimensional mathematical model will play andeniably significant part in engine
development. Demonstrating engine simulation agtyives the essential comprehension of the
physical and chemical changes during the enginie ¢dErrico et al., 2011). The improvement
of numerical programming tools or software builidsciapacity to settle more chaotic conditions.
Two types of diesel engine models are common: thdymamic models and multidimensional
models. Thermodynamic models are grouped into tgups: single and multizone models.
A multidimensional model sets the cylinder's spacea fine grid, but it requires detailed
information about many phenomena inside the condnushamber. This kind of approach has
its disadvantage in terms of computational timethedeed for massive storage space. The multi-
zone model is an intermediate step between sirgie-and multidimensional models. Multi-
zone models can be effectively used to model dexsgihe combustion systems. However, multi-
zone models are generally not any good as singie-noodels since the phenomena of zone

characteristics and interactions inside the comdmushamber are unknown.

A single-zone model is frequently utilized if themee a quick response requirement and

less computational time. In single-zone models ctiember charge is thought to be uniform in
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temperature and composition. The thermodynamissléiw computes the energy because of fuel
injection. The fuel-injected is expected to blendclly with the chamber charge, which is
accepted to carry on as an ideal gawdd et al., 2013. The model should be founded on
empirical heat-release law to utilize a single zomadel in the diesel engine scenario. This
methodology needs a comprehensive recognizable f pe@mination. Single zone
thermodynamic models are used in very few studiesntllyze the new biodiesel-diesel blend
fuel and give a speedy investigation of executi@anjadhaset al., 200§. Rakopoulos and
Giakoumis (1998)developed a single zone thermodynamic model. Tdmlyzed naturally
aspirated indirect injection diesel engine operaand tested at steady state condition against
experimental result®escieux and Feidt (2007proposed a single zone thermodynamic model
for an air standard diesel engine. Using a one-zondel, he analyzed the thermodynamic
performance, heat transfer, and friction te@ngoi and Baruah (2010)presented a single zone
simulation model for compression ignition to predite model's performance with alternative
fuels such as biodiesel. The ignition delay wassi@ared a function of cetane no equivalence
ratio, cylinder pressure, and universal gas consfayri et al. (2011)had developed a zero-
dimensional single-zone model. The model solvethimaneous pressure and temperature inside
the combustion chamber, mass, and energy conveesjoation to obtain the combustion
chamber's immediate gas state. The Woschni caoelbtid been modified by considering the
swirl effect was different from conventiond@lbou Al-Sood et al. (2012)had developed a
thermodynamic simulation model of a four-strokeedi injection compression ignition engine.
This simulation model included the sub-model foelfburning rate, combustion product
calculation, heat transfer, and the working fluitiermodynamic properties. The model was
based on a single zone combustion model with & ag@mixed burning phase. This research has
established an in-house compression ignition, siaghe biodiesel engine model based on

engine geometries (stroke, cylinder diameter, cotimg rod length and diameter of the crank).
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Deviation in specific heat ratio of engine cylinaddrarge and burned gases has been established
to anticipate the pressure fluctuation relativehtocrank angle, engine output and mean effective
pressure relevant for palm oil methyl ester (POMigem oil methyl ester (NOME) and waste
vegetable oil methyl ester (WVOME) biodiesel. Thregdcted model for biodiesel engine has
been verified using diesel and POME blended biatli®5 &B10), NOME & WVOME (B10)
blended biodiesel. Also, a simple model was intoedito predict the carbon monoxide and oxide
of nitrogen emission in terms of mole fractionwias observed that the performance of engine

varies with different biomass biodiesel and différelends.
1.6 Scope and Objectives of Present Work

Broad usage of biodiesel can lessen the reliandessil fuel, which is now the primary
energy source for the world. For nations withoutestricted fossil-based energy resources, the
utilization of biodiesel can prompt a decreasemparts of energy supply. In this manner,
developing countries can save lots of foreign ergkaDifferent feedstocks have been found for
making biodiesel. The decision of which feedstosk selected by a nation relies upon
accessibility, cost, and edible nature. Argentiked to utilize soybean oil. However, Indonesia,
China, and Malaysia favour palm oil because soyleéamous for food arrangements. Palm oil
is liked in Asian nations since they have a surgjuantity. However, oil from rapeseed is
generally utilized in Europe. For example, a fewrddes, India, are attempting to pick their
favoured feedstock since it is insufficient for amfythe oils (edible or inedible). Regardless of
biodiesel creation innovation advances, no sigaifiqOEM) Original Equipment Manufacturer
guarantees B100 use. The OEM position is becauseoor out of every odd biodiesel is the
equivalent. Indeed, biodiesel's physiochemical erigs from a similar feedstock may vary
contingent upon the species, production methodegatbstance, type or catalyst concentration,

methanol to oil ratio, and even time utilized fbetproduction. The nature of feedstock is not
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ensured. This is why to protect buyers from purcttasow standard fuel, the OEMs have
officially expressed that the biodiesel should m&8TM D-6751 (American Culture for Testing

and Materials) or/fand EN14214 (European Board wdtéres for Normalization). Many engine
examinations are consequently needed at differentpeession ratios and engine loading
conditions for a lower biodiesel presence blend, B0, B15 & B20). On the other hand, the
engine research build and test method require rore and cost. Also, engine makers are
consistently searching for approaches to improwgnenfunctions with reduced expenses and
time-efficient development. In this regard, Singteie model incorporation in diesel engine
modeling could be useful. The diesel engine modéh whe single-zone model approach is

simple, but it is also efficient and requires lesmputational time.
This examination means to accomplish the followobgectives:

e To derive biodiesel (POME, NOME, WVOME) from edilgalm oil, inedible neem oil

& waste vegetable oil and study the characteristithose biodiesel.

« To determine optimal parameters of catalyst comadoh and the molar ratio of

methanol and oil, reaction time and temperaturdniigin yield production of biodiesel.

« To carry out an experimental investigation to sttidy combustion, performance and
emission characteristics of biodiesel fired Cnlgiee with different biodiesel blends (B5,
B10, B15, B20) under 0%, 25%, 50%, 75% and 100%l loanditions at different

compression ratios 16:1, 17:1 and 18:1.

« To analyse the energy in terms of shaft energyassdciated energy loss and exergy in

terms of exergetic efficiency.
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« To develop a single zone C.I. Engine model andda#di the model with experimental
results and also to predict the engine performancdeCO, NO exhaust emission in mole

fraction using different biodiesel blends.
1.7 Contribution of the Thesis

Over 350 oil-bearing seeds were perceived for k&aliproductionRart et al., 2010Q.

Given this reality, this exploration's extent wasdcognize and choose some potential oil-bearing
plants (eatable and inedible) for biodiesel crematio India. These feedstock incorporated;
inedible Neem (Azadirachta Indica), waste vegetalileand edible palm (Elaeisguineensis).
Essential fuel properties, such as kinematic visgasalorific value, density and flash point, have
been explored and contrasted with the ASTM D67&addrd. Additionally, the Taguchi method
optimised four critical parameters for maximum hésel yield. Contributions of various
parameters were evaluated using ANOVA. A biodiesagline model was developed in an in-
house code to predict engine combustion, performaacd CO & NO emission. The engine
model was validated with experimental results ugddple Palm oil biodiesel blends (B5 and
B10) and inedible Neem oil & Waste vegetable obdiesel blends (B10). Finally, Engine
combustion nature and performance, emission, aedggrexergy analyses of some selected
feedstock at B5, B10, B15, and B20 fuel blends vimvestigated at three different compression

ratios and various engine loading conditions.
1.8 Organization of the Thesis

This dissertation is comprised of five chapterse ®hganization of the chapters is listed

as follows:

The first chapter gave an introduction and review of the researglictdt began by

providing a prologue to the significance of energpission discharges, environmental change,
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expanding costs and anticipated exhaustion of lgetno derivatives, biofuels' value, and
biodiesel to answer the current world energy enmergeThis discussion was followed by a
foundation that showed biodiesel's significance ganke a few instances of biodiesel feedstocks
around the planet and the potential techniquesd@ocome the high viscosity and low volatility

of vegetable oils against petroleum-based diesel.

The second chaptediscussed the biodiesel production methodologncyple, and
procedure used for this study. Fuel characterimatiethods were explained regarding American
and European standards. Also, the critical parametethe transesterification process were
optimized by the Taguchi method. Among those patarag which were most critical for

maximum yield, were determined along with theirtcidutions.

The third chapter presents the combustion, performance, and emisssuits obtained
from the experimental work for all the test fudtniergy and exergy analysis was also discussed

in this chapter.

The fourth chapter presented a single-zone thermodynamic model ofem@ihe fueled
with biodiesel blends. The model was validated whth experimental results from chapter three.
The predicted performance and emission of the engith different biodiesel blends have been

discussed in detail.

General conclusions have been drawn, and the futark scope has been highlighted

in chapter five.






Chapter 2

Biodiesel Production and Optimization

2.1 Introduction

In this chapter, two distinct types of tree-borilea®ds (TBO) (palm oil and neem oil)
were studied as possible renewable fuels for dingettion diesel engines compared with waste
vegetable oil. Methyl ester derived from palm dlQME), neem oil (NOME), and waste
vegetable oil (WVOME) were described in detaillstchapter. The relevant fuel properties for
produced POME, NOME, and WVOME were examined amdgared with the literature's data.
Also, the optimal conditions of the experiment I@NPE production were determined by the

Taguchi method.
2.2 Material & Method for Biodiesel production

Vegetable oils were not appropriate as fuel fore@gines (diesel). Subsequently, a
suitable conversion process must alter the fugbgmttes nearer to petroleum-based diesel. The
main objective of vegetable oil conversion was imidish the viscosity and ignition-related
issues. Significant attempts have been made ttecbéadiesel from vegetable oil to achieve the
diesel engine's fuel propertiegahan and Kano(2018 reported four biodiesel conversion
options, particularly microemulsion, pyrolysis, tdéng, and the alcoholysis process, commonly
known as transesterification. Among these, traeséisation was recognized as the best due to
the lower cost and straightforwardness. Regardiésthe method of biodiesel conversion,
biodiesel properties should meet the ASTM D675mhdsads.
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Table 2.1 records biodiesel and diesel propertid#s their guidelines individuallyeka and

Basumatary, 201).

Table 2.1:Biodiesel and Petroleum diesel standaisk@ and Basumatary, 2011

Properties Petroleum diesel Biodiesel
Standard ASTM D975 ASTM
D6751
Density (kg/n¥) 880 860-900
Flash point (C) 93 min 120 min
Acid value (mg KOH/qg) 0.5 max 0.5 max
High calorific value (MJ/kg) 44.2 35

Transesterification was used to convert the ravetadge oil with an alcohol to separate

esters and glycerol, as demonstrated in figure 2.1.

(Me(hanol) (Catalyst) Ggelableoa

4

Mixture
Preparation | | Transesterification

Glycerol
Crude
Biodiesel

Biodiesel
Washing

Fatty Acid Methyl
Ester

Figure 2.1: Biodiesel production with transesterification
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The presence of a catalyst quickened the reactiensignificantly. The essential constituent of
vegetable oil was triglyceride. Vegetable oils itveal 90 to 98% triglyceride and limited mono-
glycerides, di-glycerides, and free unsaturated @anesanet al., 2009. The general cycle
comprised three successive and reversible respoviseie di-glycerides and monoglycerides
were framed as intermediates.

Three types of catalysts, soluble base, acid, oermyme, could be utilized in the
transesterification. Practically, biodiesel was duced by utilizing a base-catalyzed
transesterification process. It was simple andirequow temperaturekalbande and Vikhe,
2008, less reaction time, and lesser required catdlystand Lin, 2006). Among the alkali
catalysts KOH and NaOH, KOH was generally usedrtalyce biodiesel because of its ease in
transesterification and dissolved a bit easier é@hanol than NaOHXgarwal, 2007). 1 to 0.5%
KOH by weight of the oil was generally used for di@sel production, but more catalyst was
needed if the acid value was greater thaBalg, 200). Veljkovic et al. (2006)portrayed a two-
step process in which the alkali-catalyzed traeségiation was followed by the acid-catalyzed
esterification for the biodiesel creation from toba seed oil. The initial step decreased the free
fatty acid (FFA) level to under 2% in 25 minutestiee molar proportion of 18:1. In the 2nd step,
alkali-catalyzed transesterification, the initia¢®s result was changed into methyl ester and
glycerol.Malaya et al. (2008)utilized a two-step method to deliver biodiesenir Pongamia
Pinnata oil and considered the impact of FFA lerebiodiesel productiondolser and Kuru
(2006)examined milkweed seed oil as an alternative teellsto create biodiesel fuel. They
concluded that converting unsaturated oil into ylettsster was more straightforward than

transformation it into its ethyl ester.

Mehar et al. (2006)reported that the transesterification process d#pen factors such
as alcohol, catalyst, response temperature, ardioraime. A molar proportion of 6:1 was

typically utilized in the transesterification preseto get ester yields higher than 98% by weight
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because a lower molar proportion requires moretimatime. However, the transformation was
enhanced with higher molar proportions, but thédyieas reduced due to difficulty in glycerol
separation. Generally, methanol was utilized is tieiaction because of the quick reaction rate
and high dissolvability in oillin and Lin, 2006).

2.2.1 Feedstock and Materials

The three primary feedstock utilized in this inigation were edible palm oil, inedible
neem oil and waste vegetable oil (WVO). WVO wademéd from the guesthouse kitchen at
Jadavpur University, situated in Kolkata, Indiaiki palm oil and inedible neem oil were bought
from local suppliers. At first, pre-treatment maasuwere applied by the need for feedstock. For
instance, WVO was filtered through aubn filtration paper to eliminate any leftover coogin
particles. The collected oil was tested for iteffatty acid (FFA) content by titration. In Acid
catalyst esterification, sulfuric acid (Mahaveerfactants Pvt. Ltd, purity 98%) was applied as a
catalyst along with methanol. In alkali catalystnsesterification, potassium hydroxide (Merck

& Co., min assay 84%) was used as a catalyst alithgnethanol (Make Finar, min assay 99%).
2.2.2 Titration of selected vegetable oil

Titration was performed at Jadavpur University, @loal Engineering Dept. lab.

Titration arrangement and oil test are as follows;

* Readiness of titration arrangement: 1 gram of KObexh into 1 litre of distilled water
to prepare a solution.
* Planning of ail test: 1 ml of oil, 10 ml of isoprgpalcohol, and several phenolphthalein

droplets were added and blended in a test tube.
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» Titration: the prepared liquid titration arrangermesms introduced into the test tube till
the shading was transformed into pink colour, &edsblution spent was recorded at that

point.

Titration results determined the catalyst neededie transesterification, FFA, and acid value
estimation of every feedstock. FFA and acid vakte@m were determined by utilizing conditions
2.1 and 2.2Nlasera and Hossain, 2017

Vtitration : Mo ' NKOH

AV(mg -KOH/g) = — (2.1)

ViitrationMoN
ACidity(%)= tltratw:n o KOHO.l (2.2)

Viere - volume of titre in millilitre,

Mo - molar mass of the oleic acid,

m - mass of oil in grams and

Nkon -concentration of KOH solution in mole/millilitre.

Vegetable oils are composed primarily of the fawgters of glycerol. The
transesterification of vegetable oils constituteg#icient method to provide fuel with chemical
properties that are similar to those of diesel.fliake fatty acid composition of the oils seems to
have an important role in the performance of biselidn diesel engines. Alkali catalyzed
transesterification was permitted with FFA of vedee oil estimated under 2%amadhas et
al. (2005) prescribed the acid-catalyzed esterification tuoe FFA before alkali catalyzed

transesterification, if FFA was higher than 2%tdhle 2.2 FFA of selected feedstock are shown.

Table 2.2.FFA of selected feedstock

Selected Feedstock FFA (wt.%)
Refined Palm QOil 0.60
Neem oil 3.90
Waste vegetable oil 2.10
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2.3. Biodiesel Production Experimental Setups

The different sorts of transesterification techmigjuwere applied to separate biodiesel

from vegetable oil. For the most part, FFA was exomally high for unconventional oil.

Likewise, the process of getting biodiesel fromhid-A should be customizable to adjust quality

as per engine fuel. A plausible biodiesel creaaomngement (figure 2.2 & figure 2.3) was

utilized for economical but scattered with sma#lsgroduction in the rural area to avoid lavish

and complicated installation to achieve qualitydiésel.

3 —

MAN AUXILIARY |{| GLYCERIN
REACTOR ||| COLUMNT |{{ COLUMNI

! [
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COLUMN2 ||| COLUMN2

<

WASH
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—

CATALYST | | METHANOL | | FEEDOLL
CHAMBER | [ CHAMBER

}

BIODIESEL

0tT

Figure 2.2: Biodiesel Production Experimental Set-Up

Moreover, the properties of high FFA oil would méate depending on climate and storage

conditions. The FFA of oil increases with storageation, and sometimes it decays depending

on oil quality Ohar et al., 2019.
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Figure 2.3: Biodiesel production experimental set-up schemaggrdm (10-25 litres/batch).

2.3.1 Biodiesel from Palm oil

The experiment setup consisted of nine cylinders. d them, five were useful for the
preparation of biodiesel. In the schematic diagesnshown in figure 2.3, in the lower part, out
of three chambers, the first chamber from thevle for catalyst, the second one was for alcohol
like methanol, ethanol, and the last one was faingi A pump connected these chambers, which
helped pump alcohol and catalyst mixture to thenmeactor cylinder. Also, three valves were
there, which control the rate of flow. The acceieraof the chemical reaction in the main reactor
chamber was improved by a fan, which helps appaibgdyi mix reactants. Temperature control
was essential for higher-yielding and the minimimmetrequirement. That was why temperature
sensors and controllers maintain the required teatyne inside the cylinder. A pump linked the
main reactor chamber to the glycerol column (GQrd{the mixture remained for some time,

and due to different molecular weights, the uppetipn was filled with biodiesel and the lower
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part with glycerol. At the bottom-most part of t6&€ chamber, a valve was there that opened,
and glycerol came out. The rest of the biodiesetipct was taken later into the wash column
(WC) chamber. Biodiesel at that time was not pEtather purification was necessary. For that,
washing should be done repeatedly with water uh#&l pH value of water came to 7. The

transesterification reaction is shown in the folllogvequation 2.3.

CH2-O0C-R1 R1-COO-R’ CH2-OH
| Catalyst |
CH-OOC-R> + 3R'OH (KOH) R2-COO-R’ +  CH-OH (2.3)
I < I
Alcohol
CH2-O0C-R3 R3-COO-R’ CH2-OH
methanol
Glyceride Esters Glycerol

2.3.2 Biodiesel from Neem oil and Waste Vegetable oil

Since neem oil and waste vegetable oil had a higk Biodiesel was profoundly viscous.
In this investigation, Acid catalyst esterificatifmlowed by alkali catalyst transesterificationsva
utilized. At the initial stages of biodiesel protioa, oil was treated at 80 degrees Celsius for
about two hours to remove moisture conté&udqet al., 2018. However, in the latter stages of
the reaction, the temperature was reduced as ttteanmad's boiling point was around 65 degrees
Celsius. During acid catalyst esterification, 2 &fwgic acid (20ml/ litre of oil) was added with
a stirred solution of oil and methanol at 1.3:1gmaion at 600 rpm and 50 degrees Celsius for
around one hour at the atmospheric pressailieef al., 2013. On finalizing the reaction, the

entire arrangement was taken into a different clemabd permitted to rest for two hours. The



Chapter 2: Biodiesel Production and Optimization

excess methanol and sulfuric acid went to the ulgyer, and the lower layer was then removed
for the next alkali catalyst transesterificatiorheTseparated ester was again treated with a
potassium hydroxide solution (10g/ litre) and metiig250ml/ litre) at 600 rpm and 50 degree
Celsius for around one hour at atmospheric pressgan, the whole solution was taken into a
separate chamber and allowed to rest for abouttywienr hours to complete the reaction. The
ester and glycerol were separated after twenty-faaurs, and the upper layer of ester was
extracted. The extracted ester consists of sumpkihanol, which could be evacuated by heating
the ester at 80 degrees Celsius, and the vapamegitanol could be recycled for another batch

reaction.
2.3.3 Finalizing biodiesel for engine application

The biodiesel needed to be cleaned by a wash imweater to improve the quality
(10%llitre) consistently for 24 hours to pull oatalyst, glycerin, methanol, and soap. Ultimately
the washed biodiesel should be warmed to cleamtbisture content before blending with
petroleum diesel. After the separation of phasesfigation of biodiesel was necessary and
attended by washing to nullify the catalyst in lés@l. This process should be continued until
the pH value of water come to 7. Free fatty acioiglct be recovered from the ester phase by
distillation at 30-50 °C. Finally, wash biodieshbsild be kept at 50 °C for eight hours in a heater
oven, and then biodiesel was ready for use. Thdidsel obtained after washing and treatment
was measured based on literatiBathish, 2015xnd used to evaluate the biodiesel yield using
the following equation.

weight — of — Biodiesel

Yield(%) = 100 24
teld (%) weight — of — oil % (2.4)
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2.3.4 Biodiesel quality and Properties

The significant properties were tested of produbiediiesel (Table. 2.3); density was
determined using the fuel volume, mass and hydremiethnique. A viscometer was used to
measure the kinematic viscosity. Flashpoint wasdgelcby a flashpoint tester (Pensky-Martens
closed cup), and a bomb calorimeter measured tagngevalue.. The biodiesel's significant
tested properties were similar and within reactnlie biodiesel American standard ASTM D
6751 and European standard EN 14214. However, uhétigs did not accurately match the

literature (Table. 2.3); this might happen becanfsgifferent biodiesel creation conditions.

Table 2.3.Properties of Biodiesel

Propertes POME POME NOME NOME WVOME WVOME ASTM EN

(Araby (Sing et. (Sing et D6751 14214
al., 2019;
etal., al., 2019)
2018) Dhar et
al., 2012)
Density 898 877 868 891 890 875 870- 860-
(Kg/ m3) 900 900
Viscosity 4.98 4.56 55 6.16 5.8 4.40 1.9-6.0 3.5-5.0
(mm?/ s at

40 °C)

Flash 179.33 196 175°C 144.75 160 70.6 >130 >120
Point (°C) °C °C
Calorific 37.06 41.3 36.04 39.87 35.73 38.73 - -

Value
(MJ/ Kg)
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Synthesis of unsaturated fat (wt%) in palm oil, mesl, and waste vegetable oil were

inspected from literature (Table. 2.4).

Table 2.4.Composition of fatty acid (wt%) in Palm Oil, Neeih & Waste vegetable oil

Generation Oil Linoleic Linolenic Oleic Palmitic Stearic  References
ot . i ) i i (Singet
1 Palm oil 9-12 36-44 39-48 3-6 al. 2019)
nd . i i 49.1- B i (Singet
2 Neem oil 61.9 13.6-16.2 al., 2019)
rd Waste (Singet
3 vegetable oi 55.2 5.9 21.2 8.5 3.1 al. 2019)

2.3.4.1 Density

The fuel flow amount into the engine cylinder ismeoonly constrained by volume or
time. When biodiesel was utilized in an unmodifidiésel engine, the volume of biodiesel
entering was thought to be equivalent to diesehddgeit influenced the mass of fuel. In this
viewpoint, the engine might want a higher densityfetter efficiency. However, density directly
affected the atomization of fudtiroglu et al., 2018. The hydrometer technique estimated the
densities of biodiesels. At first, biodiesel waaded in a graduated chamber, and a hydrometer

was placed. At that point, the reading was taken.
2.3.4.2 Kinematic Viscosity

The kinematic viscosity of fuel is perhaps the navgtial parameter related to fuel flow
through the fuel supply system and inside the engirhe resistance of a fluid to flow is

viscosity.Agarwal et al. (2015)reported that high viscosity fuel was not prefen@dise in the
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engine as slug development in the delivery valvghincause issues. Moreover, it was harder to
atomize through injectors. As per the biodiesetasity, a few changes on the fuel supply line
might be required for better performance, for exiamngn additional fuel pump and preheater. In
the redwood viscometer water jacket surroundedvieeometer. The water was uniformly

warmed by a heater. The test was directed a feastim check the consistency of the readings.
2.3.4.3 Flash Point

A fuel flashpoint is a significant boundary for siaf concerns. Fuel with low flashpoint
can cause blasts during storage or transport. pdastvalue permits the client to play it safe to
maintain a strategic distance from any fire dangke. flashpoint of biodiesel should be estimated
based on the standard given by ASTM D93. The baségoint was announced as 130 °C for
biodiesels. Biodiesel tests were conducted thrdegisky-Martens closed cup analyzer. Roughly
2 ml of biodiesel was put into the shut cup thefynebntrol chamber. Then temperature value
was set lower than the predicted temperature.giyén was used to create a flash in the oil fume
placed on top of the closed cup. This methodologgtrbe replicated at reduced temperatures on
account of any flash identification at this stalj@o flash was recognized, the temperature was

increased until a suitable reading was achieved.
2.3.4.4 Higher heating value

Higher heating value (HHV) or calorific value exgses energy delivered by a unit mass
of fuel on complete combustion. However, condensatkr vapor energy is also included.
Though European or American guidelines have notlioni HHV for biodiesels, it is a
fundamental attribute in engine efficien®igszyk, 2012. ASTM D4809 is one of the suggested
techniques for estimating HHV. At first, the fuelass was measured and put into a bomb

enveloped by the water jacket. At that point, tbenb calorimeter began the ignition, and the
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fuse wire was consumed. The water temperatureaserevas recorded after the combustion of
fuel. The energy content was calculated as a fonctif the mass of the fuel consumed,

temperature difference, and heat capacity.
2.4 Optimization of Biodiesel yield
2.4.1 Taguchi Method

Dr. Genichi Taguchi introduced a technique to obesdhe impact of various process
boundaries. This technique could detect the progedsrmance change and mean to select the
peculiar working condition. This strategy for thestyn of experiments utilized orthogonal arrays
for different parameter optimization, which infled the process and the degree to which they
could be altered. This strategy's real specialiyg wot to examine all the potential parameter

combinations yet just a couple of sets with a fealygses to reduce the valuable time and effort.
2.4.2 Design of Experiments (DOE) Using L9 Taguchi

OVAT or one variable at a time was not practicaldo organized optimization process
as the other variables were also crucial for theimam yield of biodiesel. Accordingly, software
governed approximation was preferred, which covd®&M (response surface methodology)
consisting of CCD (Central Composite Design) oma-tactor approach consisting of Taguchi
Orthogonal Arrays (OA). An enormous quantity of exments was usually required to develop
the optimum parametric circumstance for a prodgski(and Aydin, 202Q. The Taguchi method
was shrinking the bulky optimization method to & feuns. Taguchi OA applied orthogonal
arrays to resolve the least notable runs withirocated variables at different levels of each
variable acceptable in anticipating the optimunpoese within a remarkably reduced number of

experimental runs.



Chapter 2: Biodiesel Production and Optimization

The flow chart portraying the overall advances eisged with the Taguchi strategy is

given in figure 2.4.
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Figure 2.4: Steps in Taguchi method

Taguchi OA results in the least required runs recemded for a proper prediction of the reaction
(Sathish, 201%. The systematically randomized runs were perfortngeduce analytical errors.
Traditional optimization methods for any experinaninvestigation were complicated and
difficult to practice. Manual optimization was aatlenging task because the increase in process

parameters and levels of experiments increasedichagnethod was utilized to sort out this
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problem with fewer experiment®ljadke, 1988; Park, 1996 Only some combinations were
explicitly investigated instead of all possible gr@eter combinationsSathish, 2015) The
required number of experiments and their parameteutd be finalized from the Orthogonal
Arrays (OA).

In the OA configuration, precise comprehensionesel and factor was crucial. Independent
variables were the factor that had an impact ondgpendent variable. Factor increment was
described as the level. Factors were assignedraugalevels in a symmetrical cluster or OA
design like a net grid system. It tended to be rilesd as a 3D shape with a 27 focus point
gridding, as demonstrated in figure 2.5. A fulldecaxperiment took all 27 directions. The full-
scale investigation would be difficult and tedidaecause few levels and factors were covered.

The pair of combinations were spread evenly, aigd@ted in the red circles in figure 2.5.

Vo L)

Figure 2.5: Equilibrium distribution stereogram of L9 orthogbaaray design
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2.4.3 Control parameters and their levels Selection

Amid different parametric criterion regulating thiediesel yield such as methanol to oil
ratio, catalyst concentration, reaction time, reactemperature, alcohol type and gquantity,
catalyst type, stirring speed or agitation, moistguantity in the reactant, and quality of the oil,
only four most considerable affecting parameteth tiree levels (L = 3, P = 4) had been treated

in this paper.
The Parameters chosen at three levels for L9 desgindicated in table 2.5.

Table 2.5.Parameters chosen at three levels for L9 design

Parameters Variables Levelsl Levels2 Levels3
Methanol to oil ratio A 5:1 6:1 6.5:1
Catalyst B 05 1 15

concentration (%)
Reaction time
(Hour)
Reaction
temperature (°C)

C 2 2.5 3

D 50 55 60

The effects of selected parameters in three grbiapsbeen observed by attending only nine
experiments as per L9 OA. All experiments were a¢pe three times to reduce the errors. The
minimum feasible total of experiments ‘N’ was detared against the levels ‘L’ and total no
design and selected control parameters ‘P’ adoptiagcorrelation Babatundeet al., 202Q.
Transesterification depended on specific essemighbles such as reaction temperature, the
extent of excess alcohol, catalyst concentratieaction time, and stirrer RPM. RPM was kept

constant for present experiments RPM=1500.
Parameter level had set as:

 Methanol to oil molar ratio 5:1, 6:1, 6.5:1
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e Amount of KOH (wt% of oil) 0.5, 1, and 1.5
* Reaction temperature (°C) 50, 55, 60
* Reaction time (Hour) 2, 2.5, 3

4-Parameters 3-levels experiments were considsréteblraguchi method in L9 OA to optimize
the different parameters influencing the procesa. @uld confirm the required number of
experiments and their conditions from the OA. Basethe information from the L9 orthogonal,
nine experiments (see Table. 2.6) had to be coaduBach experiment had to be conducted three

times to assure repeatability.

Table 2.6.L9 OA for four parameters at three levels

Experiment no. Parameters and their levels
M/ O Concentration Time for Reaction
(Molar ratio) of catalyst reaction Temperature

(Wt %) (Hour) (°C)
1 5:1 0.5 2 50
2 5:1 1 25 55
3 5:1 15 3 60
4 6:1 0.5 25 60
5 6:1 1 3 55
6 6:1 15 2 50
7 6.5:1 0.5 3 55
8 6.5:1 1 2 60
9 6.5:1 1.5 25 50
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2.4.4 Signal to Noise Ratio (SNR)

SNR was evaluated based on test data. The essfatiat SNR of Taguchi design
differentiates it from conventional design methdbat specify the experimental responses'

attributes.

This ratio expressed a test level that furnishes dptimum performance in the test
factors. There were different SNR like 'larger bedter' (LTB), 'smaller the better' (STB), and
‘Nominal the better' (NTB). STB for a minimizatipnoblem, LTB for maximization problems,
and NTB for normalization problems could be seléche this study, 'larger is better' for biodiesel
yield percentage was suitable as the objectivetwaefine maximum biodiesel yield optimum
conditions for different parameters. Taguchi sutgpksising loss function (LF) to determine the

discrepancy among the experimental and performpac@neters.

The LF amount had moreover been reformed in a kigmise ratio (SNR). SNR based
empirical data assessment was executed to recagnifi optimal parameter combinations.
Considering the importance of obtaining biodiesmiéx yield, out of the possible distinct SNR
guality characteristics, Larger-the-Better (LTB)dHaeen adopted depending on the variables'
nature. Respectively design criterion would be ltheel with the highest SNR. Using SNR
reasoning, it was feasible to access each pardmetptimum level and optimum set of
parameters producing the maximum biodiesel yiSdtliish, 201%. The following equations
could obtain different SNR like 'larger the bettemmnaller the better,' and 'Nominal the better'.

Where 'n' was the number of trials, and 'j' wasnilvaber of design parameters.

n

1 1
Larger the better- SNRi = —10109;(2 ?) (2.5)
J

j=1
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n 2
. Yj
Smaller the better - SNRi = —10 log(z 7’) (2.6)
j=1
n yz
Nominal the better- SNRi = 10 log(z —]2) (2.7)
=1

Wherey; = %(Z}Llyﬁ) (Response mean)

1 .
st = p— (27:1 yij —¥y) (Variance)
i = experiment number, and n = number of trials.

ANOVA analytical method could be applied to ideytihe factor with large scattering
(Xiao et al., 2014. In this work, the results from experiments cokdinspected by performing
an analysis of variance based on the orthogonaysito exhibit the degree of influence of each
factor that remarkably influenced the responseabées. The comparable mathematical relations
entrenched with ANOVA are given in equations (2(8)9), (2.10), and (2.11X{ao et al., 2014)
Equation (2.8) provides the mean value of SNR, whbe number of trials is given by k.
Variations of the overall mean (SS) sum of squeregpressed by (2.9). The influencing factors
mean (SSi) is calculated as (2.10). The individaeiors contribution percentage of the selected
response variables will be treated to concludefitemized combination and calculated through

equation (2.11) as follows:

9
1
SNR = akzlam)k 2.8)
9
sS = Z(SNRU — SNR)? (2.9)

i=1
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3
SS; = Z(SNRL-]- — SNR)? (2.10)
=1
o SS;
Contribution% = 35S X 100% (2.11)

SNR was inspected for all biodiesel yield perceesagrhe best sequences were decided in
conferment with the output, and ANOVA was practigedraft the individual contribution scale.
ANOVA estimated the effect of one or more aspegtsdirelating the response variable means

at the different aspect levels.
2.4.5 Uncertainty Analysis

Various operational and physical limitations hadsesd uncertainty while collecting data
from experimental instruments. An uncertainty asiglyvas made to ensure accuracy concerning

the preciseness and repeatability of the experimesofts.

The uncertainties of collected data and measuripgpenent accuracy were significant to
substantiate the experimental data's correctnesssglthe root mean square method, the analysis
was organized when the total uncertainty U of antitaQ had been predicted, relying on
independent variables; XXs,..., X, (The uncertainty was estimated in the calcula¢sdlt based

on the uncertainties in the primary measurementiserd/ result ‘Q’ is a given function or
dependent factor of the independent variablgsXX,..., X,.) carrying particular erroraXs,

AXs,...,AXnas given by the following equatioRdul et al., 2017.

au au au
— 2 2 — 2 2.12
AU \/(E)XlAXl) +(6X2AX2) +...+(aX A4X,) ( )

n
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In Table 2.7, percentages of uncertainty and measemt accuracy of the measured experimental

values are shown.

Table 2.7.Uncertainty of the measured quantities and Measent accuracy

Properties Units Uncertainty (%)  Measurement accuracy
Density (Kg/ m3) +0.01 +0.1
Kinematic Viscosity )
(at 40°C) mm?2/ s +0.11 +0.01
Flash Poir °C +2.42 +0.1
Calorific Value MJ/ Kg +0.12 + 0.001

2.4.6 Determination of optimal condition of the experiment by

Taguchi method

The yielding of biodiesel was biodiesel obtaineairirthe amount of oil invested. The
yield of biodiesel was dependent on many factdne. Variable factors were applied at three levels
to design the experiment at MINITAB 17.

In the investigation, it was used as a catalys0f6%6, 1%, and 1.5% of the total reactant.
The present study established the effect of diffieMethanol to Oil (M/O) ratios and the time
taken for biodiesel transformation from the oil-bapalm. As the methanol to palm oil ratio was
increased, the yield increased, and it was fountlttie yielding reached a maximum at 6 M/O.
When the time to reach equilibrium was highest \leéd was also highest at 86.2%. The effect
of reaction temperature was established along thghtime taken. The yield was found to be
86.2%, and the time was taken 3 hours. It was fdbatyield reached a maximum at 55 °C.
When the time to reach equilibrium was highestytlbél was also highest at 86.2%. It had been
obtained from these experiments that the optimundit@ns for the production of biodiesel
were: Catalyst should be 1% of the total volumethaueol to palm oil ratio should be 6, and Wall

temperature should be 55 °C.
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The empirical outcomes (Table 2.8) indicated tixgeeiment No 5 had the max value of
SNRA, and experiment No 4 had the lowest valueNRR&. In this present study, the escalation

of POME yield was the objective, which was why If@& SNR model was applied.

Table 2.8. Percentage of Yield and SNR for 9 expenients

Exp. MO Cat cons Time Temp Mean Yield SNRAL
No. (%) (hour) (°C) (%)
1 5:1 0.5 2 50 75 37.5012
2 51 1 2.5 55 78 37.8419
3 51 15 3 60 80 38.0618
4 6:1 0.5 25 60 71 37.0252
5 6:1 1 3 55 86.2 38.7101
6 6:1 15 2 50 81 38.1697
7 6.5:1 0.5 3 55 83 38.3816
8 6.5:1 1 2 60 81.5 38.2232
9 6.5:1 15 2.5 50 81 38.1697

The effect of process control parameters on aveBaife for biodiesel yield was the key

to finding optimum conditions for this experimefgaple 2.9).

Table 2.9. Response Table for Signal to Noise Radiharger is better

Methanol to oil

Level ratio Catalyst concentration Reaction time Reaction tempature
1 37.80 37.64 37.96 38.13
2 37.97 38.26 37.68 38.13
3 38.26 38.13 38.38 37.77
Delte 0.4¢€ 0.6 0.71 0.3¢€
Rank 3 2 1 4
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Thus figure 2.6 shows a plot of the process comiamhmeter versus average SNR. It
means that experiment number 5 had the maximurd gimdl highest value of SNRA,; this would

be the optimum stabilized set of parameters. Whargher parameter, RPM = 1500 was kept

constant.
Main Effects Plot for SN ratios
Data Means
Methanol to oil ratio Catalyst concentration (%) Reaction time (Hour) |Reaction temperature (°C)
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Signal-to-noise: Larger is better

Figure 2.6.SNR of each parameter at different level
2.4.7 Analysis of variance

ANOVA was applied to gauge the response magnitud@drcentage) for each given
parameter in the L9 orthogonal array. In this eixpental study, ANOVA computed the relation

with each parameter of biodiesel production. Theast important parameter was determined,
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and its contribution was also identified using AN@\Reaction time and percentage of catalyst
concentration were the main vital parameters, hant tontribution was 38.67% and 31.85% for
POME production. The contribution percentage ofdi@eel production for the other two
parameters, like M/O ratio and reaction temperatwees 16.69% and 12.79%, respectively, as
shown in Table 2.10.

Table 2.10. Data obtained from ANOVA (Analysis of \driance)

Source DF Contribution Adj SS Adj MS

0,
Methanol to oil ratio 2 16.69% 2712 13.56
Catalyst concentration 2 31.85% 51.73 25.86

(%)

0,
Reaction time (Hour) 2 38.67% 62.82 31.41
Reaction 2 12.79% 20.77 10.39

temperature(°C)

2.5 Closure

This chapter discussed edible and inedible vegetalblwith a biodiesel production
strategy for this study. American and Europeandsteth for biodiesel was compared with the
produced biodiesel, and fuel characterization nughaere explained. Also, optimizing the
critical parameters of the transesterification psscusing the Taguchi method was performed.
However, a lot of engine examination was consedyeateded at different compression ratios
and engine loading conditions for a lower biodigsekence blend (B5, B10, B15 & B20). In the
next chapter, an experimental setup was used tducbrexperiments on the engine. Data
acquisition and methods were explained. Furthermar@lytical equations to convert the

observed data into results were demonstrated.
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Analysis of Engine Combustion,

Performance, Emission and Exergy

3.1 Introduction

The shortage of fossil fuel and edible oil motivhseientists to look for appropriate
inedible oil-based fuel options for engine applmat particularly for unmodified diesel engines.
The goal of this chapter is to utilize one edibie &wo inedible oil biodiesel. To be specific, the
methyl ester of palm Oil (POME), neem Oil (NOMEhdawaste vegetable Oil (WVOME) in a
blended arrangement (B5, B10, B15 & B20) was @dizn an unmodified diesel engine. The
combustion nature, important performance paramater engine emission of a stationary single-
cylinder, naturally aspirated, 4-stroke, liquid-tmmbdiesel engine was studied using the above
test fuels and fossil petroleum-based diesel. Busvchapter exploration had demonstrated that
selected methyl ester properties could fulfill bes#| guidelines ASTM 6751 and EN14214, and
utilization of this fuel should be comparable wjhtroleum-based diesel. In this chapter, the
biodiesel properties and impacts of blends of eddblnedible oil methyl ester and petroleum-
based diesel were explored on an unmodified Kidoskade (Model-TV1) engine at different
engine loads (0%, 25%, 50%, 75%, and 100%). Ertgstesetup compared four blends (B5, B10,
B15 & B20) of selected edible & inedible oil methggter with petroleum-based diesel. The
impacts of the four blends of POME, NOME & WVOMEdfferent engine loads were evaluated
through the experimental setup to build up suiighéind aptness for an unmodified Cl Engine.

The evaluated parameters were cylinder pressurg, (@& heat release rate (NHR), start of
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combustion (SOC), end of combustion (EOC), 5% &b Inass fraction burned angle, Brake
specific fuel consumption (BSFC), brake thermaktedhcy (BTE), exergetic efficiency (EE) and
emission (NOx, CO, HC).

3.2 Experimental Set-Up

An unmodified Kirloskar made stationary engine (MbdV1) with one combustion
chamber, naturally aspirated with liquid-cooleds Adirect injection compression ignition engine

was utilized in this examination (figure 3.1 ané)3which was rated 3.5 kW at 1500 rpm.

‘@SCI vt
Fuel Tank ~_ Biodiesel Blends o
Analyzer
Data
acquisition
system @
[ —© |
- h ]
Load
Regulator -
RPM :l: :l: |
Indicator O shat
\ ) L Water
Dynamometer Engine ‘

W= Load Sensor, N= Engine Speed Sensor, P= Pressure sensor, T=Temperature sensor

Figure 3.1: Schematic engine test rig
The ratio of compression was varied from 18:1 td &% inclining the engine block. The engine
was combined with a water-cooled eddy current (MIdd@¢EC10, Technomech, 10 BHP @
1500-5000 r.p.m) dynamometer with a loading uniteigulate the load on the engine through a
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regulator (230V, AX155, Apex). A propeller shaft ¢ilel-1260, Type - A, Make Hindustan
Hardy Spicer) with U-joints were utilized to asstei the engine with a dynamometer. A strain
gauge ‘S’ type of load cell (Model-60001, Sensosemake) with a range of 0 to 50 kg were
utilized with the dynamometer.

Figure 3.2: Actual view of the experiment setup with Engine
A Kubler made crank sensor (Model-8.K1S40.1361.03Bgpe-cinching) had been furnished
with the engine to accurately measure the crankeaalpngside engine speed. Combustion
pressure and mass burn fraction were detectedabyests steel with a hermetically sealed type
pressure sensor (Piezotronics, Model-S111A22, ug0@Ppsi). An Apex made powering unit
was given to control the sensors and transduceosléMAX-409). The fuel flow was identified
by a Yokogawa made transmitter (Model-EJA110E-JMSBINN); the flow rate was measured
by the change of pressure in the fuel pipe. Theahdlow meter unit was outfitted with a 12.4
mm measurement burette tube. The auxiliary unit fuesished with a manometer and orifice
meter alongside a WIKA made Airstream transmitidodel-SL-1-A-MQA-ND-ZA4Z-Z2ZZ7) to

check the flowrate. Thermaocouples (K type) witkmperature limit of 1200 degree Celsius were
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utilized to measure exhaust gas alongside RTDstagsie temperature detectors) at pump output,
engine water jacket output, and calorimeter watépwt. An information recovery framework
(NI USB-6210) gathered spontaneous temperatures-imas fraction, pressure, airflow, fuel
flow and volume information from the engine cylindsing a coaxial Teflon cable (Piezotronics,
Model-002C20). All the combustion chamber data wlascked utilizing a real-time software
(Engine soft) interface created by Apex Innovatwuh. Ltd.

3.2.1 Fuel Supply System

Three types of liquid fuel in the form of blendsreveitilized in the current examination;
first, standard diesel fuel was tested for refeeeas a pattern (additionally referred to in the
writings as BO0) guideline. The test fuels were jued to the engine's fuel pump from the fuel
tank under gravity feed. Fuel utilization estimatowere performed on a volumetric basis
utilizing a graduated glass burette. The burette sugpplied with liquid fuel just before metering

from the fuel tank.
3.2.2 Engine performance measurement

The engine's measure of load by the eddy currenardpmeter was turned by a
physically controlled knob and digital load indieatThe engine performance was estimated from
the experimental setup for a given load settinge Hmginesoft' software programming acquired

the engine data.
3.2.3 Air flow measurement

The engine's airflow was checked, bypassing they et through an airbox with an
orifice meter and manometer. The airflow was deteech and recorded in the electronic engine

control board framework.
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3.2.4 Pressure verses crank angle measurement

The in-chamber pressure was estimated for fuelianidiagnostics utilizing a piezo
sensor mounted on the engine cylinder. The heraibtisealed sensor (Model — S111A22) has
specifications: the resolution of 0.69 kPa, Diaghmastainless steel type, a rise time of 2
microseconds, discharge constant of 500 second semge of 5000 psi with a frequency of 400
kHz. A 360-degree incremental encoder detectedriduek angle estimation with the push-pull
interface. The encoder worked on an electro-optieghmining guideline. They change
mechanical developments into an electrical voltagéch was then procured on a computer at
each degree crank angle.

3.2.5 Temperature measurement

A data logger was connected to Type K thermocouplesrmocouples were introduced
in various engine positions to gauge precise teatpegs. For example, engine cooling water
stream (in/out), calorimeter water stream (in/owxhaust gas out from the engine, and
calorimeter.

3.2.6 Emission measurement

ECO GAS 100

Figure 3.3: Actual view of the Gas Analyzer setup
The engine's significant exhaust discharges amdgeih oxides, carbon monoxide,
unburned hydrocarbon (UHC), and carbon dioxide. @&ntec makes Eco Gas 100 Gas Analyzer
(figure 3.3) was utilized to measure the emissidre measure of oxygen, carbon monoxide, and

carbon dioxide were checked in percent volume.JHE and oxides of nitrogen were checked
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in PPM. NDIR (Nondispersive Infrared) technologytetsion principle was utilized in this gas
analyzer for UHC, carbon monoxide, and carbon diexirhe NOx sensor and the oxygen sensor
were utilized to check oxides of nitrogen and oxygéhe experimentations were executed in
different engine loading conditions (0, 25, 50,affsl 100 %) at 1500 rpm. At first, the engine
was powered with diesel at different engine loaddtiions to accomplish standard information.
Specific consideration was given to deal with thgiee speed at 1500 RPM (£10rpm) all through
the engine activity. The authenticity of the infation was improved by ten consecutive results
of the same engine working conditions. During thet,t the surrounding temperature was
estimated at 34-35 °C with an RH factor of 80%. &kperimental set-up specifications are given
in Table 3.1.

Table 3.1: Experimental setup specifications

Make and model MakeKirloskar, Model TV1, 1cylinder, 4 stroke
Diesdl.
Bore X Stroke 87.5 mm X 110 mm
. Compression ratio 18, 17,16
Engine
specifications Rated power 3.5 kW
Operating speed 1500 rpm
Injection type & timing Direct Injection at 2&A BTDC
Make and model Make Manatec, Model Eco Gas 100.
Gas Analyzer
specifications Technology & Non dispersive Infrared (NDIR) technology, €30 +
Operating temperatu 45C
CO (Carbon Monoxide) Range: 0 - 15% , Resolutiof1%
M easur ement HC (Hydro Carbon) Range: 0 - 20000 PPM, ResolutioRPM
Parameters . ]
NOx (Oxides of Range: 0 - 5000 PPM, Resolution: 1 PPM
Nitrogen
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3.3. Experimental Procedures

Reference performance tests were conducted witkerigane working on diesel fuel to
build up a correlation of results and guaranteecttperimental results' consistency. The engine
load varied from at least 0.1 kg to 10 kg load. €hgine tests were directed for the whole load
range, i.e., 0 to 100% in an interval of 25% atemdy speed of 1500 rpm. First, the engine was
heated up and run for a few moments at 1500 rprerurelo load condition to arrive at a stable
working condition. The water stream was adjuste&zb@and 70 litres/hour for the engine cooling
and calorimeter individually as per engine providaections. According to the experimental
plan, engine operation was set at different loadl& When the engine arrived at the steady-state
condition, the engine was prepared to introduce réference results. Manually recorded

parameters were engine water, calorimeter watereahaust gas temperature.

The engine performance information was shown instbiéwvare interface as BTE and
BSFC. An optical sensor detected the crank angimason and was obtained on a computer at
each degree CA. The engine pressure Vs crank dragjeam was recorded for each crank angle

interval.

An exhaust gas sample was drawn from the exhassmyinto a gas analyzer through a
collection gun during different engine load coratits for emission estimations. The examination

readings were recorded from the gas analyzer.
3.3.1 Theoretical considerations of Energy Analysis

The analysis of energy was utilized to observe d¢hergy transformation of the
substantial energy of fuel into heat energy (Qlie heat energy after the ignition was changed
over into shaft power (BP) and energy loss. The@nlbsses were presented as by energy in

cooling water (Qw), energy loss by exhaust gase3,(@hd unaccounted losses (Qu) because of



Chapter 3: Engine Combustion, Performance, Emission and Exergy

radiation, friction, and heat lost to the enviromind he energy provided by the fuel in unit time

could be drafted as,
Qin = (my X LHV)kW (3.1)

Power at the shaft could be drafted as,

2nNWR

——)kW 3.2
60 X 1000) (3-2)

Qs = BP = (

Where, N= RPM, W= Load, and R= Arm length in dynameter.

BTE at the shaft could be drafted as,

BP x 3600 x 100
Qin

Brake specific fuel consumption could be drafted as

BTE = (

)% (3.3)

m
BSFC = (L)kghkw 151 (3.4.1)
BP
And specific energy consumption could be drafted as
me X LHV
BSEC = (fT)k]s‘lkW‘l (3.4.2)

The cylinder pressure w.r.t crank angle could ladteld as,

dpP 1 dQ; dQuss. . PAV P dk

el P — - - 3.5
a6 vCao " "a0 ) K ag Tr—1as (3:5)
Energy present per unit time in the cooling watarld be drafted as,
Qw = (my, X pr X (Twoe — Twie) KW (3.6)

Energy present per unit time in exhaust gas coeldrbfted as,
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Qe = (T;la + T;lf) X Cpe X (Teio — Tatm)) kW (3.7)

Similarly, heat loss by exhaust was same as hkanhthy calorimeter, so, specific of exhaust

could be drafted as,

Mey, X pr X (Tcow - Tciw)

: : kJkg K1 (3.8)
(ma + mf) X (Tcie - Tcoe)

Cpe =

Unaccounted loss per unit time could be drafted as,

Qu = (Qin — (Qs + Qu + Q)W (3.9)
3.3.2 Theoretical considerations of Exergy Analysis

In this research, the 1st and 2nd thermodynamias laere applied to analyze the
guantity and quality of energy developed by diesel biodiesel blends. The engine was operated

at constant speeds and five different loads depgruh different thermodynamic assumptions.

This study's reference environment correspondexh tenvironment temperaturegf of 298.15
K and an atmospheric pressure of 1 bar to contlectxergy analysis adequately. Based on this

assumption, the exergy balance could be draft¢Baag et al., 2017)
EP+EQ =EY+E) + E2 + EQ + EJ, (3.10)
Where,E, E, EQ, EQ, EJ, were the transfer rate of exergy of exhaust, shafk, heat transfer

to coolant, heat transfer to atmosphere and ratxefgy destructiorE?, EY were the transfer

rate of exergy of incoming air and fuel.

The rate of exergy of incoming air could be repnése by,

T: P,
EY =md[Cyy (Ty = To = Ty In(z: ) +RT, In(;)] (3.11)
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WhereP,, Towere the dead state pressure and temperépyren, were the constant pressure
specific heat and mass flow rate.

Eg = m(z) {qLuv (3.12)
The chemical exergy factor was represented.quHV,mg were the lower heating value and

mass flow rate of fueK otas, 2013).

{ =1.0401 + 0.1728% + 0.0432%+ 0.2169% X (1 - 2.0628%) (3.13)
Where S, O, C, H were the mass fraction of sulptxygen, carbon and hydrogen present in the
fuel.

Aggregate of chemical and physical rate of exegpyasent the rate of exergy of exhaust gas.

EY = Ep, + EQ (3.14)

The rate of exergy of shaft work could be represg:bly, where, twere the angular velocity and

torque produce by engine.

2TWT

EQ = - (3.15)
The important factor, exergetic efficiency couldrbpresented by,
e E}
Exergetic Ef ficiency = 9+ B (3.16)
Cooling water exergy loss rate could be drafted as,
B9 = 5o (Ts ot = T in = Taum N2 (317

Where;zs, CywWere the mass flow rate of cooling water and spebgat. Fouand Tinwere the

temperature at the outlet and inlet.

Exergy loss to the atmosphere could be drafted as,
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0 To
Eg = Qs(1 - T_) (3.18)
6
Where T was the mean temperature of engine body aywla® the heat loss to the atmosphere.

Qe = My Cp1 (Ty — To) + Maqruy — ((m1 + m.Z)Cp3(T3 - To))

2 (3.19)
. TwWT
- mSCpS(TS out — T5 in) - W

Exergy destruction rate was found as,

EQ; = (EQ+E)+EX+EQ) — (EY + ED) (3.20)
Entropy generation could be drafted as,

Eq
Sgen = T—OS (321)

3.3.3 Uncertainty Analysis

Various operational and physical limitations hadseal the uncertainty while collecting
data from experimental instruments. An uncertaiatalysis was made to ensure accuracy
concerning preciseness and repeatability of therxgnt results. An extensive error assessment
was directed by a combined analysis of uncertdortyhe performance variables. Using the root
mean square method, the analysis was organized twbeatal uncertainty U of a quantity Q had
been predicted, relying on independent variablgsXX....., X, (The uncertainty was estimated
in the calculated result based on the uncertaimigse primary measurements. Where result ‘Q’
is a given function or dependent factor of the peteent variables X Xa,..., X,.) carrying

particular errorg\Xs, AXa,....., AX, as given by following equatiofféul et al., 2017).
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au au au
= |(— 2 4 (— 24+ (— 2 3.22
AU \/(E)XlAXl) +(6X2AX2) + +(6X 4Xy) ( )

n

In Table 3.2, percentages of the uncertainty op#rormance parameters are shown.

Table 3.2. Uncertainty analysis of Performance Parameters

Computed  Measured I nstrument % Calculation Total %
Performanc Variables Involved in Uncertaint Uncertainty
e Parameter M easur ement y of the of the
Measuring Computed
Instrument Parameters
BP (Brake Load, Load Sensor, 0.2, 1.02.
Power) RPM Load Indicator, 0.1, (0.2)* + (0.1)
Speed measuring 1.0. +(1.0)?
Unit.
Fuel flow BSFC Fuel Measuring 0.065, J(0.065)% + (1.5)2 1.501
(Liquid Unit,
Fuel) Fuel Flow 1.5.
Transmitte

The measuring scope and Resolution of the MANATEEG &as 100 Gas Analyzer are given in
Table 3.3.

Table 3.3. Accuracy of Emission Measuring instruments

I nstrument Measuring Range Resolution
CO (Carbon Monoxide) 0-15% 0.01%
CO2(Carbon Dioxide) 0-19.9% 0.1%
HC (Hydro Carbon) 0- 20000 PPN 1 PPN
O2(Oxygen) 0- 25% 0.01%
NOx (Oxides of Nitrogen) 0- 5000 PPN 1 PPN

3.4 Results and discussion
3.4.0 CI Engine combustion

Cl engine combustion process is primarily dividetbithree phases, as shown in figure
3.4.0. The first phase of combustion is calledtigni delay (ID), in which the fuel droplets

evaporate and mixes with high-temperature and piglssure air. There is an interval of time in
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the degree crank angle between the start of iojeend the start of combustion, which is called
ignition delay. The ignition delay takes placewotstages: (i) physical delay and (ii) chemical
delay. In physical delay, atomization of liquid lfjet, evaporation of fuel droplets and mixing of
fuel vapour with air occur. In chemical delay, teaction starts slowly and then accelerates until

inflammation or ignition takes plac&énesan, 2011).
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Figure 3.4.0: Curve for diesel combustion including different pba (CR 18 and peak load condition)
The second phase of combustion is called the peoiodapid combustion or premixed
combustion. In this phase, the air-fuel mixture engges rapid combustion. Therefore, the
pressure rise is rapid. The combustion of the fwkich has mixed with the air to within the

flammability limits during the ignition delay pedooccurs rapidly in a few crank angles. This
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depends on the atomization of fuel and its quahty.a result, the peak heat release rate in the
premixed combustion is generally higher than thdhe subsequent stages. The consequence of

the high heat release rate is more effective duhiggperiod Ganesan, 2011).

The rapid combustion period is followed by thedtphase, which is controlled combustion. The
temperature and pressure in the second stageraegylquite high. Hence, the fuel droplets
injected during the second stage burn faster wittdaced ignition delay as soon as they find the
necessary oxygen and any further pressure risenisatled by the injection rate. Heat release
proceeds at a lower rate later part of the expanstooke, and this is referred to as late
combustion. Combustion of any unburned liquid are soot occurs during this pha&awgesan,
2011).

3.4.1 Impact of biodiesel blends on cylinder pressure

The combustion chamber pressure (CP) of a Cl engiamly relied upon the fuel
gathered in the ignition-delay period and the predi burning phase's combustion rate
(Senthil et al., 2001). The fuel-air mixture aptness influenced the tigni-delay duration. The
variety of the chamber pressure with the crankeaagVarious loads for various blends (B5, B10,
B15, B20)) of POME and diesel at CR 16 is illustthin figures 3.4 (a). All the methyl ester
blends (B5, B10, B15, B20) test fuels followed mitr chamber pressure pattern, which was
marginally lower to that of petroleum-based diededing the ignition period at five different
engine load conditions (0%, 25%, 50%, 75%, 100%)s phenomenon had happened because
of the poor atomization, volatility, and low biod@d's calorific value. The tested liquid fuel was
injected at high velocity through nozzles, anddhaplets of fuel atomized and then vaporized by
absorbing heat from the surrounding compressedPabr atomization and vaporization of fuel

affected the rapid combustion of premixed fuelemicurred after the ignition delay period.
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Figure 3.4: (a)Graphical illustration of the Pressure versus CAat®n using diesel (B0), POME blend
(B5, B10, B15, B20) with CR 16:1 at 0% to 100% Loga) Peak cylinder pressure of different test fuels
& blends at different engine load conditions (CR16)
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Increased CP resulting from the premixed combustiompresses and heats the charge's
unburned portion, shortens the delay, and incretse=demaining fuel's evaporation (volatility)
rate. The combustion chamber pressure of B5 mestglrs at various loads was observed to be
lower yet at short proximity than that of petrolebased diesel at zero to 75% load conditions.
However, the combustion pressure for other teskedls was observed lower than petroleum-
based diesel. Surprisingly, in terms of chambessuee, B20 performed better at 50% to top load
conditions at CR 16 during combustion. This eveatt happened because of increased chamber
temperature at mid to peak load conditions. It éghtb be seen that the CP of diesel at CR 16
was observed to be 42.28 bar at zero Load, 46.03tli26% load, 50.14 bar at 50% load, 51.6
bar at 75%, and 53.68 bar at 100% load conditibasthermore, higher CP for B5 could be
observed than all other blends at all Load condiiti¢figure 3.4 (b)). It was also presented in
figure 3.4 (b) that maximum CP for B5 reduced ab#8atto 8% for POME, 4% to 8% for NOME,
and 6% to 11% for WVOME compared to petroleum-badiegel. In the case of B10, the
maximum CP decreased about 6% to 13% for POME 07%3% for NOME, and 9% to 14% for
WVOME compared to petroleum-based diesel. Howetrar,maximum CP for B20 dropped
about 9% to 19% for POME, 13% to 22% for NOME, 41686 to 23% for WVOME compared

to petroleum-based diesel (figure 3.4 (b)).

From figures 3.4 (a) it was also observed thatntlaimum peak pressure always takes place
after TDC point. Noticeable differences in peaksprge was observed at 25% engine load for
B20 blends for all the biodiesels (figures 3.4 (b))

Also, at CR 17 (illustrates in figures 3.5 (a) &)(lall the tested methyl ester blends
followed a similar chamber pressure pattern, whiels marginally lower to that of petroleum-
based diesel during the ignition period at same different engine load conditions. The chamber
pressure of B5 at short proximity than that of pletnm-based diesel at 75% to 100% Load
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conditions. Though, in terms of chamber pressufé & B20 performed better at 75% to top
load conditions at CR 17. The increased chambepeeature at mid to peak load conditions was

the cause of it.
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Figure 3.5: (a) Graphical illustration of the Pressure versus @Aation using diesel (B0), WWOME
blend (B5, B10, B15, B20) with CR 17:1 at 100% Lo@x) Peak cylinder pressure of different test fuels
& blends at different engine load conditions (CR17)

Likewise, the chamber pressure with the crank aaglarious loads for test fuels at CR
18. All the test fuel blends followed a similar afi@er pressure pattern, which was marginally
lower than that of petroleum-based diesel at fiffei@nt engine load conditions. The combustion
chamber pressure of B5 methyl esters at variowdsloas lower yet at short proximity than that
of petroleum-based diesel at 75% to 100% Load tiomdi. B15 performed better at 50% to top
load conditions at CR 18. This event had happereduse of increased chamber temperature at

mid to peak load conditions.
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The chamber pressure with the crank angle at vataads for test fuels at CR 18is illustrated in
figures 3.6 (a) & (b)
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Figure 3.6: (a) Graphical illustration of the Pressure versus @#ation using diesel (BO), NOME blend
(B5, B10, B15, B20) with CR 18:1 at 100% Lo#&ol) Peak cylinder pressure of different test fuels &

blends at different engine load conditions (CR 18).
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3.4.2 Impact of compression ratio on cylinder pressure at different
blends

In this segment, the impacts of different compiassatios on the max-CP of the specific
blend were discussed at different loading condgioRigure 3.7 shows that the increase in
compression ratio max-CP always increases for leetmo-based diesel & specific blends.
However, it was observed that at the higher loatitmns, max-CP of NOME blends were in
close competition with POME blends at CR 18. Thisr¢ was due to the increased cylinder
temperature and oxygen availability, which improd€3ME blends' viscosity. The initiation of
combustion for biodiesel blends was delayed becaluseir higher densities than diesel. Similar
reasons were reported Bglamurugan et al. (2014). The ignition event for B20 (POME,
NOME, WVOME) was the farthest among all tested [@edl blends because of slow

combustion.
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Figure 3.7: Peak cylinder pressure of different test fuelsl&nls at different CR (16, 17, 18) and

different engine load conditions.
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Figure 3.8: Graphical illustration of the Pressure versus @#ation using diesel & biodiesel-blend (B5,
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Figure 3.8 shows the impact of CR on CP of the mndueled with petroleum-based
diesel and biodiesel blends (B5, B10, B15, B2@jf&rent engine loads. It was observed for CR
18; the peak CP decreased by 20% when utilizingd@®@pared with BO and about 3 CA delay.
It might also be seen that B5 could compensatthisidecrease in maximum pressure and longer
ignition delay. Subsequently, it was noticed thatdiesel fuel could be replaced by B5 fuel with
a minimum amount of peak pressure loss. Bringingrdihie CR from 18 to 16 prompts a decrease
in top CP from 72.29 to 53.68 bar (25%) for diesakl from 69.29 to 47.38 bar (31%) for B5,
64.74 to 46.58 bar (28%) for B10, 61.89 to 46.24(Ba%) for B15, and 58.80 to 45.03 bar (23%)
for B20 biodiesel blend at peak engine load cooditiThe outcomes showed that peak CP
improves with the increase in CR for all the testl$ and the effect of CR was higher in the B5
biodiesel blend than for petroleum diesel. Lower @Rmpted lower gas temperature, and
therefore longer ignition delay. Consequently, Maximum CP moves further from TDC,

showing an increment in ignition delay. Similaruisvas presented gelvan et al. (2009).

3.4.3 Impact of biodiesel blends on Ignition delay

Fuel's essential properties are viscosity and flaght, which influence the ignition
delay. Viscosity influenced atomization and vapatian of fuel, influencing fuel-air mixture
preparationiuralidharan et al., 2011). From the experimental results, it was obserkatdwith
increase in blending percentage the SOC decredsedch load, but at the same time with
increase in engine load the SOC increased for fipeest fuels. If SOC increased in terms of
BTDC that mean ignition delay reduced as the iipacof fuel was taken place at fixed CA.
Ignition delay reduced with an increase in the radoad. This phenomenon directly resulted
from the increased in engine load, leading to heatemented inside the chamber that enabled
the fuel-air to ignite sooner. This pattern wasorégd byBehera et al. (2013). At full load, the

impact of tested biodiesel blends on the chambserntgaperature was more because of longer
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ignition delay than diesel fuel. The phenomenonpeapd because higher viscosity fuel

influences atomization and vaporization, influegcthe fuel-air preparation and unsatisfactory
spray formation for tested biodiesel blends. Figdi®represents the change of SOC in before
TDC (BTDC) with increased Engine loads for diesed ® OME biodiesel blends. The SOC for

diesel, POME blends (B5, B10, B15, B20) at fulldend CR 18 was abou#,22, 21°, 21’ and

20’ (degree BTDC) respectively because all the biedli#ends had higher viscosity in correlation

with petroleum-based diesel.
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Figure 3.9: Graphical illustration of the Start of combustatrdifferent loading conditions (CR 18).
3.4.4 Impact of compression ratio on Ignition delay

Figure 3.10 represent SOC's change with increasgide loads for diesel and different
biodiesel blends (B5, B10, B15 & B20) at differenimpression ratios. It was observed that the
SOC decreased with compression ratio hence incrieimégnition delay. Lower CR prompted

lower gas temperature, and therefore longer ignidielay.
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Figure 3.10: Start of combustion at different loading conditig@R 16,17 &18).
3.4.5 Impact of biodiesel blends on Net Heat Release

From experiment results it was observed that atl6Rhe peak NHR differences was
noticeable between engine load 0% to 50%. Whe@Ral8 the peak NHR among test fuel was
marginal for all engine load conditions. The NHRereelied upon the SOC, ignition delay, fuel
mass burned in the premixed phase at separaterdRhange in different fuel ignition rates. It
was observed in the figures that the peak NHR vimemwed to be lower for all the biodiesel
blends compared with petroleum-based diesel at@%0% engine loads at various CR. The
higher NHR for diesel was associated with its ettexture development and higher calorific
value. Ignition delay and high fuel density was thase of lowermost NHR for biodiesel blends
at lower engine load. At higher engine load thekp&lR differences among test fuels were
marginal. Similar observation was reporteddbgngo and Senthil (2011) for the Jatropha blends

utilized as a fuel in an unmodified diesel engine.

Figure 3.11, 3.12, 3.13 portrays the change ohtficheat release (NHR) rate with the CA plot
for various POME at CR 18. 17 and CR 16 biodiesshds (B5, B10, B15, B20) and diesel at

various engine load conditions.
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Figure 3.11: Graphical illustration of the NHR versus CA vaigat using diesel (B0O), POME blends (B5,
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3.4.6 Impact of compression ratio on Net Heat Release

The impact of CR on NHR for diesel and biodiesenils combustion is appeared in
figure 3.11, figure 3.12, and figure 3.13, indivadly for different CR. A slight delay in top NHR
& SOC with a reduction in CR was noticed for bogtrpleum-based diesel and biodiesel blends
(B5, B10, B15 & B20). An increase in peak NHR, frdin8 to 64.27 J/CA (53%) with a reduction
in CR from 18 to 16, was seen for diesel. An inseetn top NHR, from 40.49 to 56.88 J/CA
(40%) with a change in CR from 18 to 16, was obséren B20 activity at peak engine load
condition. This phenomenon had happened cause eofatcumulation of more fuel in the
combustion chamber and longer ignition delay witlvdr in-chamber gas temperature. Similar
pattern was reported yariram et al. (2015). On account of engine activity with biodiesel
blends in the current investigation, higher NHRnthibesel was seen at CR 18, particularly at
higher CR settings. This event demonstrated a quidnition rate, perhaps because of the
oxygen particle present in biodiesel atoms. Redytie CR from 18 to 16 prompted a increase
in the peak NHR. Likewise, this event could be Ibseaof high viscosity leading to poor
atomization in biodiesel blends, at lower comp@ssatio due to longer ignition delay and more

fuel accumulated. It was the reason behind the pig#iR value at lower CR.
3.4.7 Impact of biodiesel blends on Combustion duration

CD is the time between SOC to EOC. From the NHReuhe CA where there was an
abrupt rise in heat release was taken as the SOC.\viz&as determined from the cumulative heat
release rate. The EOC value was defined usingrtiteple heat release rate's moving average in
the data retrieval system. EOC point could be pred as the early point when the average
heat release rate dropped below zero. The rapdrrisombustion pressure & NHR occurred in
the event of rapid combustion with ignition del80OC was spotted concerning CA when the

NHR was increased from zero to a positive value.
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Figure 3.14 portrays the variety of the combustaration (CD) as for different engine
loads. It tended to be seen from the figure thati@Demented with an increase in the engine
loads for all the biodiesel blends and diesel. Pihisnomenon happened because of the increase
in fuel injected into the combustion chamber. lasiag the biodiesel percentage in biodiesel
blends brings about a longer CD span. Since bietiwas a more viscous fuel, which would
require more effort for the burning, this resulteglow combustion, which resulted longer CD

length.
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Figure 3.14: Graphical illustration of the Start of combusti@&QC) & End of Combustion (EOC) at
different loading conditions (POME) (CR 18).

3.4.8 Impact of biodiesel blends on Mass fraction burned

Figure 3.15 portrays the variety of MFB with engloads plot for diesel and biodiesel
blends. The MFB of B5, B10, B15 & B20 blends digigld a similar pattern compared to diesel.
It was observed that 5% and 10% MFB for all theeigbiodiesel blends seem to be later than
diesel at different engine load. This event waseetqr due to the higher viscosity in all biodiesel
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blends fuel. Variation in MFB (mass burned fract&® & 10%) in the combustion chamber for
all the test fuels are illustrated in figure 3.T&e MFB results were collected in the 'Engine soft'
software interface developed by Apex Innovation Btd. In diesel (BO), the 5% & 10 % MFB
amount was slightly higher than the B5 and B10 ieisel blends at all loading conditions. This
phenomenon happened because of the proper atoonizaitipetroleum diesel. Also, it was
observed that the value of 5% & 10 % MFB decreagid an increase in load due to higher
evaporation. The 10 % MFB was calculated and pldti@sed on the after TDC (ATDC) crank
angle. In experimental results, completion of 10rf#ss fraction burned for B5 & B10 blends
were very close to TDC point. That was why 10% diB/Wvalue was almost nil for B5 & B10
blends in figure 3.15.
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Figure 3.15: Graphical illustration of the Mass fraction Burn@ds & 10%) at different loading
conditions (POME).
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3.4.9 Impact of biodiesel blends on Brake thermal efficiency

It tended to be seen from the figure that the bitakemal efficiency (BTE) of all the
tested fuel increased with increment in engine Iddte BTE for diesel was observed to be
maximum in this investigation. Since diesel hadighér LHV and appropriate air-fuel ratio, that
outcomes complete ignition. It was observed fromfture that B5 and B10 show higher BTE
at full engine load, contrasted with that of B18l &20. This phenomenon resulted from the fuel's
extra lubricity because of possibly higher visgpsihd sulfur present in the blends. For B15 and
B20, the BTE was lower than that of B5 and B10 eanfsnore density, lower LHV at full engine
load. Similar results were reported Bkango et al. (2011).
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Figure 3.16: Brake thermal efficiency at different loading caimls (Diesel & NOME blends)
Figure 3.16 portrays the variety of BTE w.r.t erggioad for diesel and all the test fuel blends in
this investigation. It might be seen from the figtinat the BTE increased with increment in the
engine load for diesel and all the test fuel blefide estimations of the BTE at full Load were
23.12%, 22.6%, 21.27%, 19.83%, and 18.27% for Hiesel the NOME B5, B10, B15, B20
blends individually. It was seen that the BTE of B&0, B15 & B20 blends (NOME) were lower
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than that of diesel by about 2%, 8%, 14%, and 26pastely, at peak load. The phenomenon
happened because of their lower calorific valuetagter density contrasted with that of diesel.

It was observed that rapid rise in BTE was betw@éno 75% engine load.

Figure 3.17 portrays BTE increased with incremarthe Engine load for diesel and all
the test POME fuel blends. The estimations of ti& EPOME) at full Load were 23.12%,
22.92%, 22.31%, 19.88%, and 18.37% for diesel, tandPOME B5, B10, B15, B20 blends
individually. With increase in engine load from @8675% a sharp rise in BTE was observed for
all the test fuels and at 0% to 25% load conditi®EE of all test fuels were very close to each
other. Similar observation was found in WVOME blentut at peak load condition the BTE

differences was noticeable compared to diesel.
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Figure3.17: Brake thermal efficiency at different loading camatis (Diesel, POME & WVOME blends)

It was seen that with the increase in load, at i8S E was increased, and with the further
increase in load, BTE had followed a downturn. Bihserved development in the BTE was
clarified with the support of BMEP. As the engimad expanded, BMEP increased because of

more fuel burning. This event resulted in an inaatrin the BTE at first. However, it was seen
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that after a 75% engine load, the BTE curve preskdéscending pattern. This phenomenon was
because the time taken to complete the combustidumced when the increase of load past the
75% engine load at high temperature and BMEP brmmgbout more fuel inflow and more energy
necessity. It was seen that BTE reduced with tbeease in the biodiesel content in the fuel. The
components influencing this aspect were viscositg &uel LHV. With the increase in the
biodiesel content, the heating value decreasenying about less force produced; therefore, BTE
reduced. With the increment in biodiesel contdmdre was an increment in the viscosity of fuel,

which brought about poor atomization of fuel ingcand low power output, making low BTE.
3.4.10 Impact of compression ratio on Brake thermal efficiency

Figure 3.18 illustrates the variety of BTE for dieB5, B10, B15, B20 blends at peak
engine load at CR 16, 17, and 18. It was seeniithetase in the CR, the BTE increased. This

phenomenon was a result of the increase in BMER tvé increase in CR.
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Figure 3.18: Brake thermal efficiency at different CR (Dieseb#diesel blends)
With the increase in CR, the BMEP estimations iasegl because of high CP and temperature
assuring a superior burning to occur, bringing alimwgh BTE. For the most part, BTE reduced

with the increase in the biodiesel content. HoweaeCR 18:1, it was seen that BTE was high
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for B5 & B10 in comparison with petroleum-basedseie This aspect was because of the high
temperature and CP developed in the chamber at&Rahd because of the higher oxygen
content in the biodiesel. The most increased BTE maded at the peak engine load condition for

diesel as 23.12% (CR 18:1).
3.4.11 Impact of biodiesel blends on Brake specific fuel consumption

The variety of NOME BSFC with the engine load istpayed in figure 3.19 (a). It was
observed from the figure the BSFC same patterrfolmsved for diesel, and all biodiesel blends
test fuel. The BSFC of B5, B10, B15, and B20 waghbr than diesel at all engine loads. The
more density and lower LHV were the cause behirdhigher BSFC. Similar outcomes were
reported byAltun et al. (2008). The BSFC of diesel was discovered to be the,l@dsth was
about 0.37 kg/kW-h. Also, the estimations of BSF&, B10, B15, and B20 (NOME) were
observed to be about 0.39, 0.42, 0.46, and 0.9y, separately, at full engine load.
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Figure 3.19: (a) Graphical illustration of the BSFC at different dtiag conditions (Diesel & NOME
blends),(b) BSFC at different loading conditions (Diesel & P@MIlends)
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The variety of POME BSFC with the engine load istimyed in figure 3.19 (b). The
BSFC of B5, B10, B15, and B20 (POME) were obseneebe about 0.38, 0.42, 0.46, and 0.50

kg/kW-h, separately, at full engine load.

The variety of WWOME BSFC with the engine load mtpayed in figure 3.20. At full
engine load, the BSFC values of B5 and B10 wer2 8l 0.45, whereas the brake specific fuel
consumption of B15 and B20 were about 0.46 and RgdW-h. The BSFC differences were
marginal for all the test fuels between 0% to 5@%dl conditions. However, at peak load

conditions, the BSFC differences were noticeabldB20 compared to other test fuels.
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Figure 3.20: Graphical illustration of the BSFC at different dtiag conditions (Diesel & WVOME
blends)

BSFC was calculated as the ratio of fuel consumptikg/h to the brake power(kW). It
was seen that the BSFC was higher for the test fmiéh high biodiesel content. This aspect could
be clarified with the assistance of LHV and thegiigrof test fuels. As the LHV decreased with

the biodiesel content, the fuel consumption toveelia unit power increased, resulting in an
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increment in the BSFC values. Another factor aifecBSFC was the density of the test fuel
(Datta and Mandal, 2017). The densities were seen to be increasing wéltbtbdiesel content.
This event increased the fuel mass flow rate sneoee injected fuel for a similar load. With the
increase in density, the fuel injector's atomizatieould be unsatisfactory, bringing about less
effective burning and less power output. The BSE{lias were seen to be decreasing with the
load. This pattern was the same for petroleum-bdseskl, B5, B10, B15, and B20 biodiesel
blends.

3.4.12 Impact of Compression Ratio on Brake specific fuel

consumption

There was an increase in fuel utilization with therease in load; however, the engine
power produced exceeded the fuel utilization, whicddught reduced BSFC. Acceleration in CR
up to 18:1 from the CR 16:1 has appeared in figuz&. The diagram shows the variety of BSFC
with CR at top engine load conditions.
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Figure 3.21: Graphical illustration of the BSFC (Diesel & biod@ blends) at different CR (16:1, 17:1
and 18:1)
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With the increase in CR, the BSFC values decreddezireason behind this pattern was
because BMEP expanded with CR increase. This eaem¢ about with more power development
and less BSFC values.

3.4.13 Impact of compression ratio and biodiesel blends on energy

analysis

The transformation of fuel energy into heat enevgg analyzed at CR 16, 17, 18 at 100%
engine load. The VCR engine was considered forithisstigation; CR's impact on different
energy circulations under different biodiesel bkenas calculated at the average and is illustrated
in figures 3.22. The energy in the shaft and cagplimter, reduced by 4% and 6%, separately, for
change in CR from 18:1 to 17:1 and The energy énstiaft and cooling water, reduced by 9%
and 16%, separately, for change in CR from 1816t4. For similar settings, energy diverted by
exhaust gases and the unaccounted loss increman®i®o and 11%, individually for change in
CR from 18:1 to 17:1 and 33% and 19% for changdrGR 18:1 to 16:1.
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Figure 3.22: Graphical illustration of Energy distribution ofediel and biodiesel blends at CR 16,17,18
The reason was because of the quick distributidaraperature at higher CR. The energy

transformation of tested blends (B15 and B20) dexsd because of its poor volatility nature and
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ignition delay Zheng et al., 2012). Increasing CR from 16:1 to 18:1, power outpurément

was observed.
3.4.14 Impact of biodiesel blends on exergy analysis

The exergy analysis of the test engine for the figsls was considered on exergetic
efficiency, which was the exergy ratio of shaft wéo the sum of exergy of incoming air and
fuel. It is noticeable in figure 3.23 that the agetic efficiency and fuel exergy were increased

with an increase in load due to high fuel consuompét higher load.

25
B20_B.T.E ® Load 100%
u B0 §B5 #B10 WB15 ¥B20
B20_E.E # Load 75%
> 20
0 B15_B.T.E ® Load 50%
Q
S 45 . B15_EE ® Load 25%
E B10_B.T.E
Q
S B10_E.E
° 10 - -
2 B5_BT.E
()
o 5 B5_E.E
BO_B.T.E
0 - BO_EE |
25 50 75 100 0 10 20 30
Load Percentage

Figure 3.23: Graphical illustration of the exergetic efficienadifferent loading conditions &
Comparison of exergy efficiency and brake thernffadiency at different loading conditions.

Compared with petroleum diesel (B0), a noticealglduction in biodiesel blends' exergetic

efficiency was observed. This phenomenon happesaskcof the lower heating value of test fuel
and the low shaft exergy. The exergetic efficienoyrelated the actual engine systems with a
theoretical consideration, and operating understmae circumstances. Figure 3.23 illustrates
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different loads at CR 18 on the engine with execgefficiency of an unmodified diesel engine
fueled with Diesel (BO) and Diesel-biodiesel bleri@s, B10, B15, B20). From the right-side
figure of figure 3.23, it was observed that the@ase in exergetic efficiency along with engine
load matches the trend of brake thermal efficieAdyo, it was noticeable that the brake thermal
efficiency was slightly higher than exergetic afficcy. The reason might be the cause of

thermodynamic irreversibility.

3.4.15 Impact of biodiesel blends on emission

The high emission of CO was because of the podtiagnof fuel-air due to inadequate
air present around fuel atoms or lacking time adicle for complete combustion. The Cl engine
gives low emission of CO as they generally workhvétlean fuel-air ratio at low engine load.

The variety of CO emissions with engine load fdtedted fuels is portrayed in figure 3.24.
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Figure 3.24: Graphical illustration of the Carbon Monoxide eriassat different loading conditions and
at different CR (16, 17, 18). (POME)

It was observed from the figure that the emissib@0O was the least for B20, compared with
other test fuels individually at different load citions. The reason was the presence of more
oxygen. Emission of CO happened on account of ipteta fuel ignition in the CI engine. At
first, the CO emissions decreased up to 50% erigex® and afterward abruptly increased at
higher engine load. At 50% engine load, the deex@asCO emission was because of the burning
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of the more lean fuel-air mixture. The excess fielproportion was prompted to produce more
smoke and prevented oxidation of CO toCBerefore, emission increased. The emission of CO
was observed to be lower in B20 fuel than otherfteds. At peak load condition and 17:1 CR,
the noticed CO emission decreased by about 13%3Z0rcompared to diesel. With increasing
CR (17:1 to 18:1), the emission of CO was evaluat®P0 fuel activities. For instance, at peak
load, the CO emanations in B20 fuel decreased buta28% when the CR was increased from
17:1to 18:1.

The impact of CR on CO emission has appeared undi@.24. Emission of CO exceptionally
relies upon the burning temperature and acceggibilioxygen. A decrease in CR from 18 to 16
prompted an increase in CO emissions by 40% for, BBfe it was observed higher emission of
CO at B20 blend in CR to 16 compared to petroleuigsal. The reason was more fuel
accumulated at CR 16. Also, lower emission of C@ vexorded under engine activity with CR
settings 17:1 and 18:1. Biodiesel blends recordagt CO emissions at CR 17 & 18 cause of

oxygen present in the biodiesel structure.

Figure 3.25 portrays the emission of NOx outcomdifférent engine loads at different
CR. Emission of NOx was fundamentally made witlsd@@ation of the climatic nitrogen at high
adiabatic flame temperature conditions. It wasrgfhp developed with maximum ignition
temperature, oxygen presence, and NOx formatioa.titrwas observed that at higher engine
load, NOx increased with expanding engine load.sTévent directly resulted from the
considerable fuel consumed at higher engine laalthwied by high CP and temperature, and
consequently, NOx increased. Also, the emissioN@% development was higher at CR 17 for
all the tested biodiesel blends than diesel. Tihiseiased NOx discharge was because of the

oxygen presence with biodiesel blends, specifidafi).
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Figure 3.25: Graphical illustration of the Oxides of Nitrogenisgion at different loading conditions and
at different CR (16, 17, 18). (POME)

Figure 3.25 also portrays CR's impact on NOx dgwalkent during the combustion cycle for

engine activity with diesel and biodiesel blendbe Toutcomes showed that NOx emissions'

arrangement was more delicate to CR on accoungihe activity with biodiesel blends than

with petroleum diesel. On decreasing the CR frorno1i%, NOx emission was reduced by around

33% for B20. However, it was also observed thabaer CR and peak load conditions, the

differences in NOx emission among the test fuelsevmeticeable.

Figure 3.26 portrays the variety of HC emissionhwngine load for diesel and biodiesel
blends (B5, B10, B15, B20). The outcomes presetitatthe HC discharges incremented with
expanding engine load. At 17 CR and zero enging, libee evaluated HC discharge was 25 ppm
for diesel, but it increased to 43 ppm at peakmemgpad. However, at CR 16, the HC emission
was marginally higher for biodiesel blends at pda#td conditions cause by more fuel
accumulation at the ignition delay period. The exjead emission of HC at higher engine load
was because of oxygen inadequacy; leaner fuelanitg offers lower HC emissions. Like this,
the HC emissions decreased with tested biodiesedblat all engine loads as for diesel at CR

(17:1 and 18:1). It had occurred cause of improweghen content in tested biodiesel blends,
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which prompted complete fuel burning. With expagdZR (17:1 to 18:1), HC's emission were
reduced for B15 and B20 because higher CR offeyls GiP and temperature, which improves

fuel burning.
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Figure 3.26: Graphical illustration of the Unburnt Hydrocarbanission at different loading conditions
and at different CR (16, 17, 18). (POME)

3.5 Closure

To sum up, in this chapter, the engine could rumiodiesel blends successfully up to
B20 without any significant engine modification tldb and B10 gave a better performance with
overall lower emission than B20. The advantagesa@immended high compression ratio engine
operation were discussed. In the case of POME, NOid WVOME tested blends, marginal
differences were observed, though POME blends parfetter than the other two. In this regard,
the next chapter concentrated on developing a th@ymamic single-zone Cl engine model
fueled with biodiesel blends. The single-zone emgmodel was validated with obtained

experimental results.






Chapter 4

Modeling of Biodiesel-blend fueled
Compression Ignition Engine

4.1 Introduction

This chapter discusses the development of the dsetliiblend powered compression
ignition (CI) engine model. The model had beenter@aonsidering a single zone thermodynamic
boundaries by some species' properties presene iodmbustion chamber during the cycle. The
chapter deals with the formulation and validatibthe biodiesel blend fired diesel engine using
a crank slider, cylinder pressure, and heat releasdel incorporated with a modified Weibe
function reported bystone (1994). The developed model was validated with the expenial
results from an unmodified engine fuelled with besel blends (B5 & B10). Simulation of the
engine was developed considering the impact of, Istreke, connecting rod length, crank radius,
compression ratio, equivalence ratio, thermodynawiations during combustion, and variable
specific heat on the general engine operatfdou(Nada et al., 2006; Abu Nada et al., 2007).
The in-house developed code was utilized in thegestigations with a sequentially approved
thermodynamic, single-zone computational modelh@ldgh the model was initially produced
for the spark-ignition engine, it tended to betstied out and adjusted to maintain compression
ignition engine activities. The activity and perfaance examination of Cl and Sl engines was
fundamentally the same as from a thermodynamiqpete, yet the principal distinction was
embedded in the heat release model. The Cl engoteintomprised the accompanying sub-

models, and it incorporates the following assunmysio
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. The cylinder charge (intake air) and combustiordpob mixture were assumed as

an ideal gas.

. The cylinder charge (intake air) and combustiordpob mixture were assumed to

be homogeneous.

. Chemical equilibrium existed among the gaseousiapénside the combustion

chamber.
. The specific heats of the gaseous species varidctheé local temperature.

. Variations in specific heats had been consideréd the crank rotation change due

to change in temperature and composition.

. Heat added to the cycle based on the mass frawtitie fuel burnt as a crank angle

function using modified Weibe function.

. Heat transfer loss was assumed as a fraction af tetat generated during
combustionI(in et al., 2008).

. There was no effect on the combustion chamber désiga flat topped piston was

utilized in the model development.

. The chemical formula was assumed for diesgHé and biodiesel G.oH32.3:0>

for emission modeling¥esilyurt, 2020).

. The engine load change was considered based oal de&l consumption and

equivalence ratio from the experimental resulthatsame engine load and speed.
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A computer program was written on the FORTRAN paogrfor the presented
thermodynamic model. Fortran is a computer prograngriianguage that is extensively used in
numerical, scientific computing. FORTRAN, in fullFérmula Translation’, a computer
programming language created in 1957 by John Badka$ shortened the process of
programming and made computer programming moresatge (Backus, 1981). Fortran is a

relatively small language that is surprisingly etssjearn and use.

4.2 Crank Slider Model

The engine geometry calculation has appeared urdig.1. The relation between the
chamber volume and the crank angle was the capatitpmpression ratio, bore, stroke and

connecting rod length. The compression ratio (CRngine was presented as:

VetV .
T, = % Where,V;was the displaced or swept volume #pdaas the clearance volume.

[

1= Connecting rod length

r = Crank radicus

q = Crank angle (from TDC)

3 =Posttion of Pisten pin from
crank center

P =Fiston pin

M = Crank pin

O = Crank center

Figure.4.1: Engine cylinder and piston arrangement

In figure 4.1, expression féicould be obtained as

S=1rcosO ++12—-12sin%20 4.1)
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The vertical piston position relative to the TopaldeCenter (TDC) could be expressed as,
z(@)=1l+r(1—cosB)— \/W (4.2)

The cylinder volumé at any crank positiofi was obtained by
V=V.+@/4)B*(l+r-25) (4.3)

Here,V = cylinder volume},.= clearance volume3 = bore of engine cylindes, = stroke

R =ratio of connecting rod length to crank radius.

Instantaneous volume with respective to crank awgle presented aBylkrabek, 2004):
V=V, + (m@/4)B? x S/2x|(1+R - cos § —/R? = 5in26))] (4.4)

The derivative of the combustion chamber volumenwéspect to crank angle could now be

calculated by differentiating with respectfo

dV  mB? dz

= - 4.5
a6~ 7 * g (4.5)
dV _ nB?

- _ [12 —y2gin2 0

T (l +7r(1—cos0)— r?sin )

(4.6)
. (r sin® (1 +rcos 0 (I — 12 sin? 9)—1/2))

These equations (4.1 to 4.6) described the rel&@ween cylinder volume and crank angle in
an internal combustion engine.

Engine average piston speed or mean piston speeditained by

pis = 2SN (4.7)

pis

Where, N was the rpm.

Cross sectional area of a cylinder and surfaceddraélat topped piston was calculated according
to Pulkrabek (2004).
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mBS
A=A+ Ap+——[R+1—cosd —yR* - sin 0] (4.8)

Where A, was the surface area of cylinder hedgwas the cross sectional area of a flat topped

piston.

4.3 Cylinder Pressure Model

According to the First law of thermodynamickaSilva, 1993; Caton, 2001),
AU=0Q-W (4.9)
AU = change in internal energy of a closed systgm,quantity of heat supplied to the system,
W = work done by the system.
Combustion model was developed based on the catganprinciple applied to a combustion
chamber as the control volume.
The relation from ideal gas law and its differahform,

v dp dT
PV =mR,T and — +— = — (4.10)
%4 P T

The relation from conservation of energy could Xigressed in differential form and applied to a
control volume, the equation becomes:
cyl cyl

dimu) o 411
w " @1

Here,m = mass flow ratey = internal energy

dimu) dQ dw (4.12)
de ~ do do
d d dQ dw

deo dg doé do
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du dQ, dQu dw

= _—xht 4.14
™38~ de  do  de (4-19)
[Q4 =Apparent gross heat releagg, =Heat transferred to the cylinder wall]

and net heat release rate was
dQ, dQy dQp du dv

- — - m— - 4.15
a6 a0 a0  Mast P (4.19)

Since u = ¢, T anddu = ¢, dT
dQ, dT dv
—xn _ - - 4.16

a0 mc, a0 +P a0 ( )

Rearranging equations (4.10 and 4.16),
do, TdV TdP av
—xn _ 4= - 4.17

a6 C"[Vd9+Pd9]+ a0 (4.17)
d dv Pdv VdP
On = _+C”__+C” — (4.18)
de dd R d6 R db
dqQ, e adv ¢,V dP
=(1+—=)P— — 4.19
deo ( R) de + R db ( )
do, k av 1 dP
=(—\p—+(—\v— 4.20
aPT) (k—l)Pd9+(k—1)Vd6 (4.20)

WhereR = ¢,(k — 1) andk =adiabatic index =Z"i

Equation (4.20) was the simplified pressure modetivcould be rearranged as
dP k—1d kP av

k=1dQn, kPdV (4.21)

46~ VvV d6 vV db

TheZ—Z could be determined from equation (4.6) %%dwas obtained by using the Wiebe
function.

The net heat term had both heat added and heahloase of combustion

~ 100~
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Q, = Qmx, — Q; Where Q;,, indicated total heat input ang as fraction of heat release,

40, _ , dx, do,

= 0. —2 _ 4.22
dao mde  de ( )
The heat loss could be obtained as,
dQn dx, d@,
<N _ . b _ %t 4.23
dao mde  de ( )
dQ; hA
—— = - 4.24
9 w (Tw = To) (4.24)

Where,h = heat transfer coefficienty = rotation speed (rad /sed) = area of cylinder wallf}, =

temperature of cylinder wall.

The pressure variation during the intake and exhsinske could be obtained aGdnesan,
2013):

dpP 1dM 1dV
- = - 4.25
a = Grar v (429

The equation (4.26) required mass flow @/ dt, which was to be found from the equations

of fluid mechanics. For the intake stroke, masw ftate could be obtained as:

dMin 2k Pin E Pin ﬂ
L e R COREES]
dt RT(k—1) P P (4.26)
[When (Pin/P)<PRcrit ]
WM _ p |2 (2 erny/ae-n)
dt RT 'k +1 (4.27)

[When(Pin/P)>PRcrit]

The critical pressure ratio that defines the tegimes was calleBR_.,;;and depended only on

the value of of the gas.

~ 101~
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k+1

_k_
——ET (4.28)

PRpir = (

WhereP;, was the intake manifold pressure and P was thadsipressure.

Similarly for the exhaust stroke there was a ligtenge in the mass flow rate equation which

was mentioned below.

dMex_AP 2k P %[P % 1]
e ol [

RT(k —1) P,y (4.29)
[When (P/Pex)<PRcrit]
AMex — AP i( 2 ) (k+1)/(e=1)
dt RT “k +1 (4.30)
[When (P/Pex)>PRcrit]
WhereP,, was the exhaust manifold pressure and P was timeley pressure.
Where valve area could be obtained as:
A=A (Isin8)) /3 (4.31)

WhereA4;,was the wide-open valve area.

4.4 Heat release model

Ferguson (1986) suggested that the addition of heat might be acpiteed function of
crank angle.

0

x, = 5 [1— cos{m( _995) 3 (4.32)

A
Here,x; was the fraction of heat releaseiefers to crank anglés was the start of heat release

and46 was the duration of heat release dufiggf <6s+46 .

~ 102~
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Ivan lvanovitch Wiebe was a Russian engineer armehtst from the Urals of German decent
who introduced this functiorGhojel, 2010). The emission characteristics of diesel engimes a
strongly correlated to the in-cylinder combustiomogesses. The engine combustion
characteristics are mainly understood through thygaeent heat release rate (AHRR) that is
determined from the measured cylinder pressure dataa function of crank angled)(
(Rakopoulos et al., 2006). The burn fraction or burn rate of a combustioocpss are normally
characterised using Wiebe equation (4.33), whichimaoduced more than 60 years aGadj

et al., 2010). The Wiebe equation presents the relationshiwédomt the burn fraction gkand the
three main combustion parameters, that is., (i)itlseant at which heat release rate becomes

positive,0s; (ii) instantaneous crank angbeand (iii) the duration of combustionp.

The function generally used was

x, =1—exp{— a(%)"} (4.33)
The burn fraction is strongly dependent on the eslof efficiency (a) and form (n) factors, so it
is important to use accurate values for these aatsst Different ranges of values have been
suggested in the literature for a and n valuesy#hge for a has been chosen arbitrarily without
any physical reasoning, in most of the work theigalf a is SKumar et al., 2004) or 6.908 Liu
et al.,1997). According to Kim, 2013), the values for a and n are 5 and 2 respectively.

The mass fraction of fuel burned in an internal bastion engine could be expressed as a

function of crank angle using the Wiebe functiamg éhat was:

0—6
xp(0) = 1= exp{ — a(—)"} (4.34)

~ 103~
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The S-shape characteristic of mass fraction bufored the Cl engine model is shown in figure
4.2.

1.00E+00

8.00E-01

6.00E-01 +

Mass burn fraction

4.00E-01 +

2.00E-01 f

0.00E+00

300 320 340 360 380 400 420

Crank angle (degree)

Figure.4.2: Burned mass fraction characteristic (from model)
And burn fraction for compression ignition enginasacalculated as follows:
Before ignitionx;, = 0

During combustion, burn fraction could be expressed

xp =1—exp(—al") (4.35)
0 — 0

= 4.36

A Y (4.36)

Now, according tctone (1994) for compression ignition engine,
xp = afi(D) + (1 —a)f(4) (4.37)

a =pre-mixed diffusion combustion parameter for comsgion ignition engine,

~ 104~
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f1 (1) =pre-mixed phas¢;, (1) =diffusion burning phase

0.350
%
a=1- 0875W

i (4.38)
@ =equivalence ratio.

3.52 exp(2100/ti )
Tig = Pia 1.022 4 (4.39)
( /100)

;4 =ignition delay,t;; =temperature at ignition delayg = t;7*~! p;;=pressure at ignition

delayzpig = par¥
Here,k =adiabatic indexzﬁ

Rearranging above equations
So,f1() =1 — (1 — AKVK2 andf, (1) = 1 — exp( — K3 x AX%) (4.40)

TheK value were defined as,

K1 =2+ 1.25 x 1078(1;4,N)%*

Where,N = r.p.m (4.41)
K2 = 5000 (4.42)
14.2
K3 = W (4.43)
K4 = 0.79(K3)%% (4.44)
Now, by differentiating,
dfy — K1-1 K1\(K2-1
ﬁ_mm(zm( ) x (1 — AKLyK2-1) (4.45)

~ 105~
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d
d—]} = K3 x K4 x A&+ D x (1 - f) (4.46)

dxp a dfy 1—adf,

— = 4.47

dg A0 dA + A0 dA ( )
So, the heat release and mass burn fraction wettedeas

dQ, dx, dQ

xn _ o, Z7b XL 4.48

do Qin do df ( )
Net heat input@;,,) could be expressed as:

Qin = msQryy (4-49)

Where,m; was the mass of fuel inside the combustion chaabheg, ;,, was the lower heating

value of fuel. Quantity of mass of fuel was takeant experimental results.

4.5 Thermodynamic Properties of intake air and Combustion

product

It was assumed that the compression ignition engineel could predict the engine
performance fueled with biodiesel. This model migbit be accurate for the biodiesel conditions,

but it could predict results close to experimengalilts.

In heat release calculation for the engine, theiipdeat ratio was the essential thermodynamic
factor.Gatowski et al. (1984) had developed a single zone heat release modetlmn the 1st
law of thermodynamics. It was widely used and hagbpsed a specific heat ratio model using a
mass burned fraction to calculate the specific bé#the burned and unburned mixture. In this
compression ignition engine model, it was assurhatithe specific heats of the gaseous species
varied with the engine cylinder temperature. Theat@n of specific heats of air was found in
the literature Abu Nada et al., 2007).

~ 106~
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The following equation calculated it.
Cp, = 2.506 X 1071 T2 4+ 1.454 X 1077 T} — 4.246 x 107"T,
+3.162 X 107°T 5 + 1.3303 — 1.512 x 10*T; 1 (4.50)
+3.063 X 10°T; 2 — 2.212 X 107T,;3

It was assumed that the air was an ideal gas andhikture contained 78.1% nitrogen, 20.95%
oxygen, 0.92% argon and 0.03% carbon dioxide (mmais). In a practical case, specific heats
of all the reactants and the combustion productse wemperature dependent. Generally, the
standard combustion products available from Biaalietend fuel were carbon dioxide, carbon

monoxide, water vapour, nitrogen, oxygen, hydrogam Oxides of nitrogen. Some of those
products had specific heats that were strongly nidgat on temperature. In contrast, specific
heats of other products were less dependent oretatpe. The most practical approach was to
calculate the specific heats of reactants and cetidsuproduct individually and then calculate

the summation of individual species-specific he&tsthe present work, the specific heat of

clearance volume due to exhaust gas residue rétimmuwas also calculated and added with the
reactant's specific heat. This model assumed tigatlearance volume was filled with exhaust
gas after each engine cycle and that exhaust gasieawas circulated again with fresh charge in

the next engine cycle. The molar specific heat egdsulated at constant pressure as

n
Comix = ) Coi ¥ (4.51)
i=1
Cpi were the molar specific heats argl were the mole fraction .

Thus, the specific heat of combustion product ctxeldalculated as:

Cp—mixproduct = Cpco,Yco, + CpcoYeo + CopryoYu,0 + Con, Yu, + Cpo, Yo,

+ CpNZYNZ + CpNz YNO

(4.52)
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The specific heat of clearance volume due to extgassrecirculation was calculated as:

n

Cp—clearence—vol = 2 Vci X Cpi—volumetric (4-53)

=1
V.; were the individual volume of exhaust gas residtieclearance volume of combustion

chamber.

Cpi-votumetric Were the individual volumetric specific heats whaust gas residue.

The specific heat of reactant air could be catedlas:

Cp_mixreac tant AIR = CpairYair + Cp—clearence—vol (4.54)

During the combustion, it was assumed that the dldimant travel throughout the combustion
chamber and the gases ahead of the flame werenetband had the same properties as an intake
air. The gases behind the flame front were assupoeded, and it had the properties of the

combustion product. Thus, the specific heat ofntiiddure could be calculated as:

Cp—mix = Cp_mixreactan t AIR X (1 - xb) + Cp_mixproduct X (xb) (4.55)

Xp Was the burned mass fraction. figure 4.3 showsdhiation of specific heats and specific heats
ratio and crank angle rotation in the present moa@redict the performance parameters. Both
the specific heats were increased with the incraasmperature during compression and power
stroke. However, the specific heat ratio had faleocessively that had been accounted for in the

present model.
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Figure 4.3: Variation of specific heats and specific heat®rakong crank angle rotation (from model)

In the present work, it was assumed that there wemdy seven species

(co,co,,H,0,0,,H,,N,, NO) in the combustion product. The chemical reactimrtombustion
could be written as,

a
Cey 02 - (0, + 3.76 - N,)

_>n1'C0+n2'602+n3'H20+n4'02+n5'H2+n6'N2 (456)
+Tl7-N0

y 1

Where a = h
L% ¢

This chemical reaction was valid for stoichiomeffgc = 1), rich (¢ > 1) and lean ¢ < 1)
mixture. It was assumed that there was no carbon monoxi@¢ {& Lean fuel-air mixture, and
for the rich fuel-air mixture, there was no oxygenthe combustion product. The value of

ny, Ny, N3, N4, Ns, Ng, N, denoted the number of mole of individual combustiooduct and value
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of x,y,1,a denoted the mole number of individual reactante Bblution of seven unknowns
(nq4,ny, n3,n4,n5,ng, ) required seven equations. The balancing of carbygen, hydrogen

and nitrogen atoms provided four equations.
Total of all combustion product mole fractions wassidered as 1.

Chemical equilibrium o 0,, H,0, CO, H, known as water gas shift reaction had been coreide

for the combustion.

CO + H,0 & CO, + H, (4.57)

The equilibrium constant() of this reaction was temperature dependent, tatso could be
calculated from moles of respective species, as:
. n, X Ng

= (4.58)

p

The value of equilibrium constant could be caladdrom the change in Gibbs function between
the gaseous constituents in the combustion prododt reactants at the combustion zone
temperature.

0 0 0 0

co, I, | Ico | IHr0, (4.59)
RT RT RT RT

Also, hypothetical equation considered presentddlkmsv,

k, = exp(—

1 1
And equilibrium constant for hypothetical reactmuld be written as:
ko = ———

From those seven equations, seven unknown valuescatulated.
4.6: Model validation with experimental results
Experimental results were taken from a VCR, 66t.%ingle cylinders Kirloskar diesel

engine (Table 4.1) to validate the thermodynamiwation single-zone model, using diesel, B5
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& B10 biodiesels (POME) at zero load conditionse Heating value of the B100 POME biodiesel

fuel was measured as 37.06 MJ/kg, and this wagaemes! in the developed model.

Table 4.1. Test Engine setup specifications

Engine 4 stroke, single combustion chamber, Clrengi
Fuel Diesel (biodiesel blends B5 & B10 during expent)
Bore 0.0875m
Stroke 0.110m
Displacement Volume 661.1 cc
Compression ratio 18:1

Predicted results and experimental results werepeogd (figure 4.4) at operating

condition 35° crank angle (CA) burning duration dadl injection time 11° (CA) Before Top
Dead Center (BTDC) at zero load conditions.

_________ Simulation data BO --------- Simulation POME B5 === Simulation data B10
65 65
Real Engine data BO

Real Engine POME B5 65 -

Real Engine data B10
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Figure 4.4: Comparison of simulation and experimental Cylinglexssure versus CA variation using BO,
B5 & B10

The comparison indicated a very close alignmert wie experimental data for BO and POME

B5 & B10 biodiesel blends. The ‘a’ and ‘n’ valueswaken as 4.5 and 3.3 in Weibe function to
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curve fit experimental data. Figure 4.5 shows thragarison regarding the burned mass fraction
between the prediction models with the experimengsllts. It was observed between the
experimental and simulation outcomes no or leaerdnce during the flame development
(Crank angle in the middle of 10% MFB to 50% MFByaad a recognizable difference during
the initial & final flame development (Crank angtethe middle of 0% MFB to 10% MFB and
50%MFB to 90% MFB). The simulated pressure cranylealifferences were relatively well
validated with the experimental results. Major ptes differences were observed betwedh-36
370 CA, specifically at 38 CA. The reason was the pressure drop caused vtporation of
fuel in actual engine. This result indicates tha thermodynamic simulation could finely

illustrate in-cylinder combustion.

— Simulation data

i

1 T —Real Engine data

0.6 //
0.4 //
0.2 /

335 345 355 365 375 385
Crank Angle (deg)

Mass Fraction Burned

Figure 4.5: Comparison of simulation and experimental Mass édrnaction relative to CA for BO.
4.7: Analysis of performance prediction with different biodiesels
Figure 4.6 shows that the cylinder pressure deeeloguring combustion has been

portrayed at zero, 25, 50, 75, 100 percent loaditons.
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Figure 4.6: Comparison of simulation and experimental Cylinpierssure and NHR results versus CA
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Load.
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In this model, the engine load change was congidbesed on actual fuel consumption and
equivalence ratio from the experimental resulthatsame engine load and speed (1500 rpm).
The fuel consumption and equivalence ratio incréasehe engine load advanced from zero, and
the engine speed remained constant during engiestipn. The maximum cylinder pressure
developed after TDC (360A) along with the thermodynamic simulation comtinrs pressure
versus CA (crank angle) results were compared e¥fierimental results at respective loads for
test fuels as petroleum Diesel (B0), NOME-Diesadrisl (NOME B10), and WVOME-Diesel
blend (WVOME B10). The comparison indicated a vepse understanding of all the test fuels'
experimental data in this research work. The aoyucd the NHR models of Cl engines was
strongly dependent on the ratio of the specificthkaan actual engine, specific heats ratio
depended on actual cylinder temperature, and tledey temperature depended on flame speed
apart from other parameters during combustionhiknrhodel, NHR was calculated based on the
single-zone model from literature as a functioryinder pressure, volume, specific heats ratio,
and crank angle. However, flame speed was notderesi for simplification. This consideration
might be why NHR simulation differs from the NHR @fperimental data in the early part of
combustion. Deviation in NHR (net heat releaseB@fNOME B10 & WVOME B10 test fuel at
different loading conditions are presented in feg4.6 (Secondary Y-axis) along with the
thermodynamic simulation. NHR versus CA results wasipared with experimental results at
respective loads for test fuels. NHR relied onmasifactors like consumption rate, lower heating
value, equivalence ratio, and fuel combustion dyalihe topmost NHR was observed after TDC
and in-between 360-370 degree CA for different llogdonditions. It was observed that at zero
percent load condition, maximum NHR was obtaineddiesel (BO) compared to NOME B10
& WVOME B10; this might be because of fuel type atim fuel consumption amount.
Nevertheless, at higher loading conditions, the Nif®ile for BO, NOME B10 & WVOME B10

was very similar, resulting in high fuel consumptior biodiesel blends.
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Figure 4.7 and figure 4.8 Indicated thermal efficig and Indicated SFC are presented separately,
obtained from the simulated thermodynamic modeé ffand matched the direction of BTE and
BSFC of an actual engine. It was observed thatiffierences in simulated ITE and ISFC and
was marginal between 0% to 25% engine loading ¢@mdi among BO, B5 and B10. Also, the
rise in ITE was very sharp between 0% to 25% loantitions. Where the drop of ISFC was
noticeable between 50% to 100% load conditions.
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Figure 4.7: Graphical illustration of the simulated Indicatb@tmal efficiency at different loading
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Figure 4.8: Graphical illustration of the simulated IndicatefeiCSat different loading conditions.
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4.8: Prediction on emission using different biodiesel blends

The simulated mole fraction of carbon monoxide (G@)ission as the combustion
products are presented in figure 4.9. In the sitrarianodel for the lean fuel-air mixture, there
was no carbon monoxide (CO), and for rich fueldixture, there was no oxygen in the
combustion product. At 25% load condition, the gglénce ratio for only diesel and B5 POME
blend was more significant, the value was gredian one (rich fuel-air mixture), but for B10
POME blend, the equivalence ratio was less than(leae fuel-air mixture). These equivalence
ratio values were taken from experimental datat Was why the CO mole fraction values of the
B10 POME blend was zero at 25% load condition. 3%Joad condition, the equivalence ratio
for only diesel was greater than one (rich fuelraixture), but for NOME and WVOME, the
equivalence ratio was less than one (lean fuakaiture). These equivalence ratio values were
taken from experimental data. That was why the @eriraction values for NOME & WVOME

were zero at 25% load condition.

1.00 1.00 4
090 | *BY o0 | *BO
> SANAT
0.80 - ONOME B10 0.80 | OPOME B5
: = APOME
.,g 070 4 A WVOME B10 . g 0.70 1 POME B10 .
S 0.60 S 0.60 - o
&= & &= A
S 0.50 . s 050 1 .
S 040 - S 0.40 4 o
0 030 > G 9 030 1 s 2
0.20 - & 0.20 - A
0.10 . 0.10 - *
]
0.00 @ o . ‘ 0.00 & A T T
0 25 50 75 100 0 25 50 75 100
Load Percentage Load Percentage

Figure 4.9: Graphical illustration of the simulated Carbon Mgitle emission at different loading

conditions.
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The simulated mole fraction of oxides of nitrog®&0Ok) emission as the combustion
products are presented in figure 4.10. However,Nfbx mole fraction values for diesel and
POME blends (B5 & B10) were not zero at zero loadditions. The mole fraction values were
about 0.0007, 0.0005, and 0.0004, respectively\Nfax. Also, the equilibrium constant value for
oxides of nitrogen formation was taken as a fumctibthe highest combustion temperature. The
peak temperature available from the simulated te$at POME blends was low compared to
diesel. That was why the simulated mole fractionesifor NOx emission were shallow and near
zero, but it was relatively more at peak load ctods. Though the NOx mole fraction values for
NOME & WVOME were not zero at 25% load conditiorheTmole fraction values were about
0.0007 and 0.0003, respectively, for NOx. The dgiiilm constant value for oxides of nitrogen
formation was taken as a function of the highesnlmastion temperature, and the peak
temperature available from the simulated resultbifmdiesel blends was low compared to diesel.

That was why the simulated mole fraction valuedNi@x emission were low compared to diesel.
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Figure 4.10: Graphical illustration of the simulated Oxides dfrbigen emission at different loading

conditions.
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4.9 Closure

The emission prediction model's purpose was toa@glwith the gas phase combustion
products produced from hydrocarbon fuel combust@mmtaining carbon, hydrogen, oxygen
atoms, and air. As the single-zone model impltes combustion product was assumed in a single
temperature and pressure for the entire combugtimsiuct mass. Also, the combustion products
available from diesel and biodiesel blend fuel weesssumed in mole fraction as carbon dioxide,
carbon monoxide, water vapour, nitrogen, oxygemlrdgen, and oxide of nitrogen. Therefore,
direct quantitative comparisons had not been doith experimental results but trend of
qualitative variation of different emission specesdifferent loading conditions were well

predicted.
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Conclusion and Future Scope

5.1 Conclusion

Biodiesel has stood out as a feasible, sustaipailer source because of its lower ozone-
depleting substance emission and its capabilityldorease reliance on imported petroleum
derivatives and satisfy the worldwide energy néaeherally, biodiesel has been delivered from
edible oils because of their low FFA. However, thailization has raised a few issues, such as
food versus fuel and numerous different issues gk influenced their financial suitability.
Hence, investigation of inedible and waste oils ragrease biodiesel's expense, particularly in
developing nations that can scarcely manage thieofdke significant expense of edible oils.
This research intended to deliver biodiesel fromas@xpected edible, inedible feedstocks and
waste oil. These oils incorporate; refined palfa¢is guineensis), unrefined neem (Azadirachta

indica), and Waste Vegetable oils.

Biodiesel was derived from edible palm, inedibleme and waste vegetable oil. The
essential fuel properties were tested and also acedpwith the literature results. Critical
parameters that influenced POME biodiesel yieldewsgtimized using the L9 Taguchi method
to achieve maximum yield. Also, the individual adloaition of critical parameters was
determined by ANOVA analytical method. Significamtitcomes from this section are the

following:

* The tested biodiesel properties (viscosity, calnfalue, density, and flash point)

revealed that POME, NOME, and WVOME were in clogmparison except for heating
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value. However, the tested properties were clos@n@rican and British biodiesel
standard values.

* Optimum biodiesel yield was obtained as 86.2% Wi catalyst concentration and 3
hours reaction time for POME using the Taguchi méth

 ANOVA computes Reaction time and percentage of Igsttaconcentration were the
utmost vital parameters, and its contributions we8s67% and 31.85% for POME
production. Contribution percentages of biodiesetlpction for M/O ratio and reaction
temperature were 16.69% and 12.79%.

The edible and inedible oil biodiesel blends (BA0BB15, and B20) were tested in a
variable compression ratio engine at three diffecempression ratios and five individual engine
load conditions. Combustion, performance, and dorissharacteristics were studied. Also,
energy in terms of shaft energy and associatedygriess and exergy as exergetic efficiency

were analyzed based on experimental results. Nogatzlysis from this section are the following:

¢ The maximum CP and NHR for the tested biodiesaiddenere lower, about 0.9% to

18% and 0.6% to 3%, at full load because of theelavalorific value compared to diesel.

* The peak NHR was lower for all the biodiesel bletids petroleum-based diesel at 0%

to 50% engine loads at different CR; at CR 16 pidsk NHR differences were noticeable
among the test fuels.

* The engine could successfully run on the testeddié$el blends with varying
compression ratios, 16, 17, and 18. The increasempression ratio max-CP was always
raised in the case of all test fuels. Howeverhathigher load conditions, the max-CP of
NOME blends was close to POME blends at CR 18 Isecani increased cylinder
temperature and oxygen availability.
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* B5 could replace the diesel fuel with a minimumlppeessure loss. Bringing down the
engine's CR from the standard value of 18 to 1&€d@ decrease in peak CP, and the
effect of CR was higher (31%) in the B5 biodiedehld compared to petroleum diesel
(25%).

» The SOC decreased with compression ratio hencimt¢hease in ignition delay. Lower
CR prompted lower gas temperature and therefogeloignition delay. It was observed
that with the increase in blending percentage SB€ decreased at each load, but at the
same time, with the increase in engine load, th€ BOreased for specific test fuels.

* There was a slight delay in peak NHR and the stadombustion with a drop in CR
because of excess fuel accumulation in the condrustiamber due to longer ignition
delay and lower in-chamber gas temperature ategahbing of combustion.

» Biodiesel blends (B5, B10, B15, and B20) in a diessgine could perform with
marginally lower brake thermal efficiency than dielsecause of the higher density and
lower calorific value.

* With an increase in the CR, the BTE increased lsatl increased BMEP. The rapid
rise in BTE occurred between 0% to 75% engine loadditions. Also, with the
expansion in CR, the BSFC values decreased.

» The shaft energy and energy loss in cooling waterewdecreased by 4% and 6%,
separately, with a CR change from 18 to 17. Moreotree shaft and cooling water's
energy declined by 9% and 16%, separately, forgham CR from 18:1 to 16:1. Energy
loss for exhaust gases and the unaccounted losgessed with CR reduction.

* The exergetic efficiency of inedible diesel-biodieblends (NOME B10 & WVOME
B10) was comparatively inadequate rather than d{@§g. B10 NOME blend produced

better exergetic efficiency compared to B10 WVOMISo, because of thermodynamic
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irreversibility, noticeable higher brake thermafi@éncy was observed compared to
exergetic efficiency.

» The emission of CO was the least for B20 amongddkefuels because of more oxygen
presence. At first, the CO emission reduced up Q% %ngine load and afterwards
abruptly increased at higher engine load becauge foel produced more smoke and
prevented oxidation of CO to GQherefore, emission increased.

* The decrease in CR increased CO emissions becawsdumsl accumulated at lower CR.
NOx emissions were more delicate to CR on engitigigcwith biodiesel blends than
petroleum diesel. On decreasing the CR from 18tdNDx emission was reduced by
around 33% for B20.

A single-zone model was developed based on thek csligter, cylinder pressure, heat
release, and combustion product models. The moge#dicted combustion results were
validated with the experimental results fueled vBthand B10 biodiesel blends. The simulated
model anticipated the indicated thermal efficieranryd indicated fuel consumption. Engine

emission CO and NO in terms of mole fraction weredrted from the model.

* The predicted MFB and the empirical data obtairredhfthe engine analysis were in
acceptable harmony.

* From the predicted pressure versus crank angleciirwas evident that the introduced
thermodynamic model's predictions were in appréeialgreement with the empirical
data. The anticipated CP had a noticeable differém¢he peak pressure (under +5%)
and the peak pressure position w.r.t crank anghelgu £5CA). Subsequently, the
introduced model was appropriate for thermodynarojcle examination of a

compression ignition engine for diesel and biodibtend (B5 & B10) fuel operation.
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The differences in simulated ITE and ISFC were nmalgoetween 0% to 25% engine
load conditions among BO, B5 and B10. Also, the iisITE was very sharp between 0%
to 25% load conditions. Where the drop of ISFC waticeable between 50% to 100%
load conditions.

The proposed exhaust emission model portrayed warassumptions impacts. The
predicted results show that the model forecastimgerms of mole fraction to determine
CO and NO emission from the engine. The simulat€ddxhission was found slightly

lower at low load conditions but relatively morepaiak load conditions.

Finally, the engine could run on biodiesel blendscessfully up to B20 without any significant

engine modification, but B5 and B10 gave a bettefggmance with overall lower emission than

B20.

5.2 Scope of future work

The present work on edible and inedible oil biogiegroduction, experimentation on the

unmodified engine, and development of a single-zZBhengine model fueled with biodiesel

blends can be extended further to explore many stt@pes. Some of them are as follows:

Optimization of engine performance employing regeosurface methodology could be
considered in future investigations.

Impact of biodiesel blends @umulative heat release.

Engine performance utilizing added substances tprdwe these biodiesel engine

performance and emission could be considered.

Several non-specialized restricting variables ofit@sel creation could be considered by

directing affectability investigation and life cgcanalysis (LCA).
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* The engine model boundaries, for example, equicaleatio, combustion duration, and
the start of combustion, were resolved experimbntal detailed investigation of these
boundaries could be considered which might proimptemonstration of the combustion
process with magnificent accuracy.

» The model could be supplanted by a two or three toermodynamic combustion model
for critical upgrades in the outcomes.

* With necessary analysis and modifications, theermirmethodology could be reached

out to predict turbocharged Cl engines with highiediesel blends.
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Annexure 1: Photographs of instruments

LASH - POINT
APPARATUS

Figure A1.3: Bomb calorimeter

(Picture Courtesy Chemical Engineering laboratory, Jadavpur University)
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Annexure 2

Technical Specification of the Instruments

Sl.No. Description Unit Data
Technical specifications of the diesel engine
1 Model type - Kirloskar TV1, Single-cylinder, 4-sk®
2 Type of injection - Direct
3 Rated power kw 3.5
4 Rated speed rpm 1500
5 Bore x Stroke mm 87.5x 110
6 Compression ratio - CR 17.5, Modified to VCR engine CR
range 12 to 18
7 Method of cooling - Water cooled
8 Piston type - Bowl-in-piston
9 Connecting Rod Length mm 234
10 Type of fuel injection - Pump-line-nozzle injectispstem
11 Number of valves - 2
12 Start of injection °CAbTDC 23
13 Nozzle opening pressure bar 210
14 Inlet valve opening °CADbTDC 4.5
15 Inlet valve closing °CAaBDC 355
16 Exhaust valve opening °CA bBDC 35.5
17 Exhaust valve closing °CAaTDC 4.5




Annexure 2: Technical Specification of the Instruments

Sl.No. Description Unit Data

Technical specifications of the Dynamometer

1 Model type Technomech, model TMEC10
2 Range 10BHP@1500- 5000 RPM
3 Dynamometer Loading Model AX-155 (Apex). Type constant
unit speed, Supply 230V AC.
Technical specifications of the Piezo sensor
1 Model type Model S111A22 (PCB Piezotronics),
Diaphragm stainless steel type & hermetic
sealed
Pressure Range psi 0- 5000
Sensitivity (£ 0.1 mV/psi) mV/psi 1.0
Temperature Range °C -73 1o +135
(Operating)
5 White coaxial Teflon Model 002C20 (PCB piezotronics), Length
cable 20 ft, Connections one end BNC plug and

another end 10-32 micro

6 Piezo powering unit Make-Apex, Model AX-409.
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Annexure 2: Technical Specification of the Instruments

Technical specifications of the other sensors, device and component

Sl.No. Description Data
Crank angle sensor Make Kubler, Model 8. K1S40.18860
1 Clamping/Synchro flange,

6x12.5mm shaft, Supply=5vVDC

Termination: 2m long axial cable

2 Temperature sensor Make Radix Type K, Ungroundbdath
Dia.6mmX110mmL, SS316,
Connection 1/4"BSP (M),

3 Temperature transmitter Make ABUSTEK, Model: Fr &p
Thermocouple (K), Range: 0 To 1200°C,
Output: 4-20 mA,
Power supply: 24 V DC,
Pre-calibrated to 1200 Deg C

4 Temperature sensor Make Radix, Type Pt100, SheatbrdmX110mmL,
SS316,
Connection 1/4"BSP(M),

5 Temperature transmitter Make ABUSTEK, Model: Fr &p

Input: PT-100, Range: 0 To 100°C,
Output: 4-20 mA,

Power supply: 24 V DC,
Pre-calibrated to 100 Deg C

6 Data acquisition device NI USB-6210 Bus Poweredévi€s Multifunction
DAQ Device, NI DAQmx driver Software
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Annexure 2: Technical Specification of the Instruments

7 Propeller shaft Make Hindustan Hardy Spicer, Mdd280, Type A
Sl.No. Description Data
8 Manometer Make Apex, Model MX-104,
Range 100-0-100 mm,
Type U tube,
9 Fuel measuring unit Make Apex, Glass, Model: FFR.01
10 Redwood Viscometer Working Temperature 94C
Electrically Heated Immerssion Heater
1 Sample Capacity.
11 Pensky-Martens  closedTemperature Range Ambient To 370°C,
cup flash point tester Manually Controlled Ramp,
430 W Power, Size 280 X 350 X 250 mm.
12 Bomb calorimeter Static Jacket Calorimetry,
2 Tests Per Hour,
Operator Time Per Test is 25 Minutes,
Manual Oxygen Fill, Manual Bucket Fill, Manual Bomb
Wash.
13 Load sensor Make Sensotronics Sanmar Ltd., Mod) 50
Type S beam, Universal, Capacity 0-50 kg
14 Load indicator Make ABUS, model SV8-DC10, 85 to YAT,
retransmission output 4-20 mA
15 Power supply Make Meanwell, model NES-15-24, O/R/20.7 A
16 Fuel flow transmitter Make Yokogawa, Model EJA110MS5J-912NN,
Calibration range 0-500 mm H20, Output linear
17 Air flow transmitter Make WIKA, Model SL-1-A-MQA-NEZA4Z-2727,
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Annexure 2: Technical Specification of the Instruments

output 4-20 mA, supply 10-30 Vdc, conn.
1/2"NPT(M), Range (-)25 - 0 mbar.

18 Rotameter Make Eureka Model PG 5, Range 25-250 Iph,
Connection %" BSP vertical, screwed

19 Rotameter Make Eureka Model PG 6, Range 40-400 Iph,
Connection %" BSP vertical, screwed

20 Water Pump Make Kirloskar, Model Mini 18S, HP 0S%ze 1" x 17,
Single ph 230 V AC

21 Engine software ‘ICEngineSoft_9_0’

engine combustion and performance analysis software
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