ABSTRACT

SRIRAM, SUBASH Performance and Emissi®iesting of Mixtures of Diesel Extracts of
Bio-oil and Eugenol in Diese{Under the direction dDr. Tiegang Fang

Internal combustion engines have been an integral part of modern civilization and
have been responsible for the advancement of different sectors ranging from transportation to
agriculture. Their dominance has been under question during the past dechdles wit
argument that they continuertmainly use fossil fuels. Fossil fuels are Ammewable and
also cause a lot of pollution as a result of their emissions which can lead to dire
consequences. Currently, engines cannot be completely replaced with aiegimealogy
that solves the issues of finite fuel supply and pollutidreyneed to bemprovedwith
respect to their source of energy, so as to smoothly transition to more sustainable alternatives.

This thesis is an investigation affewpossible alterative fuel sources that might
help move towards renewable and clean enfgiternal combustion engines. A
compression ignitioenginetest cell wasisedfor this objective. The first experimewas
conducted using a mixture of diesel extracts ofdiian diesel. A process of liquiiquid
extraction was carried out on wood pyrolysis oil. The performance of this fuel was
comparable to that of commercial dieartl itwas superioto diesel in terms of fuel
consumption, at moderate load conditions. iggdrbon andNOy emissions were reduced
with the use of this fuel.

The next experiment was to investigate the effect of eugenol, which was a major
component in the mixturegted in the previous experimeiugenol was mixed with diesel
in different propaetions andts performance and emissions during combustiontestsd. It

was seen that this mixture too was comparable to diesel in terms of performance but



consumed more fuel than when diesel wsad. There was a reduction ydhocarbon and
soot concetnations butNOy levels at high loadsere obseved to be highethan with the use
of diesel. This study provided new insights into the use of eugeaghadure with diesel at
relatively higher concentrations.

It is clear that bieoil based fuels havéaé potential to reduce pollutagmissions
from engines when compared to diesel. Howgterfuel consumption was highan the
case of eugenol mixtures and it reduced emissions only in a few Easiéer
experimentation with different concentrations and different organic componentsumake
needed to verify these findings. Novel methods of using diesel ardidsiel in liquidliquid
extraction of bioil components have been tested successiilo, the positive trends
observed in this study encourage the testing of these fuels in engines witldsarte

largescale practicalapplications and under a wide range of load conditions.
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CHAPTER 1

INTRODUCTION
Internal Combustion engines, first built in thé"Bentury, remain till date, one of the main
technological advancement for the conversion of chemical energy to other useful forms.
These engines have played a major role in the development of the wantshecby
dominating the transportation sector and continue to do so till date. In 1997, diesel accounted
for 95% of the freight tomiles of the world1]. Diesel accounts for 22% of the energy
consumed byhe US transportation sector in the year 2[2]4Besides this, three other key
sectors that heavilsely on diesel as a fuel are agriculture, construction and mining. The role
tha diesel and diesel engines play in the modern world is evident and research towards its
advancement is justified. It is safe to conclude that diesel engines will remain popular as they
also provide certain physical advantages like high efficiency, higlepeveight ratio and
scalability[3]. Several factors have prompted research not only in improving the
performance of diesel engines but in the search for alternative fuels. One key factor is the
diminishing fassil fuel reserves on this planvehile at the same timéheir increasing
consumptiorf4]. It is estimated that world oil reserves will be depleted by the year 2051 and
alsobyte year 2100 the worl ddés energy [Blemand
This calls for immediate and urgent solutions for alternate fuels. Also from aesmomic
standpoint, dependence on a handfdlels is strategically unstable as was evident in the
Energy crisis of the 1970s in the USA. One other major cause for concern regarding diesel

engine combustion is its emissions. From a sustainability standpoint, it is our duty to protect



the planet fronthe ramifications of our development. This is also enforced by governmental
agencies in th form of strict emission norms, the most significant of which is the Tier 3

standards for motor vehicles which, starting in 2017 will enforce significant constaints

NOx, carbon monoxide and hydrocarbons which are emitted from motor vdbicl&hese

are some of the main emissions from a compression ignition er@finer Greenhous Gases

are dso emitted whsh contribute to global arming[5]. Rising costs, depletingserves as

well as pollution caused Hyssil fuelscall for the development of alternative fuels and fuel

blends to power compression ifjon engines in a sustainable manner without comgsimg

too much on performandgé].

Thus, the objective of this study is investigate possible alternative fuels and undersitainehiivior

in compression ignition engines with an aim of possibly replacing diesel with sucloiftileésr

bl ends. The key concerns during this investi
the consequences of its usage. Thesfualist be renewable and their performance must be comparab
or exceed that of conventional fossil fuels (in this case, diesel) but must certainly result in a reducti

in emissions.



CHAPTER 2

EXPERIMENTAL SETUP
Thetest cell used for this stuaynsists of a diesel engine with appropriate sensors installed to collec
the requiredlata. Additonally, a water loading system aad exhast gas collection systewere also
implemented.
The diesel engine used is a 10 Horsepower, single cylingmlte, aircooled compression ignition
engine with a bore and stroke of 86mm and 72mm respectively and with a 19:1 compression ratio.
picture of this engine is shown in Figl2d. A summary of the specifications of this engine is given
in Table2.1 The main modification made to this engine was a threaded hole which was machined ir
the cylinder head to accommodate the Kistler 6052A pressure sensor, shown ir2 Rgbyewhich
was used to measure thedylinder pressure in real time. In addition te #dbbove mentioned pressure
sensor, several other sensors were used to facilitate data acquisition. The most important of these
the Omron E62B Shaft Encoder and the Cherry MP100701 Hall Effect Sensor which in conjunction
were incorporated into a geambattached to the flywheel as can be seen in F@3rab, to
accurately determine the Top Dead Centre Position. The Hall Effect s¢ssservedo measure the
speed of the engine.
This engine was loaded usind¥ -7D Go-Power Water Brake Dymaometerwhich isshown in
Figure2.4 ab. This called for the design and construction of a water gupgturn and cooling
mechanisnwhich was implemented using two water reservoirs, water pumps, control valves and
filters. A load cell connected to a SSI M51@Jiss Pressure transducer was used to measure the loac

on the engineThe load cellvas connected to the Water Dymame t er 6 s casing arr



transmit a perpendicular force proportional to the load on the efdirsecan also be seen in Figure
2.4 ab

The exhaust pipe had a®pe thermocouple with a Delta DTB 4842 digital readout to measure the
exhaust gas temperature. The end of the exhaust tail pipe ended in a hpllwetidnh which provided

a cylinderof exhaust gas of sufficient length to be dise measure the opacity of the exhaust smoke.
A Wager 6500 Smoke meter was used to measure this opacity. A picture of this setup is shown in
Figure2.5 andthe specifications of the metare listed in Table 2.20 prevent the soot from directly
contactirg and compromising the sensor, glass parese wet up in a wooden stand. The readings
were taken after the device was adjusted for the thickness of the two glass\#@Gés4000XDS

Gas Analyzer was used to measure the species concentration in the gabhalike species that were
measured were HC, CO, G@nd NQ. The display of thisnalyzercan be seen in Figu&6 and its
specifications are given in Table 2The fuel flow rate was calculated by using a METTLER PM4800
weighing scale.

All the datafrom the sensors was collected and was acquired by a National Instrumet4d® Qb

E4 data acquisition card via a S®B extension pin box. A custom National Instruments LabVIEW
program was developed to control this data acquisitibe.bnt panel othis program is shown in
Figure2.8. The collected data was then processed using a Microsoft Excel and MATLAB where

customprogramswere written and executed.



Table2.1: Engine Specifications

Engine

Single Cylinder, 4Stroke,Direct
Injection, VerticalOrientation

Compression Ratio

19:1

Bore x Stroke

86mm x 72mm

Method of Loading

Water brake dynamometer

Power

Method of Starting Electric
Method of Cooling Air Cooled
Type of Ignition Compression Ignition
Rated Power 10 HP
Rated Speed 3600 RPM
Initial Injection 17.0 Crank Angle Degrees before
Displacement 418 cc
Fuel Consumption at Rated 340 g/kW.hr

Table2.2 Wager Smoke Meter Specifications

Light Source LED- Gallium Phosphide 570 nm
Light Sensor Silicon Photo Diode with InfrareBilter
Opacity Meter +/- 1.0% Nominal, +10"digit
Accuracy
Range 0.0%- 100.0% opacity
Response Timg¢ 0.45s for O 90% opacity
Linearity +/- 1% from Oi 100% opacity

Table2.3: FGA 4000XDS Gas Analyzer Specifications

Measured Measured Range/ Techniques
Species
HC, CO,CQ Non-Dispersive Infrared (NDIR)
0O and NQ Chemical Cell
CO 0 to 10.00%
HC 0 to 10,000 ppm
CO, 0 to 20%
Oz 0 to 25%
NOx 0 to 4,000 ppm
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Figure2.1lab: Engine Test Cell Setup
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(@)

(b)

In-cylinder Pressure Sensor

Figure2.2 ab: Installation of Kistler6052A In-Cylinder Pressure Sensor

(@)
Gear box attached to Hall Shaft 1:2
flywheel Effect Encoder Speed
Sensor Reducing
Pulley

Figure2.3 ab: Gear box attached to flywheel



Shaft Coupling Water Dynamometer (b)

(@)

Load Cell

Figure2.4 Water Dynanometer Setup

Wager 6500 Opacity

Glass panes

T-Junction of Exhaust Tail pipe

Figure2.5. Opacity Meter Setup
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Figure2.7. Schematiof the Experimental Setup



P Kistler program v15 load cell update.vi

Ele Edt View Project Qperate Tools Window Help

Figure2.8: Front Panel of the LabVIEW data acquisition program
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CHAPTER 3

FUELS TESTED
3.1 Dieselextracts of bio-oil mixed with diesel
The first fuel that was tested is a mixture of Wood Pyrolysis oil extracts and diesel. The oil
used in this study was obtained by the pyrolysis of Loblolly pine wood and the oil was
upgraded by a technique called liciguid extraction.The aim was to dxact mainly the
phenolic compounds and to separate out water and organic Buslsechnique is further
discussed with the help of suitable references in the literature survey séc@bapter 4
The solvent used for this technique was diesel. Thraeaidn was carried out four times
resuling in a mixture consisting of% bio-oil extracts(by volume) in diesel. This mixture
was further mixed with diesel in the ratio of 10%, 50% and 100% with diesel resnlang
final concentration of 0.1%, 0.5% af®o diesel extracts of bioil in diesel.These fuels
were named E180, E900 and E1800 where the numbers correspioval timesthe
concentration of diesel extracts of fmd in the mixture, in parts per million.
The entire process of pyrolysis and ligiiquid extraction was carried out by Dr. Sunkyu
Parkbés research group i n saiNortiDCaplaaStateent o f
University.
Physically, the diesel extraat$ bio-oil in diesel, isa brown, viscous aillt has a high
concentratiorof phenolic compounds like guaiacol and eugenol. The concentrations of

different organic components of the fuel is provided@able3.1 below.
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Table 3.1: Concentrations of different organic compounds in the diesel extractsodf bio

Component Concertration (mg/L)

o-Cresot 233.3
p-Cresol 233.3
Guaiacol 483.3
2-Ethylphenol 16.7
3-Ethylphenol 75.0
4-Methylguaiacol 141.7
Catechol 141.7
3-Ethyl-5-methylphenol 100.0
4-Vinylguaiacol 116.7
4-Propenylphenol 33.3
Eugenol 41.7
Isoeugenol (cis) 33.3
Isoeugenol (trans) 133.3

12



3.2 Eugenol mixed with diesel

One of the main phenolic compound in the diesetacs of bio-oil mixture highlighted

above was eugendtugenol is a hydrocarbon liquid which is mainly extracted from essential
oils like clove oil, bay leaf etStudies have showBugenol to be a good diesel additive

when used directly or when it was a major compound in other substances like clove oil.
Thes studies have been discussed anltferature survey section of Chapter 5

In this study, eugenol was used as a fuel blend at slightly higher concentrations, as opposed
to their use as additives with very low concentrations in diesel. The aim of saghraise

was to isolate the role eugenol played in the enhancement of diesel combustion and its
feasibility to be used as a partial diesel fuel replacement. Although eugenol is relatively
expensive, if its role in combustion yieltdssorableresults, furtler studies can be performed
with other compounds with high eugenol concentrations. 99% pure eugenol was mixed with
commercially available diesel. Three ratios by volume were tested, ndebe(§% v/v), E10
(10% v/v) and E20 (20% v/vAs before commercilly avalable dieselwas usedSome of

the properties of the eugenol used is given in Taldle

13



Table 3.2: Properties of Eugenol

Chemical Name Eugenol
Synonym 4-Allyl -2-methoxyphenol, ;Methoxy-4-(2-propenyl)phenol,
Eugenic acid

Molecular formula | CigH1202

Molecular Weight | 164.2 g/mol

Purity 99%

Appearance Clear, light yellow, liquid
Density 1.067 g/cm3

Boiling Point 254 Celcius

Flash point 112 Celcius
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CHAPTER 4

PERFORMANCE AND EMISSION TESTING OF DIESEL -EXTRACTS OF BIO-OIL
MIXED WITH DIESEL

4.1 Abstract

An experiment wasonducted with the aim of testing the basic performance and emissions
behaviorof a bicoil extract mixtues with diesel. The extracts wegmoduced, ifst, by

making bieoil samples from the pyrgsis of Ldlolly pine wood. This sample wasen

subjected to liquidiquid extraction with diesel as a solvent. The diesel extracts efibare

then further mixed with diesel in three volume ratios,djre final concentrations of 0.1%,

0.5% and % of diesel extracts of bioil in diesel. These three mixtures are named E180,
E900 and E1800 to indicate diesel extracts ofdii@nd the concentration of the extracts in

the mixture. Diesel was used as a baseline fuel for comparison. The engine wasiaerat
2000 RPM and three load conditions were tested, namely, no load, 12.6 bar BMEP and 3.28
bar BMEP. Overall, the bioil extract mixtures exhibit a marginally lower indicated work
output and consequently, a higher mechanical efficiency than diesalrdpen work done

varied from 2.5% to 9% depending on the load conditions. However, the fuel consumption of
the mixtures is lower than diesel especially at low to moderate loads. There was not much
effectobservedin this regardyith increasinghe conentration of the extracts. The-in

cylinder pressure data was observed to be practically the same for all the fuels tested. A key
difference in the combustion characteristics was the longdidgrlelay which was

observed irthe bicoil extract mixtures.At no load, E900 showed the longest delay. At 1.26

15



bar BMEPand 3.27 bar BMERE180and E 180(had the longest delayrespectively.
Encouraging results were observed with respect to the emissions part of this experiment
wherein the HC antlOx emissions were significantly reduced with the use of thesedlo
extract mixtures. Th€QO, emissions remained comparable to those of diesel. In light of the
observations made in this experiment, these mixtures hold potential to address the
performance and emissionseds of tday. E900 appears to perform well at moderate loads
while E1800 is well suited for high loads. Further experimentation with slightly higher bio
oil extract concentrations and at wider load range is needed to further pursue this avenue.
Also theeffect of the major, individual phenolic components of these extracts can also be
studied in isolation to further pipoint their role in the combustion characteristics of these

fuels.

4.2 Literature Review

A good alternative that addresses sgsues of renewability, pollutioopmpatibility and
performance is bimnass. The use of bimass alsdavorsthe economy of agriculture based
countries. Biemass already plays a role in the energy sector by contributing to 13% of the
wor |l dos prdomamptior5k Biemagsyased fuels, which are calledbiels,

are already being encouraged by the government in the form of increased tax benefits and
other credit48]. This has acted as an impetus to further research into theseBieisnass

can be converted wtilizableforms of fuel by anaerobic digestion, hydrolysis, bio

photolysis, pyrolysis, liquefaction, dry combustion, gaaifon, and solvent extraction. Of
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these techniques, pyrolysis is the most promising. Pyrolysis is a process where the cellulose,
hemicellulose, and lignin of biomass is decomposed into solids, gases, and liquid products in
a hightemperature anaerobicveronment[9]. It usually yields solid, liquid and gaseous
products. Pyrolysis holds the advantage of high conversion efficiency, negligible waste, low
pressure operation and independent feedstock. With the choicéeoéuliftypes of bianass
available, the bimil obtained from wood, and hence called Wood Pyrolysis Oil (WPO) is
being explored in this present study. Wood pyrolysis is characterized by high density and
viscosity and has the tendency to form solid preaipg which can cause blockage in the fuel
injection systems of engines. Also, having a low ph value, it is acidic and causes corrosion
after long term operation. For these reasonspbioannot be used directly in engines

without certain modifications.his is made worse by a high oxygen content and low calorific
value. Such an attempt was madqd1] wheren modifications were made to the engine.
Stainless steel mesh filters were sued to capture particlesitmadd prefiltering with a

separate pressurized filtration rig. The fuel injector return was diverted to a separate reservoir
as buildup of particulates was expected to happen in the hot injector body. Also the fuel
supply system was modified to inckideamless transition between puredii@nd diesel

with a transition of nitratenriched ethanol to flush the system to prevent residue. In addition
to this, there was carbon builgh in the combustion chamber, exhaust valves and ports

calling for disasembly of the cylinder head and cleaning of the components after every
experimentA similar attempt is carried out §¥1] where despite the use of a ignition

enhancer, similar results were observed with theotid&ect bicoil. In light of all this, with
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the current technology, it is not practical to run puredlon anengine due to the major
engine modifications required. This means that theobineeds to be upgraded or altered in
some way to allovits use in engines without physical modifications.

Bio-oil consists of different, complex organic compounds with different functional groups
mixed together like alkenes, aromatics, phenols, guaiacols, furans, aldehydes, ketones and
alcohols. The main hindraa to suitable upgradation of bad is catalytic coking which is
the formationof coke due to polycondenstigolymerization reactionfd 2]. To cope with
this problem, two main approaches are followed. The first is®ficaltion with diesel or
bio-diesel along with a suitable emulsifié&r comprehensive review of bimel emulsions is
undertakenn [13]. Combustion efficiency improvemeand a reduction in particulate matter
andNOy emissions, were some of the general traits obseBEredlsification is a popular
technique but emulsion stability is an issjde] have shown that the emulsion is stable for
volume fraction less than 15%n orderto avoid this limitation and to explore other novel
methods, another approach has been attempted.

This second method involves the extraction and separation of the oxygen containing
functional groups from bioil and grouping them into separate phasess EEhpossible
because the different functional groups have distinct polarities.method is called solvent
extraction or liquidliquid extraction A solvent is used to separate the-bibinto two

phases, a watdike phase and an eike phaseThis methodology is not new in the study of
bio-oils but innovation is manifested in the intelligent use of the solvents. lonic liquids like

water have been used to extract components ebitsdike levoglucosan from bioil [15].
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Both phase separation and extraction occurred simultaneously. The aim was to find the
optimal amount of water for maximum levoglucosan extraction and it was found to be 1.3: 1,
water to bieoil ratio. An interesting study conducted 6] used dichloromethane as a
solventfor extraction water as an ansiolvent to enhance phase split and alsothnol as a
co-solvent to improve the solubility of the enhanceddiian diesel. Promising results were
obtainedfrom the resulting mixture which had a high concentration of phemaldow sugar

and water content. #lso displayed good combustion characterisiibe mixture was

studied for its combustion characteristics using thermogravimetry, differential sgannin
calorimetry and differential thermal gravity curves. The most combustion efficient fuel blend
was found to be 55% modified bal, 35% Xbutanol and 10% diesélhis method has even
been used to extract bail itself from Jatropha bimnass by using a@thnique called co

solvent extraction where an ionic as well as hydrocarbon based solvents were used together
[17]. The aim was to use this b@l as possible animal feed and so it was also desirable to
remove toxc phorbol esters from the brmass. Methanol was mixed with varying
concentration of [C2mim] MeSO4 or [C2mim] Ac. It was found that an optimum solution of
30% [C2mim] MeSO4 and 70% methanol completely extracted and separateddiieabib
removed 99% othe phorbol esterg&nother study usedrganic solventike hexane,

petroleum ether and chloroform. As before, water was used to separate o€ ditained

from the pyrolysis of Douglas fir pellets) into a wali&e phase. This was then mixed with

the three different organic solvents in different volume ratios for extraction of mainly

phenolic compounds and the removal of sugars and water. Hexane performed poorly in
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comparison to chloroform with a low extraction of phenolics as well as guaja2pl#\n
optimum volume ratio of 1:1 of chloroform and md was found to give a maximum yield
around 83 wt % guaiacols and 43 wt % phenols. This scheme resulted in about 66% of
organics in the solvent phas&he use of aganic solvents is common but the use of solvents
which can be used as fuels in themselves is not well researched. The closest study in this
regard is by18] where extraction was carried out witlater (phas separationand octane

or hexadecane (extractignyhere octane and hexadecane molecules were representative of
gasoline and diesel respectivelyne aqueous bioil obtained by mixing with water was then
mixed with octane or hexane in a weight ratid gf. Two schemes viz. sequential and
combined extraction were testéd.the case of combined extraction, both octane and
hexadecane showed similar concentration of phendlitdle sequential extraction was
preferred for the extractioof aceticacid without theorganic solvents partitioningto the
agueous phas# the currenexperiment, dieselas used a solvent thereby obtaining diesel
extracted bieoil and diesel extract3.he extraction was carried out four times in a multi
stage extraatin processlt has beershown that multstage extraction is 1.5 to 3 times more
efficient thansinglestage extraction for mosbmponents and can meet the demands of
industrial level productiofil9]. The bicoil used in the present studyas obtained by the fast
pyrolysis of clean pine wood. The diesel extracts ofdli@nd diesel are mixed and the
resulting mixture is used as a fuel. It was observed that the diesel extracts i.e., the solvent

phase showed a highrentration of phenolic compounds like guaiacol and eugenols. A
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brief flowchart is shown in Figur4.1that explains the process of producing the diesel

extracts of bieoil mixture

Loblolly pine

'

Debarked and size reduction

;

Impregnation
(S-0.5, S-1.1, S-1.5)

l

v
Fast pyrolysis
— |
v v v
NCG Bio-char Bio-oil
(BO-0.5, BO-1.1, BO-1.5)

Diesel extraction
\

v v
Diesel extracted bio-oil

Diesel extracts

Approximately 20-year-old

Under 0.5 mm and
10% moisture content

0.5% and 1% (w/v)
K,CO; solution for 72 h

Fluidized-bed reactor
500°C at inert atmosphere

Bio-o0il condensate (BOC) and
Bio-oil precipitate (BOP)

Extraction 4 times at a ratio of
1:2 (whv)

GC/MS identification and

(DE-0.5, DE-1.1, DE-1.5)  (DBO-0.5, DBO-1.1, DBO-1.5) Heating value calculation

Figure 4.1: Flowchart of diesel extracts of-oibproduction

Testingof fuels in diesel engines can be carried out in several ways. The aim of any such
testing procedure is to mimic relek operations in terms of speed, load and duration. In the
case of automobile engines, rigorous, standardized testing cycles can be tise present
case, the choice of engine and hence the method of testing is more general with the aim of
understanding the genetahaviorof the fuel rather than its specific characteristic in an
application. The experiment is approached in two Isalk@st is the performance testing
wherethework performed by the combustion of the fuel and its efficiency are tested. The

second part looks at the effect it has on the environment in terms of pollution. This kind of
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testing has been performed extenlsivrit with different types of bioil fuels which had

been extracted from different sources through a variety of proces§2g], I@offee Bean
Residual Pyrolysis oil was emulsified with diesel in different propost@nd tested. Firstly,

with higher bieoil concentration, the ignition delay was increased. This can be attributed to
the higher density and viscosity of thedoibh Consequently, the peak pressure in the

cylinder slightly increased as there was morestior proper mixing of the charge. Also for a
given rotational speed, the indicated thermal efficiency decreased with higheer bio
concentration, when compared to diesel and this difference was even more exaggerated at
very high and very low speeds. $etuse of biail was suggested for intermediate

rotational speeds of about 2000 rpm. It was also observed that increasddcbiacentration
reduced thé&Oyx concentration but in some cases incredise smoke density, which can be
attributed to the infieor quality of combustion due to higher water content, the presence of
unwanted sulphur and overall inefficient combustion. A better understanding of the
performance of bimil can be sought by comparing it directly with diesel. This is done in

[21] where three bimils are emulsified with diesel. They were obtained from Prosopis
Juliflora seeds, Coconut shells and Kiker seeds and these were compared with a baseline fuel
of diesel. The Specific Fuel Consumption vggher for the bieoil mixtures than compared

to diesel. This waagainattributed to higher viscosity and density resulting in inferior quality
of combustion. The Brake Thermal Efficiency for all the fuels were nearly the same,
including diesel, with a miginal decrease for the bml mixtures as was expected from the

rise in SFC. The slow burning nature ofoits seemed to make the bads run hotter, as
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was observed with the slightly higher exhaust temperatumee As before the ignition delay
wasalso extended fahebio-oils, and the authors citied the lower combustion chamber
temperature due to the presence of wasathe reasqrthereby reducing the charge

temperature. In this experiment, the peak pressure for thalbiavas slightly lowertian that

of diesel. A similar trend was observed for the heat release rate also. Interesting observations
were made with respect to the smoke emitted from the engine. Toé xtures emitted

less smoke at all loadghen compared to diesel. Thiehavor appeared to be more

conclusive than the results published®]. The reasoning for this was thought to be

breaking up of the large droplets (formed due to higher density and viscosity) by the micro
explosions cawel by the heating of the water in the oils. This was termed as secondary
atomization NOx output was also reduced in the case of theodiemulsions. Hydrocarbon
concentration, on the other hand, increased for all load conditions due to flame quenching
caused by the high latent heat of vaporization of the water present in the caseibfThics

is also exacerbated by the slow combustion characteristics shown by these oils. As expected,
the poor combustion characteristics of-bibcaused higher CO coantrations in the

exhaustln [22], bio-oil obtained from the fast pyrolysis of lignocellulosic o@ass was

emulsified with dieseinh a mass ratio of 3:@nd tested in a diesel engine. This emulsion

showed a higheBSFC than dieselndhad a slight} higher peak cylinder pressure.

Uniquely, the heat release rate curve showed two peaks correspondingepéatate

combustion of WPO and diesel and these peaks were attributed teexpdosions

occurring in thecylinderwhen the water in the fuel is suddenly vaporiZdéee HC levels
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increased and was attributed to low cetane number and high ignition delajnckeszsed
levels of CO were observellie to incomplete combustioNOx levels were relatively lower
due tothe emulsions high water content. Due to tresence of oxygen in these fuels and
due to the micreexplosionsthe soot emitted from their combustion was observed to be
lower than that emitted by diesel. However a reversal in these trends were obskradd at

beyond 0.30.4 MPa.

In the current study, the bl mixture obtained from liquidiquid extraction using diesel
was tested to compare both its performance and emissions characteristics with diesel.
Although a few attempts have been made in théhggms of bieoil mixtures usng this
method,a comprehensivengine tesof the same has not been carried &utther, since the
solvent used is in itself a fuel, favorable results are expethesistudy attempts to verify

this by performing a perforrmae and emissions test on these fuels.

4.3 Experimental Procedure

For this experiment, the fuels were obtained from the Department egtFRioMaterials. A sample

of 1% of diesel extracts of Bioil in diesel was further mixed with diesel in thregios i.e., 10% by
volume, 50% by volume and 100% resulting final concentration of 0.1% in diesel, 0.5% in diesel
and 26 in dieselThese three mixtures are named as E180, E900 and E1800 which stawitsefor

the concentration of diesel extractdad-oil in the mixture, expressed in parts per millidhese

24



three samples weregted at three load conditiowhich corresponded to a brake mean effective
pressure of 0, 1.26 and 3.26 bar respectively. The speed chosen for this test was 2000eR&M.

load and speed conditions were arrived at with the aim of studyirmettaviorof the fuel over a wide
range of load conditions while keeping in mind the amount of fuel sample available for testing.

The engine was warmed up and set attreecttest couwlitions using diesel. The diesel was then
removed and replaced by the fuel to be tested. The engine wasdlio run for an additional 10
minutesto burn the residual diesel in the fuel supply systewh for the engin® settle down on the

new fuelbefore data was collected.

Once the test conditions of speed and load were verified by using the sensors, both performance a
emissions data was collected-dylinder pressure data was averaged and smoothened over 25 randc

cycles. Three trials were takendaaveraged for all other readings.

4.4 Results and Discussion

4.4.1Performance

The fundamental performance measure of a fuel combusting in an engine is the work that is
produced. The indicated work is the work obtained by integrating over the Pressure v
Volume curve. The indicated work discussed here is net indicated work which refers to the
work delivered to the piston over the entire fstnokes of the engine and the results are
presented in Figuré.2 Firstly, as the load increases, the indicatedkwlone increases as
expected. This is becautte engine will have to perform more work to overcome the

increase in the load while its speed remains constant at 2000 rpm. Observing the indicated
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work produced by the bioil mixtures, it is clear that is lower when compared to diesel.

There does not seem to be a direct correlation between the concentrations ebthe bio
extracts in diesel, with the work thatgeoduced. At no load conditipthere is a difference

of about 7.5 to 9% between the diemelracs of bic-oil mixtures and diesel, with the

maximum work seen at E900 with diesel. At 1.26 bar BMEP, the drop is about 2.5% between
pure diesel and the bl extract mixture but with an exception for E900 which shows an
increase of 2.38% when coamed with pure diesel. A similar pattern is seen at the higher

load of 3.28 bar BMEP where, the ld extract mixtures with diesel show a drop of about

3% when compared to pure diesel. However, an exception is observed at E180, where the
drop is marginaht 0.3%. A correlation between the indicated work and the ignition delay
experienced during the combustion of the fuels can be determined. FromZ&gwesee

that the ignition delagfor the bicoil mixtures are higher than that for diesel. This is

expected since the bioil mixture ismoreviscous and denser than pure diesel. The higher
ignition delay means the combustion occurs just after the Top Dead Centre, resulting in less
positive work output. The marginal drop at 3.28 bar BMEP for E180 cattriiied to the
identical ignition delays between the fmd mixture and pure diesel, in which case, a very
similar work output can be expectdte chemical kinetics of the mixture can also play a

role in the longer ignition delay and can contributeamgthe slow burningcharacteristics

of the bicoil extract mixtures.

The mechanical efficiency is the ratio of the brake power delivered by the engine to the

indicated power. By design, the brake power is kept constant at a particular load condition.
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Following the trend mentioned for indicated work, the mechanical efficiency increases with
increasing loadFigure 4.5. Also for a given load, the mechanical efficiency is higher for the
bio-oil mixtures owing to the lower indicated work output givenlyse fuels. At 1.26 bar
BMEP, the highest efficiency is observed by E1800 at 60.25% and at 3.28 bar BMEP, the
highest efficiency is observed at 81.4% by both E900 and E1800. As the variations in the
mechanical efficiency is solely due to the variationthaindicated work, the influence of
ignition delay on the indicated work also explains the trends observed for the mechanical
efficiency.

The Brake Specific Fuel Consumption (BSFC) is the ratio of the fuel consumed by the
engine and the brake power ibguced(Figure 4.4. The BSFC decreases with increasing

load as the brake work increases and dominates over the increase in the fuel consumption. At
1.26 bar BMEP, the lowest BSFC is observed by E180 and E900 with a value of 0.46654
kg/kWh and closely fébwed by E1800 which had a BSFC of 0.4734 kg/kWh. Although
these values are much lower than the value for diesel which was 0.5145 kg/kWh, it is clear
that the change in concentration ofdoibmixture has a minor effect on the BSFAR.3.28

bar BMEP, thaBSFC is for E180 and E900 are slightly higher than diesel while E1800 has
the same BSFCThe lower fuel consumption exhibited by the-bibextract mixturesat

1.26 bar BMEP¢an be due to better calorific value of the mixturéhédrmaechemical

analysisof these mixtures is required to gain more knowledge about this.
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4.4.21n-Cylinder Phenomena

The incylinder pressure is plotted as a function of crank angle aanthigzedn the basis

of both varying load and for different fisgeFor the four fuels under consideration the peak
pressure increases with increasing load and also the rate of pressure increase also increases as
the load increasewhich can be seen in Figures 4lband 4.%Db. This is in agreement with

the smaller igition delays observed in Figude5. In FiguresA.8 a-c, it is observed that at no

load, the peak pressure obtained by the diesel extracts-oil Innxtures is slightly lower

than that obtained by pure diesel. E1800 has the highest peak pressure bfFa23anong

the bicoil extract mixtures and the pressure peak decreases as-heditract

concentration decreases. It is also observed that there is no significant change in the rate of
pressure rise between the fuels as the curves for all tharfubks premixed combustion

stage are parallel to each other. At 1.26 bar BMEP, the peak pressures for all the fuels are
nearly the same with an exception with E900 which has a slightly higher peak pressure than
diesel, 5.907 MPa and E1800 has the loweakpressure &.81MPa. At 3.28 bar BMEP

load conditions, the same trend of lower peak pressure is observed for-thilentixtures

and again E1800 has the lowest peak pressure of 6.58 MPa but is only marginally lower than
E900 and E180. This trend ¢ifet bicoil extract mixtures having lower peak pressures

despite having a longer ignition delay can be explained by their higher viscosity and density.
This also explains the observation that E1800 has the lowest peak pressure under loaded
conditionsas E180 will be the most viscous and dense of theTlbeignition delay could

also push the point of peak pressure past TDC, wherein the instantaneous volume of the
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chamber is more and hence the recorded pressure by the same amount of gas is less. This

effectis clearly seen at 1.26 bar and 3.28 bar BMEP

The heat release rate plots give us information on the ignition delay experienced during
combustion and also shed light on behaviorof the combustion during the preixed and

diffusion stages. From Figes 4.9ab and 4.18-b, it is seen that for all the fuels tested, as the
load increases, the peak heat release rate increases as more work is done by the engine at
higher loads ahhence the rate at which heat is released should increase to provide more
work at the same operating speed. However Figuks-c show that for a given load, the
difference in the peak heat release rate is minor and negligible. Variations in the slope and
lateral deviation of the heat release curves is visible which points tewWeadariations in

ignition delay. As expected from the smaller ignition delay, the peak heat release rate occurs
earlier, away from TDC. The ignition delay is calculated from the heat release data and is
defined as the number of crank angles from the sta&combustion (which in this case is 343
degrees from Bottom Dead Centre) to the point where the heat release rate becomes positive.
This data is presented in Figuté&. The ignition delay is lower for all fuels when the load
increases. At no load the mean delay is about 11 degrees whereas it drops to 10.6 and 10.25
degrees at 1.26 bar and 3.28 bar BMEP, respectively. This is can be explained in terms of air
fuel ratio which are expected to be richer at higher loads, resulting in hotter combustion
temperatures which speed up the initial lag in the ignition of the charge resulting in lower

delay. At no load, the bioil extract mixtures exhibit higher ignition delays, kvihe highest
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being exhibited by E900 with a delay of 11.2 degrees. At 1.26 bar and 3.28 bar BMEP, the
same trend of higher ignition delay is observed but the highest is exhibited by E180 in the
former and E1800 in the latter loadndition,with delays 0fLl0.8 and 10.6 respectively. Also
the E180 showed the same ignition delay as pure diesel at 3.28 bar BM&Rend of
increased delay in the case of the-biloextract mixtures can be caused by the increased
density of these fuel#\s before, the cheroal kinetics can also play a role. The heat release
curves of the diesel extract mixtures seem to indicate that at higher loads, they exhibit slow
burning characteristics and are comparable to diesel at lower loads and this tendency is

manifested more abé¢ concentration increases.

The cumulative heat relea® the fuels at a given load are shown in Figutel2ab and
4.13ab and Figure 4.13c show the cumulative heat release for all the fuels at a given load.
At all load conditions, the cumulativeeat release of the bimil mixtures are lower than that

of pure diesel with an anomaly observed for E900 at 1.28 bar BMEP, thleecamulative

heat releases higher than that of diesel. Comparing kieat releaséor the bicoil extract
mixtures, a cleapattern is not apparent but the values are very similar to each other and lie
within 3 to 5% of each other. This might indicate that the concentration of to#l Ionixture
does not have a significant effect on the overall amount of heat that is releasgdhe

combustion process but overall, these mixtures release lesser heat than diesel.
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4.4.3Emissions

HC concentration is a good indication of the quality of combustion taking place in the
engine. From Figurd.15we see that the HC concentrati@duces with the increase in bio

oil extract concentration. At no load, E180 has almost no effect on the HC concentration but
at all other load conditions and concentrations the effect is very apparent, even for E180. The
decrease in HC can be attributedtte increase in oxygen content in the fuel which provides
more oxygen during the combustion process resulting in cleaner combustion. It is observed
that the lowest HC concentrations are observed for 1.26 bar BMEP. This is observed for the
highest extractoncentration namely, E180At 3.26 bar BMEPthe HC levels are higher
possibly due to the domination of the effect that a richerduehixture has on the

combustion characteristics. A richer mixture will result in more incomplete corabusti

which offsets the effect of increased oxygen

Carbon monoxide is formed by the incomplete combustion of carbon. From EigGreve

see that CO concentration decreases drastically at higher loads. At no load;diheXiract
mixtures emit about 0.103% of CChereas at 3.28 bar BMEP, diesel and E180 emit no CO
while E900 and E1800 exhibit trace amounts. This is expected as, at higher loads, the
combustion chamber is much warmer and hence better mixing of thaifueixture takes

place, resulting in cleaner mdoustion. The bi@il extract mixtures seem to have a slightly
higher CO concentration than diesel but show slight variations based on the load conditions.

Thehigher CO concentration can be explained by the higher density of tod bitxtures.
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They midht not break up into smaller particles thereby causing ineffective combustion. This
is despite the longer ignition delays and increased oxygen content in these mixtures. When
the engine is not loaded, the difference in concentration of the mixtures &tisat@n the

CO emitted. However at 1.26 bar and 3.26 bar BMEP, E1800 has a slightly higher CO

emission than E900.

Closely related to CO emissions is the Carbon dioX&) emissions. Following the

cleaner combustion that takes place at higher ldhds;arbon is oxidized in a clean or
complete manner to for@0; and hence th€O; concentration increases with load as can be
seen in Figurd.17. Additional carbon will be available as more fuel is burnt to produce
more work. The biail extract mixtureshow almost no variation when compared to diesel,
in terms of theCO; emitted. At no load, th€O; for these mixtures is marginally higher than
diesel, varying from 1.03% to 1.05%, as compared to 0.99% of diesel and at loaded

conditions, they arevenlower.

In Figure4.19, the exhaust gas temperatuféhe engine is presented. The gas temperaure
hotter as the load rises as more fuel is burnt and more heat is released. Comparingilthe bio
extract mixtures and diesel fuel, we see that thelimixtures run hotter than dieselth

respect to the temperature of the exhaust gas theyEmei is not much difference between
E180 and diesel but there is an increase in temperature at the other two concentrations. At

1.26 bar BMEP load condition, the maximum temperature is attained by E900 df312.3
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whereas diesel exhibited a temperature of ¥L0At 3.26 bar BMEP, E1800 has a higher
exhaust gas temperature of 4303Bwhile with diesel, a temperature of 425Qis

observed. This increase of the temperature can be attributed to the stronger secondary
combustion or diffusion combustion wherenabeat is released the later part of the
combustion. The increased ignition delay of thedalonixtures also contributes towards this
late heat releas@his higher secondary combustion can be seen in Fglfab and 4.1%

b, showthe heat rele@scurves for the bioil mixtures are slightly higher than the curve for
diesel.The observation that the temperature rise is not that significant at lower temperatures
and in the case of E180, it is lower than diesel seems to indicate that there acemyex
factors which influence exhaust temperature

NOx emissions are generally formed in high temperature environments. At higher loads, it is
expected that momdOy is emitted as the temperature of combustion is much hagherore

fuel is being burntrad more energy is being released at higher loBlis is what is observed
from Figure4.20 However, the bimil extract mixtures, in comparison to diesel, emit

slightly lower amount oNOx. TheNOx levels at no load vary between 10.6 ppm for E1800
and 283 ppm for diesel while at 3.28 bar BMEP, it varies from 279.6 ppm for E900 and
301.6 ppm for E180. This can be duédigheroxygen and water content in the fuel which
result in lowering the localized temperature in the combustion chamber thereby lotering
NOx formation.The delayedgnition also results in lower combustion temperattitewever

the trends seen in the heat release rate peaks do not reflect this cooling effect. This might

suggest that other factors like the bonding of the nitrogen ifuéhean come into play.
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4.5 Conclusion
An experiment was conducted to test ¢tbenbustion characteristics of diesel extractsiof b
oil mixed with diesel in three volume ratios. The evaluation was on the basis of performance
as well as emissions observeaim the combustion of the fuel. Some of the important
conclusions drawn from this experiment are shown below.
1. The indicated work produced by the {mid extract mixtures is slightly lower than
that produced by diesel. At no load, this decrease is about 7.5% to 9% and at higher
loads, the difference drops to about 2.4% to 3%. However exceptions were observed
for EQO0 and E180 where the indicated work was marginally higher than diesel, at
1.26 bar BMEP and 3.28 bar BMEP respectively. Following this trend, the
mechanical efficiency exhibited by the ld extract mixtures is slightly higher than
that of diesel sincthe brake work is constant by design and only the indicated work
affects the mechanical efficiency.
2. An encouraging performance observation is the drop in BSFC observed for-tike bio
extract mixtures when compared to diesel. Nearly, a 9% drop is obg$entkd bic
oil mixturesat 1.26 bar BMEPHowever, there waa slight increase in BSFC for
E180 and E900. Overall, the fuel consumption was slightly lower than diesel.
3. Analysis of the ircylinder pressure shows that the-bibextract mixtures exhibit a
slightly lower peak cylinder pressure but the decrease is very slight and for practical
purposes can be comparable to that of diesel. A contradiction is exhibited in the fact

that the longer ignition delay, which is derived from the heat release raigdiats
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4.

towards a longer mixing period for the d extract mixtures which should result in

a higher peak pressure. This apparent contradiction can possibly be explained by the
high density and viscosity of the mixtures which result in poor atomizatitre fuel
thereby producing lower pressures and also by the possibility of pushing the point of
maximum pressure past TDC, where the instantaneous volume is more.

A few encouraging results were observed for the emissions portion of the experiment,
the most important of which was the reduced HCMN&d concentration which was
exhibited by the biail extract mixtures. Also th€O, concentration remained fairly

the sane as that of dieselith minor drop in the emission level at higher lodtlese

are positive trends despite the higher exhaust temperature and the higher viscosity of
thesefuels in general and can be leveraged in future experimentation with different
extract concentrations.

The performance aspects of this experiment show that thall@gtract mixtures

tested are comparable to diesel in terms of the worlubthpy produce and are in

fact, superior in terms of fuel consumption at moderate loadsh®nother hand, the
emissions results further encourage the use of these mpdskey pollutants like

HC andNOy emissions are reduced by their use. At low to moderate loads, E900
seems to be the best performing fuel and at higher loads, E1800 ipnmymising.

Further experimentation with slightly higher concentrations at a wider load range can

provide a more comprehensive picture of what concentration can be used for different
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applications and these specific mixtures can be further studied fiofaasibility of

commercialization.
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Figure4.2 Indicated Work for all fuels at differeBiMEPs
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Figure4.3 Mechanical Efficiency for all fuels at different Brake Mean Effective Pressures
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Brake Specific Fuel Consumption
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Figure4.4: Brake Specific Fuel Consumption for all fuels at diffel@MEPSs
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Figure4.5: Ignition Delay for all fuels at differeBMEPs
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Plot of Pressure vs Crank Angle for Diesel Across Load
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Figure4.6. In-Cylinder pressure fdia) Diesel(b) E180 at differenBMEPs
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Plot of Pressure vs Crank Angle for E900 Across Load
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Figure4.7: In-Cylinder pressure fafa) E900(b) E1800 at differenBMEPs
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Plot of Pressure vs Crank Angle for No Load Across Fuels
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Figure4.8 In-Cylinder pressure ga) 0 bar(b) 1.26 baxc) 3.28 baBMEP for all the fuels
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Plot of Heat Release Rate vs Crank Angle for Diesel Across Load
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Plot of Heat Release Rate vs Crank Angle for E900 Across Load
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Figure4.1Q Heat release rate f¢a) E900(b) E1800 at differenBMEPS
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Plot of Heat Release Rate vs Crank Angle for No Load Across Fuels
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Figure4.11: Heat release rate @) 0 barb) 1.26 baic) 3.28 baBMEP for all fuels
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Plot of Cumulative Heat Release vs Crank Angle for Diesel Across Load
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Figure4.12: Cumulative heat release f(&) Diesel(b) E180 at differenBMEPSs
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Plot of Cumulative Heat Release vs Crank Angle for E900 Across Load
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Figure4.13 Cumulative heat release f@a) E900(b) E1800 at differenBMEPSs
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Plot of Cumulative Heat Release vs Crank Angle for No Load Across Fuels
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Hydrocarbon Concentration in Exhaust Gas
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Figure4.15 Hydrocarbon Emissions for all fuels across all loads
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Figure4.16 Carbon Monoxide Emissions for all fuels across all loads
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Carbon Dioxide Concentration in Exhaust Gas
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Figure4.17: Carbon Dioxide Emissions for all fuels across all loads
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Figure4.19 NOx emissions for all fuels across all loads
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