ABSTRACT

OGUNKOYA, DOLANIMI OLUGBENGA. Investigation of theEffects of Emerging
Alternative Fuels and Additives on Compression tigni Engine Performance, Combustion
and Emissions. (Under the direction of Dr. Tieg&ang.)

Internal combustion engines play a significanerol present society. The use of
internal combustion engines, however, has drawbardstly in the areas of fuel security and
pollutant emissions. Renewable fuels are meanshghwboth drawbacks may be resolved.
As renewable fuels can be produced through diftenesans and from different resources
with quite different properties, there is a needinolerstand the effects on their applications
in internal combustion engines. This dissertatiooutes on contributing to the use of
renewable fuels in internal combustion enginesdsfing and understanding the effects of

emerging alternative fuels and renewable additive®mpression-ignition engines.

The works discussed here were performed in a casj@ignition engine. In the
first set of experiment, the performance, combustiod emissions from an engine running
second generation biofuels, also called renewaldsetl were investigated. From this
experiment, it was determined that diesel engimopeance did not change much when run
on renewable diesel. Renewable diesel had longaitidg delays and resulted in
significantly lower engine emissions including samith the exception of hydrocarbon

emissions when compared to conventional diesel fuel

Another emerging second generation biofuel, cablemmass to liquid fuel (BTL),
was compared to diesel fuel and a first generabimdliesel. It was determined from the
result of this experiment that running a dieselieagn BTL improved fuel economy and
thermal efficiency. The mechanical efficiency oé tengine running on BTL was found to be

similar to that of diesel and biodiesel as engwedlincreased. BTL was also observed to



have a shorter ignition delay when compared to enhenal diesel but longer ignition delay
when compared to biodiesel. Overall, diesel engumening on BTL had lower engine

emissions with the exception of N®hen compared to diesel.

The third experiment is a slight deviation from ttlecept of renewable fuels. In this
experiment, fuel in water emulsion using a renewahlrfactant (carboxymethylated Kraft
Lignin) was used in the engine. Three differeniducluding diesel, biodiesel and jet fuel,
were used in making the fuel emulsions. The fuelilsons generally resulted in improved
engine performance but poorer fuel consumption. si@leming fuel content only in the
emulsions, fuel economy became better than the hesde with the exception of jet fuel.
Fuel emulsions had longer ignition delays than rtHese fuel counter parts. Engine

emissions of fuel emulsions depend on engine adpgrabnditions and the type of base fuel.

The final study performed in this dissertation feed on the use of renewable fuel
additives. These additives, catechol, vanillin, igoal, vanillin ester, catechol ester were
obtained from the pyrolysis of lignin, a renewabtempound. It was found from this study
that when dissolved in a solvent and added in sqadhtities to diesel fuel as an additive,
most of the compounds resulted in a better engeropnance. With the exception of
vanillin ester, the compounds mostly had littlentoimpact on the combustion profile of the

engine but still resulted in much lower emissiorgew compared to diesel.

All these results have been positive especialhhwi#gards to emissions reduction
with the additional bonus of been from renewabl@rses. It is clear then that fuels and fuel
additives from renewable sources have the potefaraimproving the internal combustion

engine with better combustion and lower emissions.
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CHAPTER 1

INTRODUCTION

Modern Internal combustion engines are a form odt hengines which convert
chemical energy in a fuel into useful work. Theses vary but their presence is more readily
felt in both the energy generation sector and éntthnsportation sector. As of 2012, roughly
254 million vehicles were registered in the UnitSthtes alone [1] with transportation
accounting for 28% of total energy consumption if2the US. Most internal combustion
engines today are powered by fossil fuels which fast depleting and prone to price
variations based on the will of a few oil producmations like the Organization of Petroleum

Exporting Countries (OPEC).

The vast majority of internal combustion enginesuge today as suggested by the
above US statistics tell two tales. The first ofiethis the need for a high volume of fuel to
power internal combustion engines on a daily basd the second suggests a significant
pollution problem. To tackle the issue of emissjoiie governments of most developed
countries have set stringent emissions standardshwdpet stricter every year. Engine
manufacturers have sought to improve the perforedncmaking more efficient engines
and by tackling the emissions directly through @asi after-treatment systems. An example
of which is the Cummins after-treatment system showFig.1 which makes use of several

emissions reduction systems to target specificrengmissions.
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Figure 1.0: Cummins Aftertreatment System [3].

In order to solve the fuel issue, a lot of work lh@en done to find alternative fuel
sources and replacements to the internal combustigime. The most commonly used fuel
alternatives are renewable fuels which are moréess carbon dioxide (G neutral [4].
This means that during the combustion processatheunt of CQ set free is simply the
same amount that was used up in growing the bioosess for producing the renewable fuel.
Apart from the obvious benefits of having a O@utral source, there is also no concern that
the fuel would run out. Renewable fuels in the foofnsecond generation biofuels like

biomass to liquid fuels and green diesel are begmeered for specific purposes.

Unfortunately, the replacement of internal combarstngines for automobile use has

yet to be very successful. The most common replaoéfor the internal combustion engine



is the electric vehicle of which less than 100 gsamd were sold [2] compared to the 15.6
million cars sold in the United States in 2013[3, B would seem then that internal

combustion engines are not likely going to be ptiasé anytime soon.

1.2 OBJECTIVE

The works presented in this dissertation are attentp better understand the
feasibility of various emerging renewable fuels additives and their effects when used in a
compression-ignition engine. These works will stillg effect of different renewable fuels
and additives made from a renewable source onldeggne performance, combustion and
emissions. The overall objective is to determingractical fuel alternative with similar or
better performance characteristics to standardlfagds (diesel) while also offering, more

importantly, a reduction in engine emissions.

The fuels that were studied in this work incluhéo sets of second generation
biofuels (green diesel fuels and biomass to liquals) and oil in water fuel emulsions. The
additives studied are lignin derived compoundsmiost of the cases studied, the fuel or
additive blend is compared with diesel fuel whishypically used as the benchmark as well

as conventional biodiesel and jet-fuel in someanses.



CHAPTER 2

LITERATURE REVIEW

There are two types of internal combustion engigpgally in use today, the spark
ignition engine and the compression ignition endidiesel engine) based on the mode of
ignition. In an Sl engine, combustion per cyclertstavith the use of a spark plug which
produces an electric discharge that ignites thedumamixture inside the engine combustion
chamber. In a compression ignition engine, combasis initiated when fuel-air mixture
auto ignites as a result of high temperature aedsure in the combustion chamber from the

compression of air.

Compression ignition (Cl) engines are more effitiand have much higher torque
capacities than spark ignition engines [7]. Thécefhcy of Cl engines comes as a result of
been able to vary engine speed by changing theflim&l to the engine unlike SI engine
which require the throttling of air into the engime order to adjust engine speed. Other
advantages compression ignition engines have ig thigh compression ratios 12-24
compared to 8-11 for Sl engines. Compression riattbe ratio of the total cylinder volume
(sum of the clearance volume and the displacemelnime) to the clearance volume. The
higher compression ratio of Cl engines means aehigfficiency since more power can be
generated from combustion of the fuel air mixturéhe combustion chamber. The downside
to using compression ignition engines lies in timgher exhaust emissions when compared

to spark ignition engines.



The search for and optimization of renewable fueld additives, requires that not
only do these fuels have to solve the problemsceatsal with internal combustion engines
(ICE), they should also not have major detrimeetédcts on the engine. As such there is a
need to better understand their effects in ICEgiquaarly on engine performance and
emissions. Furthermore, to better understand thesition from chemical energy to
mechanical energy for these fuels; it is desirablalso understand their combustion in

internal combustion engines.

2.1 Engine Performance Characteristics

The engine performance parameters of interest ar&,wower, torque and specific
fuel consumption. Engine performance is most oftletermined with the use of a
dynamometer coupled to an engine output shaft. o Ad importance are the various

efficiencies associated with ICEs.

Work is the output of the engine. In an ICE, wheel{fair combustion takes place the
force generated drives the piston. The effect efftice acting on the piston is the indicated
work. The actual work out from the engine at thafsits the Brake work and is less than the
indicated work as a result of mechanical and ptcakisses on the engine [8]. Indicated

work is determined as shown in equations 2.0 ahd 2.

W = PAdX
(2.0)

Where P is the pressure acting on the pistgns Ahe area of the piston surface where



combusting gases act on and dx is the distancelleaby the piston.
W = Pdv
(2.2)
dv in equation 2.1 is given byyéx. Brake work can be determined from the indicatedk
by subtracting work loss due to friction and paradoads as shown in equation 2.2. Where
W, and W are the brake work and the work loss due to macakhand parasitic losses
respectively.
Wp = Wi—W (2.2)

Mean Effective Pressure (MEP) is the average pregser cycle in the engine. It is

the ratio of the work per cycle to the displacemariume. Depending on the type of work

used, MEP can be indicated or brake mean effeptiessure.

Torque is force multiplied by the perpendiculartaiice. For a four stroke engine,

the torque is given in equation 2.3.

=— (2.3)
Where bmep is the brake mean effective pressure.
Power ( ) is the rate of work done by the engine.
=— (2.4)
Where, W is the work done by the engine, N is thgiree speed and n is the number of

revolutions per cycle. Depending on the type ofkmased, power can be indicated or brake

power.



Specific fuel consumption (SFC) is a measure of bfectively the fuel consumed is
used to provide power. As it is a factor that isedmined based on the type of power used,
SFC can be either indicated or brake. The equdtiodetermining SFC is given in equation

2.5.
Sfc =— (2.5)
Three primary efficiencies are of importance iremtal combustion engines they are
mechanical efficiency, thermal efficiency and voktnt efficiency. Engine combustion
efficiency can be as high as 95-98% and it accofantshe fraction of fuel that is used up

during combustion [8].

For an engine, the mechanical efficiency is theratt the power output to the power input.
(2.6)

Engine thermal efficiency is a measure of the arhofiheat energy input that is made to do

useful work in one cycle.
— (2.7)

Where, Qin is the product of the mass flow ratéuef, the heating value and the combustion

efficiency of the fuel.

2.2 COMBUSTION
The combustion of fuel in an internal combustiogiea is the most important aspect
of the engine. It governs not only the performaoicthe engine but also the emissions out of

the engine. As the studies in this dissertatiorevedircarried out in a diesel engine, a brief



description of the combustion process and somertsas are described here.

Combustion in a diesel engine begins when fuel ngcted into the engine
combustion chamber containing hot compressed aemnigh pressure. Fuel is injected into
the engine combustion chamber as a spray whiclwvslfor fuel atomization, the injected
fuel is then vaporized rapidly as a result of tighltemperature in the chamber. The mixing
of air and vaporized fuel is non-homogenous ineseliengine combustion chamber and as a
result, combustion takes place at many differecations within the chamber.

Combustion in a diesel engine can be accountethféour different steps; ignition
delay, premixed combustion, mixing controlled costinn and the late combustion phase
[9]. Ignition delay phase is the period between skaat of fuel injection and the start of
combustion in an engine’s combustion chamber. Théion delay phase is followed by a
premixed combustion phase. In this phase, the cetidouof fuel-air mixture occurs very
rapidly in the engine combustion chamber over a éeank angle degrees. Following the
premixed combustion phase is the mixing controfledse in which the rate of heat release
in the chamber is controlled by the rate at whighlfair mixtures becomes available for
combustion. The late combustion phase allows fercttmbustion of whatever unburned fuel
is left at the end of the previous phases andsisamsible for much lower heat release.

Combustion progress in an engine cylinder may balyaed from in-cylinder
pressure measurements. In particular heat releésecumulative heat release and fuel mass

burning rate. Heat release rate may be calculatesing equation 2.8.



"

= (D (2.8)

" "
— is the apparent net heat release rate, P and pressure and volume respectively with

been the ratio of specific hea%))(with a value of 1.35.

2.3 Engine Emissions

Unburned hydrocarbon, Carbon monoxide, oxides tioyen (NO and N¢g) and particulate
matter are the currently regulated emissions frorernal combustion engines. These
emissions pose several risks to both humans anehitiie as a whole. As all of this work was
done in a diesel engine, the four controlled erarssiwill be discussed from the perspective

of the diesel engine.

2.3.1 Unburned Hydrocarbons

Engine hydrocarbon emissions are a result of inder@pgombustion of hydrocarbon fuel.
About 40% of exhaust hydrocarbon is made up of umdxl fuel with the remaining 60%
been smaller components of the original fuel uguadl a result of thermal cracking [8]. The
thermal cracking of hydrocarbon fuels means thatringe of hydrocarbon in the exhaust
can vary from small hydrocarbons such as methameuich large hydrocarbons depending
on the constituents of the fuel. Hydrocarbon fuwea be reactive or non-reactive based on
how well they can form oxidants in photochemicabgnechemistry [8]. Fuels containing high
aromatic and alkene contents produce higher coratemt of hydrocarbons. Fuel-air

combustion is the principal cause of hydrocarborssions in diesel engines. A very fuel



rich mixture, results in poor incomplete combustwamch as a result leads to unburned fuel
vapor remaining in the combustion chamber which maynay not be consumed by slow
thermal oxidation during engine expansion phaseve#y lean fuel-air mixture would not

support auto ignition and flame propagation [9].egdl engine operating conditions
significantly affect hydrocarbon emissions. Idledahght engine operating conditions

produce higher hydrocarbon emissions than high loaatitions. Other factors that may
affect HC emissions are the amount of fuel injectand the combustion chamber wall

guenching.

2.3.2 Carbon Monoxide

Carbon monoxide is a colorless, odorless oxideadfan formed from the incomplete
combustion of a hydrocarbon typically as a restiliess air particularly oxygen. As diesel
engines are generally air rich, carbon monoxidessioins are very small as most of the

hydrocarbon fuel reacts to form GO

2.3.3 Oxides of Nitrogen (N

NO, from vehicle engine exhaust leads to acid rainpgs@and may lead to severe
respiratory problems and as such vehicle,@issions are limited by various government
agencies. Nitric oxide (NO) and Nitrogen dioxideQ@)l are two important oxides of
Nitrogen formed in internal combustion engines. réhare several mechanisms associated
with NOy formation and they include the zel'dovich (Themidt) mechanism, Prompt NO
mechanism, Fuel bound Nitrogen route, NGute and MO route. Thermal NOmechanism

is the primary NO mechanism from the combustiohyafrocarbon fuels without Nitrogen.



This mechanism consists of three principal reastid9]

O+N; == NO+N (1)
N+0, === NO+O (2)
N+OH<—= NO+H (3)

Reaction 1 is the rate determining step but becafifiee strong triple bond in J\Nit
has a high activation energy which makes the readast only at high temperatures. NO
formation through this mechanism occurs in the glashe gases with the reaction only
occurring at temperatures above 1800k [10]. NO &rom rate through the thermal

mechanism is dependent on the concentration@mnd O.

The rapid reaction of hydrocarbon radicals with @calar Nitrogen from the
combustion of hydrocarbon fuels leads to the foromabf amines and hydrocyanic acids that

react to form prompt NO. Reaction 4 below is resiae for prompt NO formation.

CH+N, +=—, HCN + N 4)

NO formation is determined by the peak temperatiueng combustion. At low
temperatures (1000k), low pressures in a lamirsandl and fuel-rich mixtures, the Fenmore
mechanism dominates. On the other hand at a higheyerature (1800k) and high pressure,

thermal NO mechanism dominates [10].



2.3.4 Particulates

Particulates from a diesel engine are made up laf sarbon compounds usually in
the form of soot and are generated as a restitteoincomplete combustion of hydrocarbon
fuels as well some of the lubrication oil inside ttombustion chamber. Temperatures in the
engine exhaust and particulate treatment systemestahe composition of soot. Above
500°C, individual soot particles are made up prilpmaof small carbon spheres. At
temperatures below 500°C however, this individoak articles absorb organic compounds
of high molecular weights such as hydrocarbonsrestand acids [9]. Diesel engine
particulate emissions can be reduced with the Hpes#iculate filters (DPF).The three main
technologies used in DPFs are wall flow filter,t@diflow filter and diesel oxidation catalyst
[11]. Most diesel particulate filters work by trapg soot particles from engine exhaust in
channels made of ceramic and other materials. Thises allow exhaust gases to flow
through but trap soot particles and as such filkerge to undergo a regeneration cycle to

oxidize accumulated soot.

2.4 Fuels and Additives Studied
2.4.1 Biodiesel

Biodiesel is a type of biofuel made from the trasserification process and involves
reaction of a feed stock, usually oil or fatty acfcom oil, with an alcohol in the presence of
a catalyst [7]. The end product of the trans-efstation process is a fatty acid methyl ester
(FAME), also called biodiesel. Biodiesel has sevbemefits over conventional fossil diesel;

it is renewable, non- toxic, has a greater lubyjagenerally lower emissions and most of all



has similar properties as convention fossil digdé&l]. Various experiments have been

conducted to determine the performance of biodiesengine performance.

Work done by the authors [13] on methyl soyate ddenwith diesel ranging from 10 -
75% by volume of biodiesel suggest significant iatéion between the effect of fuel blend
and engine speed on power. The use of B10 (10%ohyne methyl soyate) resulted in an
engine power output increase of 4.06% when comperetiesel and decreases to 1.79%
when B20 was used. Increase in the concentratiomethyl soyate to 30% by volume
resulted in a further decrease in power output%.&8ver than the diesel power output. This
trend continued till a decrease in power outputabbut 30% was observed when 100%
Methyl soyate concentration was used. The refits [13] are in agreement with results in
[14] in which a blend of biodiesel (B8) had a stighhigher brake power than diesel while
the other biodiesel blends had lower brake powan tiesel. The decrease in power can be

attributed to the low heating value of the mettoyate biodiesel fuel.

The general consensus is that specific fuel conomor biodiesel is higher than
for diesel and that it increases with increasimgl@sel concentration in the biodiesel-diesel
blend [14, 15, 16]. The effect of diesel and bisdiduels on the brake thermal efficiency of
an engine are regarded to be somewhat the sameaf1b¢ same loads and engine speeds
with diesel having a slightly higher brake thernefficiency [14]. This results is further
corroborated by [14], results obtained showed thatbrake thermal efficiency for Jatropha

biodiesel was lower than that of diesel at any igivgection timing, load and speed.



Biodiesel- diesel fuel blends with low biodieselncentrations of 10-20% have
injector spray characteristics that are very simita 100% diesel under the same engine
conditions [15]. The high compressibility valuelmbdiesel results in an earlier injection of
fuel into the engine cylinder and the higher cetanmber of biodiesel results in a shorter
ignition delay when compared with diesel fuel [112, 15]. Biodiesel has a larger mean
droplet size and higher distillation curve thanseie as such its evaporation in the engine
cylinder is slower than diesel [15] thus resultindower heat release. The peak in-cylinder
pressure for biodiesel is lower than for diesehvdtfew exceptions. At low engine speeds,
the peak pressure of biodiesel blends is initidigher than that of diesel, but as load

increases, the peak pressure is observed to be tbarethat of diesel.

Heat release rate is another important factor e dbmbustion that takes place in
diesel engines. According to experiments perforimgfil 7], the maximum heat release rate
for biodiesel was higher than that of diesel ua twertain load after which it becomes lower
than that of diesel. A look at the overall cumwlatheat release for biodiesel shows a slightly

lower heat release when compared to diesel.

There is no general consensus on the issue of tgxbhon emissions (HC). Some
experiments have reached conclusions that HC esnssncreases when compared to diesel
and it further increases with increasing biodiesmicentration in a fuel blend [15]. Some
experiments however prove otherwise as in the chdd3, 14, and 17] with the latter
agreeing that an increase in HC emissions woulootr because of the additional oxygen

content present in biodiesel.



Carbon monoxide (CO) emission is generally agreedet lower than that of diesel
with CO emissions reducing with increasing concdrdn of biodiesel in the biodiesel-diesel
blend. All the experiments attributed to N@mission measurements reach the same
conclusion that NQemissions are higher with biodiesel and it bletids with diesel, with
the amount of NQemitted increasing with increasing biodiesel conicgion in a fuel blend.
Smoke density is a typical indicator of how mucbtss generated in an engine, the general
conclusion from all experiments is that smoke dgnand consequently the mass of soot
obtained from biodiesel exhaust emissions is lowemn diesels. Based on the above
information on emissions, we may conclude that lesel generally has lower emissions

than diesel, a result attributed mostly to the @tygontent of the fuel.

2.4.2 Green Diesel

Green diesel is made from the deoxygenation olytregides or fatty acids [18 - 22].
The production process typically occurs in a reaatader high temperature and pressure in
the presence of a catalyst. Hydrolysis is the &tep of the process and involves splitting the
fatty acids in the oil from the glycerol backboneheating the oil under high pressure in the
presence of water [18]. Upon separation from thdewahe fatty acids then undergo
deoxygenation via a thermo-catalytic process byctvlnixygen is removed from fatty acids.
There are several pathways involved in this prodegsending on how oxygen is removed.
The decarboxylation pathway removes oxygen as cadoaxide while the decarbonylation
pathway involves the removal of oxygen as carbomawme. The preference is usually for

the decarboxylation pathway as carbon dioxidess lermful to man and to the catalyst



used. Depending upon the degree of saturation eoffdtty acid, and the mole fraction of
hydrogen in the gas phase, the final product frbim tleoxygenation process is a straight

chain n-alkane, with one less carbon than the spaeding fatty acid.

2.4.3 Biomass to liquid

Biomass to liquid fuels (BTL) are classified as@®t generation biofuels. They may
also be classified as synthetic fuels since thegdreduced in this manner can be engineered
to meet specific requirements and do not use faxkd feedstock. The steps involved in
BTL production from biomass are gasification, gesoing and synthesis. Gasification is the
first step in BTL production and it involves theeekdown of the feedstock in a reactor at
high temperature and pressure into synthetic gaseslly oxides of carbon and hydrogen.
Gas cleaning involves the removal of contaminaata eesult of tar production in the reactor
from the synthesized gas. Gas cleaning is necebséoye synthesis due to the sensitivity of
catalyst in the synthesis stage [23]. Fischer Tebpsynthesis the final stage involves the
reaction of CO and Hin the presence of an iron or cobalt catalystainf hydrocarbons
which can be modified to meet specific fuel requieaits (gasoline, jet fuel or diesel). Work
done by [24] suggest the use of BTL in a Cl engewailts in an overall lower emissions of
HC, CO, NQ and patrticulate matter but higher soot. From thesearch, they also found

that SUNDIESEL had a lower BSFC and a lower pealt hedease rate.

2.4.4 Fuel Emulsions
An emulsion is the mixing of two or more normaliymiscible liquids with one of

the liquids existing as a continuous phase andtier as a dispersed phase. It is created by



the agitation of the two liquids in the presenceaaurfactant which possess both polar and
non-polar properties which helps weaken the surtaosion of the liquid in which it is

dissolved [25].

Fuel emulsions are produced when fuel and watemaxed together in the presence
of a surfactant with either water as the continupligse and the fuel as the dispersed phase
or vice versa. In most experimental studies onube of emulsion in diesel engines, the
normally accepted maximum content of water in thaulgion is 30% with greater water
contents significantly lowering the efficiency tietengine. Results from research on the use
of emulsion in diesel engines are inconclusive. dxpents by [25] show that that the
percentage of water content in the fuel increasmsep while research by [26] show that
increasing water content reduces power output@gtigine. Experiments conducted by [27,
28, 29] show that brake specific fuel consumptionreases with water content. Brake
thermal efficiency has been found to generally ease for water diesel emulsion as

experiments from [27, 29, and 30] have shown.

The general consensus from research suggest aadecre NOx emissions for
emulsion fuels with a reduction in hydrocarbon gadticulate emissions [25] from fuel
emulsions compared to pure diesel fuel. CO emissiave been found [31] to increase for
engines running on emulsions while some other rekees [29] have noticed a decrease in

CO emissions when compared to pure diesel fuel.



2.4.5 Lignin derived compounds as additives

Lignin is the second most abundant natural polymehe world after cellulose. It is
an insoluble polyphenolic compound associated wdlysaccharides in the plant cell wall
[32]. Its chemical composition varies depend on gltent source. Lignin is responsible for
the rigidity of plant cell walls and as it is hygtwobic, it allows for the transportation of
water in the plant. Lignin is typically obtained large quantities as a by-product of paper

production.

In the paper mills, lignin can be obtained fromfigallpulping or Kraft pulping.
Lignin can be used as a biomass to make renewaéle $uch as biomass to liquid fuels but
for the purpose of this dissertation the use &f ity products in diesel internal combustion
engines are of more concern. The pyrolysis of figresults in the formation of several
products ranging from solid char to gaseous oxioiesarbon. Due to the high oxygen
contents of some byproducts of lignin (phenolic poomds) their use as fuels or additives in
diesel engines may be feasible. There has howeasr little research on the effects of these

compounds on diesel engine performance, combuatidremissions.



CHAPTER 3

EXPERIMENTAL SETUP

The experiments conducted in this dissertation vearegied out in a 6.0 kW single
cylinder air cooled compression ignition enginehwat bore of 86 mm, a stroke of 72 mm, a
displacement of 418 cc, and a compression ratt®df as shown in Figures 3.1a and b. The
engine is coupled to a Go-Power water brake dynagtemshown in Figure 3.2 to accurately
determine the load on the engine, a calibrated NIsHdies pressure transducer is connected
to the hydraulic load cell of the dynamometer. Engine specifications are given in Table
3.1. In-cylinder pressure is measured with a Kist®52A pressure sensor mounted

vertically in the engine cylinder head as showFhigure 3.3.

The diesel engine is coupled to a gear box whidowal for the accurate
determination of the engines top dead center (TOG& gear box in Figure 3.4 contains a
Hengstler 0521097 shaft encoder which is used mbaoation with a Hall Effect sensor and
an AND gate to accurately determine crank anglatipas of the engine. Figure 3.5 is an
example of the calibration process involved in rhiatg the signal from the shaft encoder
with that from the hall- effect senor and the inhoger pressure. Air and intake temperature
into the engine are measured with a Bosch air rflagsmeter attached to the engine air
intake just past the air filter The pressure ohlket air into the engine is measured with a SSI

Tech pressure transducer placed at the air inletlire engine as shown in Fig 3.6.

The mass flow rate of fuel into the engine is meaduwith either an OHAUS

GT2100 or a METTLER PM4800 Scale or both dependmghe fuel been tested. Exhaust



gas temperature from the engine is measured wiKkygpe thermocouple placed just after
the muffler. Gaseous emission from the engine iasmeed with an Infrared Industries FGA
4000XDS gas analyzer shown in Fig. 3.7 which camsuee five different exhaust gases.
The gas analyzer specification is given in Tab Smoke opacity of engine exhaust gas is
measured using a wager 6500 full flow smoke metews in Figure 3.8, the meter
specifications are given in Table 3.3. To take senogacity measurements, the exhaust tail
pipe was designed with a T junction in order t@wlfor an increase in the light path length
of the smoke meter. This is done to allow for maceurate opacity measurements under low
engine load conditions. To prevent soot deposthersmoke meters transmitter and receiver,
two glass panels are placed on either ends of thaust T. Smoke opacity data at any
instance is only collected after these glass pamn@le been cleaned and the opacity meter
zeroed. The setup is shown in Fig 3.9 and a schemfthe setup is shown in Fig 3.10. A

representation of the overall engine setup is shiovig. 3.11

Data from each sensor is collected with the use @ustom program written in
Labview. The program collects in-cylinder pressgine rpm, engine load, air mass flow
rate and intake temperature and pressure. A frmw of the program is shown in Figure
3.12. Collected data is further analyzed using bBoft excel and a Matlab program.

During the course of experimentation, the diesgjirem was replaced with a newer
same capacity engine as a result of the breakdofvthe engine. The water brake
dynamometer was also replaced as a result of anlgefailure which wore out its shaft. For

these reasons, it should be noted that experimesgalts for renewable diesel fuel and lignin



derived additives cannot be compared to those &f &1d emulsions as the engine and dyno

used for these experiments are different.

(@)

(b)

Figure 3.1: Engine Setup



Figure 3.3: Kistler 6052A sensor placement
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Figure 3.8: Wager 6500 Smoke Meter
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Figure 3.9: Smoke Meter Setup
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Figure 3.10: Schematic of the smoke meter setup
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Table 3.1: Engine Specifications

Engine

Single Cylinder, Vertical, Direct Injectidn
stroke

Compression Ratio

19:1

Bore” Stroke

86 mm”~ 72 mm

Method of Loading

Water brake dynamometer

Method of Starting

Electric Start

Method of Cooling Air cooled

Type of Ignition Compression Ignition
Rated Power 6.0 kW

Rated Speed 3600 rpm

Initial Injection

17.0 Crank Angle Degrees before TDC

Displacement

418 cc

Fuel Consumption at Rated
Power

340 g/kW.hr

Table 3.2: FGA 4000 XDS Gas Analyzer Specifications

Measured Measured Range/Techniques
Species

HC,CO,CQ Non-Dispersive Infrared (NDIR
O, and NQ Chemical Cell

CO 0 to 10.00%

HC 0 to 10,000 ppm

CO 0 to 20%

Oz 0 to 25%

NOy 0 to 4,000 ppm




Table 3.3: Wager Smoke Meter Specifications
Light Source LED — Green Gallium Phosphide 570|nm

Light Sensor | Si Photo Diode with IR Filter

Meter +1.0% Nominal, +10 digit
Accuracy
Range 0.0% - 100.0% opacity

Response 0.45 seconds for 0 - 90% opacity
Time
Linearity +1 % from O - 100% opacity




CHAPTER 4

Investigation of the Effects of Renewable Diesel [&ls on Engine
Performance, Combustion, and Emissions

4.1 Abstract

A study was undertaken to investigate renewablks fimea compression-ignition internal
combustion engine. The focus of this study wasédtfiect of newly developed renewable
fuels on engine performance, combustion, and eamssiEight fuels were investigated, and
they include diesel, jet fuel, a traditional bicgke (fatty acid methyl ester: FAME), and five
next generation biofuels. These five fuels wenmeved using a two-step process: hydrolysis
of the oil into fatty acids (if necessary) and treemthermo-catalytic process to remove the
oxygen via a decarboxylation reaction. The fuelduded a fed batch deoxygenation of
canola derived fatty acids (DCFA), a fed batch dgexation of canola derived fatty acids
with varying amounts of Hused during the deoxygenation process (DCFAHprdicuous
deoxygenation of canola derived fatty acids (CDCH&Yl batch deoxygenation of lauric
acid (DLA), and a third reaction to isomerize theducts of the deoxygenated canola
derived fatty acid alkanes (IPCF). Diesel, jet fueld biodiesel (FAME) have been used as
benchmarks for comparing with the newer renewabddst The results of the experiments
show slightly lower mechanical efficiency but betbeake specific fuel consumption for the
new renewable fuels. Results from combustion shimovter ignition delays for most of the

renewable (deoxygenated) fuels with the exceptideadbatch deoxygenation of lauric acid.



Combustion results also show lower peak in-cylinol@ssures, reduced rate of increase
in cylinder pressure, and lower heat release ratethe renewable fuels. Emission results
show an increase in hydrocarbon emissions for rabkndeoxygenated fuels, but a general
decrease in all other emission including N@reenhouse gases, and soot. Results also
demonstrate that isomers of the alkanes resultiog fthe deoxygenation of the canola
derived fatty acids are a viable and better repheceg to conventional fossil diesel and
biodiesel based on the experiments in this work.

4.2. Introduction

The rising cost as a result of depleting fossikeress as well as problems relating to
greenhouse gas emissions have been the most impdrieers for seeking out new sources
of energy [33]. Stringent emissions standards siscthe newly proposed tier 3 standards by
the Environmental Protection Agency (EPA) indicttat fuels that burn cleaner and have
lower sulfur content will be favored [34]. A varyetf alternative sources of energy, ranging
from wind, solar, nuclear, etc., already exist a#tveral challenges such as capital,
portability, inefficiency, storage, and further @owmental degradation make these sources
of energy inadequate and in some cases non-viable.

For internal combustion (IC) engines, liquid bideibave emerged as viable alternatives
to fossil fuels. Biofuels are fuels typically mattem renewable sources such as animal
feedstock, plants, and biomass. Biofuels produdciiath consumption has increased in recent
years partly as a result of government suppotenform of tax credits, mostly because they

have been found to effectively supplement curressif fuels [35].



Biodiesel is a type of biofuel made from the trassgerification process and involves
reaction of a feed stock, usually oil or fatty acfcom oil, with an alcohol in the presence of
a catalyst [7]. The end product of the trans-efstation process is a fatty acid methyl ester
(FAME), also called biodiesel. Biodiesel has seivbemefits over conventional fossil diesel;
it is renewable, non-toxic, greater lubricity, geally lower emissions and most of all has
similar properties to convention fossil diesel [12]

Many studies have investigated the influence ofdiei®el on engine performance,
combustion and emissions [36-46]. From these ssudliel physical and chemical properties
play a significant role in the results obtainedodesel has a high cetane number when
compared to diesel and as such it has a shortéoigaelay [47-48]. Other properties such
as fuel penetration, atomization and droplet sieeadso important for the combustion of the
fuel and ultimately its emissions [49]. The genarahsensus is that biodiesel results in a
slight increase in brake specific fuel consumpion higher brake thermal efficiency than
diesel [36-37]. Biodiesel generally produces lowsmdrocarbon and carbon monoxide
emissions; however, NOemissions are typically higher than with diesed-B¥, 42, 43].
Biodiesel has some disadvantages such as highdugiron cost, restriction on feedstock
use, lower energy density (due to oxygen contdngher viscosity, stability, and higher
freezing point amongst others [7,12]. An attemptrdsolve some of the disadvantages of
biodiesel, with cost and chemical composition &srtfain focus, has led to the production of

renewable diesel fuels.



Renewable diesel is a nhon-oxygenated fuel prodéroed a thermo-catalytic process that
involves the conversion of feed stock or fatty acidto straight chain n-alkanes through
deoxygenation [18]. These straight chain alkanes tb@n be further processed to meet
specification standards of the desired fossil flibke production process of renewable diesel
production is flexible enough to allow for the puation of a wide variety of hydrocarbon
fuels that can meet most fossil fuel standards.

In this work, renewable diesel is made from thexggenation of triglycerides or fatty
acids [18-22, 50]. The production process typicatlgcurs in a reactor under high
temperature and pressure in the presence of aysiatalydrolysis is the first step of the
process and involves splitting the fatty acidshi@ oil from the glycerol backbone by heating
the oil under high pressure in the presence ofa&}. Upon separation from the water, the
fatty acids then undergo deoxygenation via a thecatalytic process by which oxygen is
removed from fatty acids. There are several patBwayolved in this process depending on
how oxygen is removed. The decarboxylation pathveagoves oxygen as carbon dioxide
while the decarbonylation pathway involves the reat@f oxygen as carbon monoxide. The
preference is usually for the decarboxylation pathas carbon dioxide is less harmful to
man and to the catalyst used.

Depending upon the degree of saturation of the fatid, and the mole fraction of
hydrogen in the gas phase, the final product frbim tleoxygenation process is a straight
chain n-alkane, with one less carbon than the spaeding fatty acid. This alkane may then

be reformed into an isomer via hydroreforming oaasmatic via dehydrocyclization



depending on the desired characteristics of tha firel (e.g., cloud point, freeze point, flash
point, octane or Cetane rating, etc.).

The absence of double bonds and oxygen are sothe aflvantages of renewable diesel
over conventional biodiesel as it allows for anr@ase in the energy content of the fuel.
Other advantages are lower viscosity, absence lairs{which reduces the efficiency of
exhaust catalyst), and ease of customizaiien,renewable diesel can easily be tailored to
meet other fuel requirements etc. Based on estdnagtane number values, it is expected
that most of the renewable fuels may have highéanee numbers than either diesel or
biodiesel [51].

The objective of this work is to determine how theewly developed renewable fuels
perform compared to fossil fuels (diesel and jeiduin a compression-ignition engine. The
experiments focus on engine performance, combustimh emissions, and also serve to
compare a first generation biofuels (biodiesel, fatty acid methyl ester) with the second

generation renewable fuels.

4.3 Experimental Setup

The setup for this experiment was discussed inteh& Eight different fuels were used
during the course of the experiments. Five of tedsf were renewable diesel fuels derived
from thermo-catalytic deoxgenating either canoldaaric acid through a either fed batch or
continuous processes. One of the fuels was furéfermed via isomerization to alter its

physical properties. These five renewable diesgkfwere: fed batch deoxygenation of



canola derived fatty acids (DCFA), fed batch dexamagion of canola derived fatty acids
with optimized H mole fraction to promote decarboxylation and a#saras products
(DCFAH), continuous deoxygenation of canola derifatty acids (CDCFA), fed batch
deoxygenation of Lauric acid (DLA), and the isomation (hydroreforming) of resulting n-
alkanes from the deoxygenation of canola derivély fcid (IPCF). The names given to the
above mentioned renewable fuels are based on hew wlere produced. Commercially
available biodiesel (ASTM D6751 FAME) from Piedmdiofuels (North Carolina), Jet fuel
(Jet-A), and diesel (DF No. 2) were the other tHueds used for these experiments. Due to
the very high mole fractions of oleic and linoleacids, resulting in heptadecane upon
deoxygenation, the two renewable fuels producedadabatch processes (e.g., DCFA and
DCFAH) tended to solidify at room temperatures ahds during the course of the
experiments they were kept at a temperature of 45CDCFA had a tendency to precipitate
out and as such the fuel had to be stirred dutiegcburse of the experiment. Simplified

names for the renewable fuels are given in Taldle 4.

4.4 Results and Discussion

The main fuels of interest are the renewable diesd$. While the chemical composition
and chemical behavior is well understood, littl&km®wn on how effective they really are in
a real world engine test. For the purpose of beitteterstanding their characteristics, the

performance, combustion, and emissions charadtsrisere measured.



4.4.1 Fuel Sample Characterization

GC-MS chromatograms of the fuels used for thisearpent are shown in Figs. 4.1- 4.3.
Figure 4.1a, 4.1b and 4.1c shows the GC-MS chragnates for diesel, jet fuel and
biodiesel, respectively. The fuel compositions &@HA, DCFAH and CDCFA are shown in
Figs. 4.2a-4.2c. Figures 4.3a and 4.3b show thenc&itograms for DLA and IPCF. From the
MS results, diesel fuel was composed of a wide easfghydrocarbons with varying chain
lengths in the range of C-8 to C-21 and had a eetamber of 44 [53]. Similarly, jet fuel
was made up of distribution hydrocarbons rangimgnfiC-9 to C-16. The biodiesel used in
this experiment is composed of C-15 to C-21 FattidAMethyl Esters (FAMES) with
Palmitic acid methyl ester and Octadecenoic acidhyheester being the predominant
components of the fuel. This biodiesel had a cetameber of 55.4 and a kinematic viscosity
of 4.61mni/s [52]. CDCFA consisted primarily of C-11 to C-alkanes, further GC-FID
analysis suggested heptadecane was the dominanesper this compound. CDCFA was
estimated to have a cetane number of 80 [26DCFAADEAH also both had heptadecane
as their predominant compound from GC-FID analysisaddition, DCFAH also contained
some methyl esters, indicating incomplete hydrslysgithe triglyceride, which are absent in
DCFA.

DLA was almost entirely made up of undecane, thedrbon alkane. Dodecane was the
primary solvent used in the deoxygenation proceskappears in small quantities. During
the isomerization process, hydrocarbon cracking atsurs and as such the components that

make up IPCF include small and large hydrocarbargging from C-4 to C-17



hydrocarbons. GC-FID analysis suggests that heptadeis still the dominant species in
IPCF, but may occur as an isomer due to the obdeadriction of freeze point.

Based on hydrocarbon chain length, the energy noofehe fuels may be estimated. An
increase in hydrocarbon chain length typically lssin an increase in energy density, an
increase in boiling point and a decrease in vatatib3]. Normal alkanes have the highest
ignition quality that increases with increasing ichiength, and it may be inferred that the
above renewable fuels will have very good ignitiqualities. From gas chromatography
results, CDCFA, DCFA and DCFAH and IPCF which watemade up predominantly of
heptadecane, are expected to have the highesecettimgs and possibly better combustion
with the lowest volatility. Although IPCF contairomers, if the branches of the isomer are
concentrated at the ends of the chain length, tiseless of a reduction in ignition quality
because iso-alkanes tend to have slightly redugeitian qualities [9]. DLA is expected to
have poorer ignition properties, lower energy coftéower volatility and consequently a
lower cetane number because of its short hydrocaldrggth. As diesel fuel is composed of a
range of hydrocarbons from C-8 to C-20, its prapsrére expected to be between IPCF and

DLA.

4.4.2 Engine Testing

The experiments were carried out using the reneavialglls, biodiesel, jet fuel and diesel.
For each experiment, engine throttle and water tinkodynamometer were adjusted to meet
the desired engine speed and load. For all of xperanents, the 10 hp engine speed was set

at 2000 rpm for three different load settings (6 Ga26 bar and 3.77 bar) corresponding to



output torques of 0 Nm, 4.18 Nm, and 12.53 Nm. De&s collected after the engine had
sufficiently warmed up and had become stable. Fuaeds flow rate was collected over an
interval of one minute for 10 minutes. Twenty fifneng cycles of in-cylinder pressure data
were collected and averaged for analysis. It shbeldhoted that a consta@t&7 . 8-9 :

AF VL %+1%)1+, | 28+, $HIHHH S+ # %)$ B TRL A #" 7)#I1Smoke opacity and
exhaust gas information were collected on a mibates and averaged. At the end of each
experiment, the new fuel to be used was allowedndor twenty five minutes to ensure that
all of the previous fuel in the fuel line had besmmpletely consumed. Data from each
experiment was collected with a Labview program atmled for further analysis using

Matlab and Microsoft Excel.

4.4.2.1 Performance

Engine performance data was obtained either dyrdotim the sensors or calculated
based on outputs from the sensors. The indicatell ealculated from combustion pressure
is shown in Fig. 4.4. The indicated work increaséh increasing engine load at the constant
engine speed of 2000 rpm. This is expected asnpme would need to do more work in
order to compensate for the increased load at staonhengine speed. From this figure, it is
clear that biodiesel has the highest indicated viorkall load conditions followed closely by
DLA. The only exception to the trend is at the bno&@B.77 bar where DLA is 0.5% greater
than biodiesel. For all the load conditions, reneiealiesel fuels have higher indicated work

when compared to diesel. The higher indicated vimrkiodiesel and the green fuels may be



as a result of their shorter ignition delays asnskager in the in-cylinder process and the
closeness of the peak in-cylinder pressure to TBGhorter ignition delay would result in
combustion occurring just before TDC, and this wouwésult in more positive work
generation as a result of a more effective expansimke. A longer ignition delay on the
other hand would result in combustion occurring whige piston has begun to move away
from the TDC position, resulting in work loss.

The brake performance parameters are shown imFgFrom Fig. 4.5a, we observe that
the brake work was kept constant for each expetirbgrdesign. Mechanical efficiency is
the ratio of the brake power delivered by the eagothe indicated power. As shown in Fig.
4.5b, mechanical efficiency increases with incnegdoad. At the bmep of 1.26 bar, diesel
has the highest mechanical efficiency of about 6@#owed by jet fuel with 3.2% less. At
the bmep of 1.26 bar DCFAH has the highest mechaeiticiency within the renewable
diesel fuels, with a decrease of about 8.9% froesali At bmep of 3.77 bar, jet fuel has a
higher mechanical efficiency than diesel with a kimarease of less than 0.1% over diesel.
Of the renewable diesel fuels, CDCFA has the higheschanical efficiency of about 86%
which is roughly 0.1% less than jet fuel. Loss adamanical efficiency is typically attributed
to friction from the piston, bearings, pump lossd ather mechanical components of the
engine [9].

Based on information from Fig. 4.5b, it can be irdd that as engine load increases, the
power generated by the engine is higher than theptoss due to friction, hence the higher

mechanical efficiency. As mechanical efficiencyifnction of indicated power and brake



power which has been kept constant, the changesn\aas in the plot are a result of the
varying indicated power which can again be linkedvariation in ignition delay and the
proximity of the peak in-cylinder pressure to TDC.

Brake specific fuel consumption (BSFC) is a measafraow efficiently the engine is
using the fuel supplied to produce work. The lower BSFC the better, as this means the
engine is able to do work more efficiently. Frong.F.5¢c, BSFC decreases with increasing
engine load. From this figure, it is clear thatfje¢l has the lowest BSFC at 1.26 bar and 3.77
bar followed by DCFAH with an increase of 5.6% &6Lbar and IPCF an increase of 4.9%
over jet fuel at 3.77 bar. The low BSFC value df figel may be attributed to its lower
viscosity which would allow for better fuel atomian coupled with the effect of its
relatively high heating value. The trends obserfeediodiesel and diesel are similar to those
reported in previous results [36-37].

The brake thermal efficiency (BTE) is a measurehef engine’s ability to convert the
chemical energy stored in the fuel to shaft woriguFe 4.5d gives the BTE of the engine
using the different fuels. From this figure, we entthat BTE increases with increasing load
for all the fuels. Biodiesel had the highest BTEL&6 bar followed closely by jet fuel with a
decrease of about 2.6%. The renewable diesel fitlelthe highest BTE was DCFAH with a
value of 19.5% a drop of about 8% from biodieset. iAcrease in engine load to 3.77 bar
makes jet fuel have the highest BTE followed clpd$sl biodiesel with a difference of about
4%. Of the renewable diesel fuels, IPCF has theasgBTE with an efficiency of 5% below

jet fuel. Fuel is pumped into the engine on a vadtrma basis. As such, the fuel with a higher



density and comparable heating values would hawelymed more torque and power
resulting in a higher BTE. Biodiesel’'s relativelygh brake thermal efficiency may be
attributed to its high density, and its oxygen eomtwhich allows it to have more complete
combustion. These two factors are believed to sapler the effect of its lower heating value
and high viscosity. As was observed in Fig. 4.8bfyel has a low BSFC attributed to its low
viscosity and high energy content. As a resulthdd, tjet fuel is able to maintain a high BTE
value which, at 3.77 bar, surpasses that of bietli€&om this figure, we also note that the
longer hydrocarbon chain fuels have higher bralential efficiencies suggesting that the
higher energy content of these fuels contributeth&increase in the thermal efficiency of
the engine. The result observed here for biodiasel diesel is consistent with previous

results [36].

4.4.2.2 In-cylinder Combustion

Combustion information was obtained from the Kis8852A pressure sensor located in
the engine cylinder head. Figure 4.6 shows in-d@mpressure plots at different load
settings. In-cylinder pressure increases with asirey load with maximum pressure
occurring further away from TDC as engine load éases. Pressures from different fuels
follow a similar pressure curve with their diffecms becoming more pronounced as engine
load increases. From Fig. 4.6a, it is observed tthatrenewable diesel fuels seem to follow
the same trend. The in-cylinder pressure plot sstggaightly earlier combustion and shorter

ignition delay for the renewable diesel fuels wisempared to diesel, jet fuel, and biodiesel.



The rate of pressure rise for the renewable diestsd is also noticeably smaller around TDC
than for the three reference fuels.

As engine load increases, as shown in Figs. 4.6bdafc, there is a noticeable increase
in the rate of pressure rise for diesel, jet fael] biodiesel which is not as pronounced as the
renewable diesel fuels. CDCFA has the highest dglimpressure for the renewable diesel
fuels at O bar and 1.26bar. At3.77 bar DCFAH hadHighest cylinder pressure among the
renewable diesel fuels. In all of these cases, Dha the lowest pressure. With the exception
of the no load condition, where biodiesel has tighdst peak pressure, jet fuel has the
overall highest peak pressure. The high jet fuesgure values may be as a result of the fuels
low viscosity which allows for better atomizationdarelatively high heating value [54].
Another factor for jet fuels high peak pressure rbaya lower cetane number of the fuel,
leading to more premixed combustion. Biodieselghhpressure at the no load condition may
be attributed to its better combustion due to kggen content. The effect of fuel oxygen
content, however, becomes insignificant as engiad Is increased.

Figure 4.7 shows the in-cylinder pressure variatate (dp/d. at different crank angles
for the three different load conditions. It is séeym these plots, similar to those in Refs [38-
39], that the renewable fuels mostly have theikp@d just before TDC with a tendency
to move towards the TDC as load increases. It $® aloted that the cylinder pressure
variation rate increases with increasing engind kbais confirming results shown in Fig. 4.6.
The large change in pressure variation as loade@asars might be a result of the high

temperature and pressure environment which woldavdbr faster combustion upon fuel



injection. This mainly depends on the fuel chemaad physical properties, which affect the
mixing and ignition process. Higher in-cylinder gsare increasing rate generally leads to
more combustion noise.

Figure 4.8 shows the plots of the heat releasecatgarison for the different fuels under
the three different load conditions. The heat isde@te shapes for the different fuels follow
a similar pattern. They all have a pre-mixed cortibasphase and a diffusion combustion
phase. As engine load increases, the peak heateetate increases. As shown in Fig. 4.8c,
jet fuel has a longer ignition delay than any & thels regardless of the engine load (further
confirming the highest peak pressure).

DLA has the longest ignition delay of all the remdle diesel fuels. Furthermore, in
general, with the exception of DLA, the renewabiesdl fuels have shorter ignition delays
and lower heat release rates when compared tol dieiskuel and biodiesel. Biodiesel has a
shorter ignition delay for all loads when compateddiesel. The shorter ignition delays
experienced by majority of the renewable dieselsfugay be due to thermal cracking which
tends to break up longer chain hydrocarbons to femaller hydrocarbons and gaseous
compounds which are liable to ignite much fastanththeir longer chain hydrocarbon
counterparts. The renewable fuels have a highaneetumber with the exception of DLA.
From literature [28] the higher the cetane numitiee, shorter the ignition delay. Further
investigation of the ignition characteristics fenewable diesel fuels is necessary.

The peak pressures for the different fuels are showrig. 4.9a. It is noted that as engine

load increases, the maximum cylinder pressure ase@® From this figure, and as was shown



in Fig. 4.6, DLA has the lowest peak pressure lfer different engine loads. It is expected
that DLA has relatively poorer ignition qualitiesdha lower cetane rating when compared to
the other fuels used based on its short C-11 hgdbon chain length. In addition DLA has a
relatively low density which means that since fisghumped into the engine on a volumetric
basis, the energy density of this fuel is not @hhAs a result, combustion of DLA does not
achieve as high enough pressure as other fuelBigore 4.9b is a comparison of the peak
dp/d- for the different fuels. From this figurthe rapid rate of pressure increase at 3.77 bar
observed in Fig. 4.6¢ is clearer. This figure abows the slight increase in peak dpab
engine load increases.

Ignition delay was determined by calculating thangr angle difference between the
engine’s start of fuel supply at 4Before TDC and the crank angle at which the hdatse
rate crosses the zero mark. Figure 4.9c showgythtan delays for the different fuels at the
different load settings. It is observed that urdiierent engine loads, jet fuel has the longest
ignition delay with DLA having the longest ignitiotlelay amongst the renewable diesel
fuels. Figure 4.9d shows the comparison betweeh peat release rates for the fuels at the
different engine loads. A slight increase in hed¢ase rates for renewable diesel fuels and a
more distinct increase in heat release rates gktend jet fuel.

Figure 4.10 shows the comparison of the cumulaligat releases at different loads.
From Figs. 4.10a and 4.10Db, it is seen that atlaawds, jet fuel has the lowest cumulative
heat release while biodiesel has the highest. ®hecumulative heat release of jet fuel at

low loads may be attributed to its longer ignitaelay and relatively poor combustion



process compared with other fuels. Biodiesel onother hand has a slightly shorter ignition
delay and the oxygen content of biodiesel alsowaldor more complete combustion of
biodiesel. At 3.77 bar, it is noticed that the tterfor all the fuels are somewhat similar with
jet fuel still having the lowest cumulative healeese but with the renewable diesel fuels
having slightly higher cumulative heat release sThay be attributed to soot processes in the
cylinder with radiative heat losses. Again, furtlardies on the combustion are necessary in
optically accessible experimental devices includipgjcal engines [40] or constant volume

combustion chambers [41].

4.4.2.3 Emissions

Gaseous emission information was obtained dirdntly the exhaust of the engine using
a gas analyzer and a smoke opacity meter. HydyonafHC) emissions are shown in Fig.
4.11a. From this figure, DCFAH had the highest hd@ssions for all load settings. High HC
emission is typically attributed to poor air-fueixing and incomplete combustion. From this
same figure, it is noted that biodiesel mostly loager HC emissions when compared to all
the fuels; this is believed to be as a resultbikygen content which would allow for a more
complete combustion. By looking at results from .#i§j0, biodiesel has the highest
cumulative heat release which suggests a more edenpbmbustion. The high HC emissions
of jet fuel and DLA may be attributed to their loiggition delays as seen in Fig. 4.10c with
more incomplete combustion, which also contributetheir lower cumulative heat release.
The longer ignition delay of these fuels would tegsuincomplete combustion as a result of

heat loss and pressure drop in the cylinder.



Carbon monoxide (CO) is a by-product of the incatgwlcombustion of hydrocarbons in
air. In Fig. 4.11b, it is noted that carbon monexieimissions decreased significantly as
engine load increased. This is expected since gmenoad increases, engine becomes
warmer with higher in-cylinder temperatures allogvior better fuel-air mixing. The increase
in cylinder temperature and pressure as engine ioectases also plays a part in the
reduction of CO emissions as it allows for more ptate combustion within the cylinder.
Biodiesel has relatively high CO emissions, whicighth be due to its long combustion tail
during the late stage as shown in the heat reledsecurves. Of the renewable fuels, DLA
had the lowest amount of CO emissions. The CO tesitilbiodiesel are somehow different
from the previous publications [12]. This might dae to the specific conditions for the
current experimental setup. More experiments acessary for other engine speeds and
loads.

From Fig. 4.11c, Carbon dioxide (@Qemission increases with increasing load. This is
not surprising based on results from Fig. 4.11kt ssggests that as engine load increases,
more complete combustion becomes more feasiblsjlggsas result again of better fuel-air
mixing and high in-cylinder temperature and pressubCFAH has the highest GO
emissions at the different engine loads. In gendralrenewable diesel fuels have lower,CO
emissions.

Oxides of Nitrogen (N¢Q emissions are usually formed at high temperatuvhen
nitrogen reacts with oxygen. From Fig. 4.11d, agiren load increases, NGormation

increases. This is as a result of the increasethdtdeNQ, formation mechanism due to high



in-cylinder temperature. In general, the renewaldsel fuels have lower N@missions. By
looking at Figs. 4.8d and 4.9 a trend between helgtase rate and NQCemissions is
observed. From this figure, it is noted that thelduwith high heat release rate peaks have
high NO, emissions. This is as expected since a high hedaage rate results from the
premixed combustion stage and corresponds to a taegiperature condition promoting
thermal NQ formation [44].

Figure 4.12a shows the result of the opacity megsent for each experiment. Smoke
opacity increases with increasing engine load. tRersame condition, it is observed that a
general decrease in opacity compared to diesebdkedise in opacity can be interpreted as a
decrease in soot from the exhaust thus suggedtatighe renewable fuels also have lower
soot emissions. By using a soot density calcul@dt, soot density information for the
different fuels was obtained from the opacity measwents. Soot density information
follows the same trend as smoke opacity measuremirsghould be noted that based on the
method used in collecting soot opacity data, thet siensity measurements shown are a
relative value and not necessarily the absoluteiesmlfor the fuels used at the given
conditions. The result of these calculations issshin Fig. 4.12b. The lower soot emissions
observed for the renewable fuels may be attribitedomplete combustion of the fuel,
probably as a result of their higher ignition qtia and heating values, lack of aromatics
and relatively shorter ignition delays. Their slighhigher exhaust gas temperatures (Fig.
4.13) can be seen as proof of this. From Fig. 4ak3engine load increases exhaust gas

temperature increases. Renewable diesel fuelsiergehave higher exhaust gas



temperatures than the reference fuels, possibly essult of their generally higher cetane
ratings and their shorter ignition delays. Dieslslbahas higher exhaust gas temperatures
when compared to biodiesel, thus supporting treslteSlower late stage combustion with a
longer combustion duration lasting into late crankles would in turn lead to higher exhaust
gas temperature.

It should be noted that the experiments in thiskwawe limited to one engine speed under
different loads in a single cylinder engine; itpigssible that the trend is different for other
engine speeds and loads in multi-cylinder diesgiress. Further investigations are necessary
in the future for better understanding of the openaand combustion characteristics of the

newly developed renewable diesel fuels in practicedel engines.

4.5 Conclusion

Experiments were conducted to study the effecta oflumber of different renewable
diesel fuels in a compression-ignition engine. Bagperformance, fuel combustion and
emissions were measured. Based on the resultsietdthiom these preliminary experiments,
some important finding can be summarized in thievahg:

1. Renewable diesel fuels have slightly lower mechalnedficiencies when compared
with diesel but their lower brake specific fuel samption compensates for this as
less fuel is needed to do the same amount of weukl conversion efficiency is
roughly the same for all the renewable fuels, wilues higher than that of diesel.
The renewable fuels also have comparable brakendieefficiencies with that of

diesel, with the exception of CDCFA at the loweaddl.26 bar;



2. Renewable diesel fuels with the exception of DLAdghorter ignition delays when
compared with diesel. At low engine loads, jet fbhak the longest ignition delay,
which remains unchanged as engine load increadesteTs, however, a noticeable
rise in the rate of pressure increase for jet ared diesel at 3.77 bar. Most of the
renewable diesel fuels are also observed to haverlpeak in-cylinder pressure and
heat release rates;

3. Renewable diesel fuels have remarkably lower eomssivith the exception of HC
emissions. C@and CO emissions are lower for the renewable fwhlsn compared
to diesel, biodiesel and jet fuel. N@missions are significantly lower for the
renewable fuels. Soot emissions for the renewabkdsfare also lower when
compared to diesel, biodiesel and jet fuel;

4. From these experiments, DLA may be eliminated agble replacement for diesel
because its ignition delay is relatively long ahtias a tendency to decrease engine
performance. DCFA and DCFAH are also not viabldasgments for diesel as they
have high freezing points and tend to solidify @m temperature. CDCFA is also
not a viable alternative as it tends to precipitaté at room temperature. This
precipitation also leads to the clogging of fuekek when the engine cools down. A
very attractive alternative to diesel, without tmmed for additional engine
modifications, is the IPCF. Engine performance ggms fuel is slightly better than

diesel and all its emissions including hydrocarbareslower than diesel,



Table 4.1: Fuel Nomenclature

Fuel Name Acronym
Fed batch deoxygenation of canola derived fattgsaci DCFA
Fed batch deoxygenation of canola derived fattgsaoptimized with B | DCFAH
Fed batch deoxygenation of Lauric Acid DLA
Continuous deoxygenation of canola derived fattgsac CDCFA
Isomerization product of canola derived fatty aalichnes IPCF
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CHAPTER 5

Engine Performance, Combustion, and Emissions Studyf Biomass to
Liquid Fuel in a Compression Ignition Engine

5.1 Abstract

In this work, the effects of diesel, biodiesel dndmass to liquid (BTL) fuels are
investigated in a single-cylinder diesel enginea dixed speed (2000 rpm) and three engine
loads corresponding to O bar, 1.26 bar and 3.7 btaee mean effective pressure (BMEP).
The engine performance, in-cylinder combustion, @xttust emissions were measured. The
results show an increase in indicated work for Bard biodiesel at 1.26bar and 3.77bar
BMEP when compared to diesel but a decrease at Qbarer mechanical efficiency was
observed for BTL and biodiesel at 1.26 bar BMEP dduthree fuels had roughly the same
mechanical efficiency at 3.77 bar BMEP. BTL waarfd to have the lowest brake specific
fuel consumption (BSFC) and the highest brake thémfficiency (BTE) among the three
fuels tested. Combustion profiles for the thredSweere observed to vary depending on the
engine load. Biodiesel was seen to have the shadgesion delay among the three fuels
regardless of engine loads. Diesel had the lorigagion delay at O bar and 3.77 bar BMEP
but had the same ignition delay as BTL at 1.26BMEP. At 1.26 bar and 3.77 bar BMEP,
BTL had the lowest HC emissions but highest HC siors at no load conditions when

compared to biodiesel and diesel. When compareddkesel and biodiesel BTL had lower CO



and CQ emissions. At 0 bar and 1.26 bar BMEP, BTL had&rgNQ, emissions than diesel
fuel but lower NQ than biodiesel at no load conditions. At the hgihengine load tested,
NO, emissions were observed to be highest for diesd|ldut lowest for BTL. At 1.26 bar
BMEP, diesel had a higher smoke opacity than BTd. siodiesel. At 3.77 bar BMEP, BTL
had the highest smoke opacity with diesel fuel hguwhe lowest opacity. This work also
demonstrated the effectiveness of BTL as a renewalvérnative fuel with characteristics

comparable to regular diesel fuel.

5.2. Introduction

Rising cost as a result of depleting fossil fuslerges as well as problems relating to
greenhouse gas emissions have been the most impdrigers for seeking out new sources
of energy [33]. For internal combustion (IC) enginkquid biofuels have emerged as viable
alternatives to fossil fuels. Biofuels are typigathade from renewable sources such as
animal feedstock, plants, and biomass. Biofuel petidn and consumption has increased in
recent years partly as a result of government suppthe form of tax credits [56]. Biodiesel
is a type of biofuel made from the trans-estertfaaprocess and involves reaction of oil or
fatty acids from oil with an alcohol in the preseraf a catalyst [7]. The end product of the
trans-esterification process is a fatty acid metbgter (FAME), also called biodiesel.
Biodiesel has several benefits over conventionakifodiesel; it is renewable, non-toxic,
greater lubricity, generally with lower emissionsdamost of all has similar properties to

petro diesel [12].



Biomass to liquid (BTL) fuel is a second generatlmofuel and a synthetic fuel.
Unlike first generation biofuels which use specifpiarts of the biomass for biodiesel
production, second generation biofuels can be nrade any portion of the biomass. BTL is
produced based on processes from the productiga®oto liquid (GTL) and coal to liquid
(CTL) using the Fischer Tropsch (FT) process [Z3, $he steps involved in the BTL fuel
production are gasification, gas cleaning and ®gith Gasification is the first step in BTL
production, which involves the breakdown of thedfgeck in a reactor at high temperature
and high pressure into synthetic gases, mainlyararhbonoxide (CO) and hydrogen JH
Gasification can be divided into three parts: pyswd, char gasification, and partial char
combustion [58]. Gas cleaning is the removal oftaomnants as a result of tar production in
the reactor, which is necessary due to the seitgitv catalyst in the synthesis stage [23].
The final stage is the reaction of CO anglikithe presence of an iron or cobalt catalyst to
form hydrocarbons. It is possible to adjust thealfiproducts to meet specific fuel

requirements (gasoline, jet fuel or diesel).

The process of converting BTL fuels by the FT psscbas several benefits. Syngas
produced in the gasification stage from the breakdof biomass can lead to the production
of a variety of products such as synthetic fuelbritating oils, synthetic waxes and chemical
feedstocks [57]. BTL fuels have little to no sulfor aromatic content, high fuel ignition
quality and low fuel density [24]. As the fuel isoduced from a renewable energy source, it
can be C@neutral with the additional benefit of reduced gsions from tailoring of the fuel

to meet certain combustion requirements. Reseacted out by Nget al[24] showed that



oxides of Nitrogen (N¢Q), CO and particulate matter emissions for sundiegs@8TL fuel)
they used were lower when compared to regular diasé Disadvantages from using BTL
come from the cost of biomass which would normb#ywood and the environmental impact
of harvesting and re-growing the trees as feedstS8okdeet al [59] estimated the cost of
BTL production to be at about $3.55 - $5.67 per gaBon which puts the price range at
about the same cost for fossil based diesel. Suaddecolleagues also estimated that BTL
from sustainably managed forest biomass and woodgtevmay have lower overall

environmental impact than fossil diesel.

BTL is a fuel made up of paraffins with very litle no sulfur and aromatic content
and as an FT fuel, its end product is expectecetsimmilar to GTL fuels which are generally
FT fuels made from natural gas. Several works Hman done on the use of GTL fuels in
diesel engines with very positive results. Maral. [60] and Liet al.[61] investigated GTL
fuels in turbo-charged diesel engines. In both ledse cases, total hydrocarbon (THC)
emissions and CO emissions were lower than reglitmel fuel. Mooret al. observed an
increase in N@emissions [60]; however, lgt al. found a reduction in both NGnd smoke
emissions [61]. Abu-Jragt al. conducted several experiments in a single-cylirdiesel
engine under different engine operating conditiang observed improved engine efficiency
as well as reduced NGnd smoke for GTL fuel [62, 63]. They did, howevebserve an
increase in CO emissions. Clagk al [64] and Lapuertat al. [65] carried out experiments
using GTL in diesel engines. Their experiments lsbibwed a reduction in particulate matter

(PM). Clarket al. also observed reductions in Nf@om experiments carried out in several



buses and tractors. In addition to obtaining low& emissions, Lapuerta and colleagues
also observed a decrease in smoke opacity anduatia@al in THC. In an experiments carried
out using a Euro 1l common rail heavy duty diesabgine fueled with GTL, Wangt al.
observed reduced NOCO and THC emissions as well as a decrease intorgye and

power of the diesel engine when compared to reglidesel fuel [66].

There is an increasing demand for sustainablenaltise fuel production and BTL
fuel as a renewable fuel from biomass offers aasnable solution. There are few studies in
the literature on the effects of BTL on engine perfance, in-cylinder combustion, and
emissions. The main objective of this work is tttéreunderstand how BTL fuel perform in a
diesel engine when compares with conventional tiasd biodiesel fuels, specifically in

terms of engine performance, combustion, and gaseduaust emissions.

5.3. Experimental Setup

The setup for this experiment was discussed inteh& In this work, diesel, biodiesel,
and BTL were tested in the engine at a fixed engpeed of 2000 rpm for three different
load settings at O bar, 1.26 bar and 3.77 bar brakan effective pressure (BMEP)
corresponding to engine torque outputs of 0, 48 .53 N-m, respectively. The fuel of
primary focus is BTL with the other two fuels usas references. Biodiesel is used as a
reference because it is regarded as a first geoeraibfuel unlike BTL, which is considered
as a second generation biofuel. To begin the exyeri, the engine was allowed to run on

the fuel to be tested continuously for 30 minuiié is sufficiently warm then the desired



dynamometer load and rpm were set before datactiolitecan commence. It should be noted

that, the injection timing for the engine was kém# same regardless of the fuel to be tested.

5.4. Results and Discussion

5.4.1 Fuel Properties

Properties of the fuels tested are given in Table Bower heating value (LHV) for
BTL was obtained from [67] after unit conversiorheTLHVs of diesel and biodiesel were
taken from [68]. Flash point for diesel and biodieare derived from [52, 68]. Cetane
number for biodiesel and diesel are from [52, 83| other fuel properties were measured in
the laboratory. In order to characterize the tumhponents, samples of the three fuels were
measured in a gas chromatograph/mass spectron@®@ME) system (Shimadzu). The
GC/MS results for the three fuels are shown in Fagsa-c. From the GC/MS analysis, diesel
is found to consist of & C,; hydrocarbons. Biodiesel is made up @§ €C,; hydrocarbons
and the BTL fuel used is made up of @ G alkane hydrocarbons. The range of
hydrocarbons for BTL indicates that it may have khwest molecular weight. Due to its
lower molecular weight, BTL is expected to haveowdr boiling point and it can vaporize
relatively easily. Furthermore, from the GC resuB3L has no aromatics and is made up

entirely of alkanes. Considering its average hydroon chain length, it is expected that BTL

will have a reasonably high cetane number [9] wigchupported by reported cetane values
for BTL fuels from [24] and [67].



5.4.2 Performance
Figure 5.2 shows the engine performance paraméerthe three different fuels.

From Fig. 5.2a except at 0 bar BMEP, BTL has adrghdicated work than diesel fuel and
about the same as biodiesel. Diesel results ingaehi mechanical efficiency than both
biodiesel and BTL at 1.26 bar (Fig. 5.2b). The aplg mechanical efficiency is, however,
roughly the same for all three fuels at 3.77 bagufe 5.2c demonstrates the brake specific
fuel consumption (BSFC) for all three fuels. BTLshthe lowest BSFC of all three fuels
followed by biodiesel. The lower BSFC value of Biilay be as a result of its slightly higher
heating value. Brake thermal efficiency (BTE) isatio of the brake work per cycle to the
chemical energy released in the combustion prodésschemical energy released in a cycle
depends on the injected fuel mass per cycle andeié$ing value. From Fig. 5.2d, BTL is
observed to have a much higher BTE than both desglbiodiesel. Biodiesel is also noted
to have a higher BTE than diesel fuel. Low BSFCpted with a higher heating value is

believed to be the primary reason for the higheE®TBTL.

5.4.3 Combustion

Figures 5.3-5.6 show the combustion results witfedint combustion parameters of
the three fuels in the engine. Figure 5.3 presimsn-cylinder pressure of the three fuels at
the three different load settings. From Fig. 53adiesel is observed to have the highest
peak cylinder pressure followed by BTL and therseieThe pressure rise after fuel injection
is observed to be more rapid for biodiesel followdBTL fuel when compared to diesel

fuel. In Fig. 5.3b, the engine load is increasetl. & bar. A similar observation to Fig. 5.3a



is seen except in this case the BTL in-cylinderspuee is almost the same as diesel fuel.
Biodiesel still has the highest peak pressure atel of pressure rise followed by BTL and
then diesel fuel. A further increase in engine lea8.77 bar, shown in Fig. 5.3c, results in a
decrease in the peak pressure and rate of predgsaréor BTL compared to diesel. This

observation at 3.77 bar is quite similar to thegmorted in a previous publication [24].

Figure 5.4a shows the heat release rate resullstar BMEP. Biodiesel has the
highest peak heat release rate followed by diesélthen BTL. It should be noted that
although BTL has a shorter ignition delay than elidsel, diesel has a higher peak heat
release rate. This is because the longer ignitedaydof diesel fuel allows for more air-fuel
mixtures in the pre-mixed combustion phase whichildaltimately result in a higher peak
heat release rate upon ignition. In Fig. 5.4b @6 lar BMEP engine load, a similar heat
release profile is observed for BTL and diesel pkdbat BTL has the highest peak heat
release rate and more pre-mixed combustion wherpamed to both biodiesel and diesel
fuel. An additional observation when comparing oaad condition to 1.26 bar BMEP is that
the ignition delay for the fuels is reduced as eagioad is increased. For diesel and
biodiesel, ignition delay decreases by 0.3 deghe®s O bar to 1.26 bar while for BTL, it
only decreased by 0.1 degrees. This shorter igndiday for higher load is believed due to
warmer engine conditions. From Fig. 5.4c at 3.77 BRMEP, diesel is observed to have a
significantly higher peak heat release rate withLBiiving the lowest peak heat release rate.

There is also an observable difference betweeheherelease profiles of the three fuels.



Although diesel and BTL appear to have similartigni delays, the peak heat release rate for

BTL was significantly lower than diesel at this arggload.

Figure 5.5 demonstrates the cumulative heat relessults. As shown in Fig. 5.5a,
diesel shows the highest peak cumulative heatgeleath BTL having the lowest at O bar
BMEP. As the engine load is increased to 1.26 t@sel has the lowest cumulative heat
release and BTL has the highest just barely abmdidsel, as shown in Fig. 5.5b. This same
trend is observed in Fig. 5.5¢c. The higher cumuéatieat release for BTL as engine load
increases may be attributed to ignition delay éffemupled with high BTE and higher

energy content, and in the case of 3.77 bar, taterbustion in the mixing controlled phase.

Figure 5.6 shows the various peak values relatedotabustion results and the
ignition delay. Figure 5.6a depicts the peak inrmer pressures at different engine loads.
For all three load conditions, biodiesel has thghést peak in-cylinder pressure. At the two
lower engine loads, BTL has higher peak in-cylinderssure than diesel fuel. The higher in-
cylinder pressure is believed to be as a resuTdf having a slightly shorter ignition delay
than diesel as was shown in Figs. 5.4a and 5.413.At bar however, there is a noticeable
spike in the in-cylinder pressure for diesel fughva more rapid rate of pressure change than
BTL. Figure 5.6b shows the peak heat release fatethe three fuels at different engine
loads. Biodiesel has a higher peak heat releaseatd bar. As engine load increases to 1.26
bar, BTL has the highest peak heat release rdtered by diesel with biodiesel having the
lowest. The higher peak heat release rate for Bl be attributed to the lighter molecular

weight of BTL allowing it to vaporize much more gkiy than diesel and biodiesel coupled



with its long ignition delay. Based on Fig. 5.4bcan be assumed that ignition delay alone
may not account for the all the changes in the pest release rate observed at 1.26 bar
since diesel and BTL have almost the same igndelay of 11.3 deg. Figure 5.6¢c shows the
peak cumulative heat release for the fuels. Ibiseoved that while BTL has the lowest peak
cumulative heat release at 0 bar, it has the higladse at 1.26 and 3.77 bar followed closely
by biodiesel in both cases. Diesel has the lowastutative heat release rate at the two

higher engine loads but has the highest peak cuivellaeat release at O bar.

The ignition delay for the fuels is shown in Fige&. Ignition delay was determined
by calculating the crank angle difference betwden éngine’s start of fuel supply at<17
before TDC and the crank angle at which the hdaase rate crosses the zero mark. From
Fig. 5.6d, biodiesel is observed to have the shkbrignition delay for all three load
conditions. Diesel has the longest ignition delagept at 1.26 bar where diesel and BTL
have similar ignition delay. The shorter ignitiorlaly observed for biodiesel may be
attributed to the higher bulk modulus of the fualiel injection system for this engine is a
typical mechanical system including a pump, pipej &jector. The fuel is injected on a
volume basis. A larger bulk modulus of a fuel proesofaster pressure wave propagation in
the pipe, which in turn opens the injector nozastér and leads to a shorter ignition delay
[42]. The other reason for shorter ignition deldybmdiesel is expected to be from its
relatively higher cetane number. The ignition defiaydiesel and BTL fuel are rather close
under all the conditions, it is expected that tin@we similar cetane numbers with BTL

slightly higher.



Another parameter of considerable interest is ttaah air to fuel ratio as shown in
Fig. 5.7. The air-fuel ratio is calculated by divig the mass of air (obtained from the mass
air flow sensor) with the fuel flow rate into thegee. It is seen that air-fuel ratio decreases
with increasing engine load due to more fuel irgdcper cycle. Diesel fuel is observed to
have the lowest air-fuel ratio at all three loadhditions. At 1.26 and 3.77 bar, BTL is
observed to have the highest air-fuel ratio. Thebservations suggest that BTL and
biodiesel combustion occur in a more fuel lean @mment when compared to diesel fuel.
There is a possibility of over-leaning in the cadeBTL considering its lighter molecules.
Over-leaning occurs when air-fuel mixture is beydmel lean limit of combustion. It may not

auto-ignite and lead to a misfire, particularly angery low-load conditions [9].

5.4.4 Emissions

Gaseous fuel emissions were measured with an edfrandustries FGA 4000 XDS
exhaust gas analyzer. The emissions results anensho Fig. 5.8. From Fig. 5.8a, it is
observed that except at 0 bar, BTL has overall o€ emissions than both diesel and
biodiesel. These lower HC emissions may be atebub better air-fuel mixing. From Fig.
5.7, since BTL has a high air-fuel ratio at 1.26 bad 3.77 bar there is the possibility of
more complete combustion which would result in low#C emissions. The higher HC
emission for BTL at O bar could be as a resultoafal over-lean air-fuel mixtures, which
would result in local poor or incomplete combustwith un-burnt fuel going to the exhaust.
Figures 5.8b and 5.8c show CO and,&missions, respectively. From these figures, BTL

demonstrates a decrease in both CO angeéd@ssions compared to diesel and biodiesel. It



is also remarkable to note that unlike biodieseicvthas a lower CO emission but a higher
CO, emission, BTL has lower emissions of both oxidesasbon. Biodiesel contains oxygen
which would allow for the oxidation of CO to forndditional CQ emissions. CO emissions
at 3.77 bar for all three fuels is observed to e zThis observation may be attributed to
more complete combustion of the three fuels atieh higher engine load. Figure 5.8d is a
comparison of the NQOemissions. BTL has higher N@missions than diesel except at 3.77
bar where it has lower NGmissions than the other two fuels. NOrmation is typically a
function of temperature. Thermal N@ formed at temperatures above 1800 K [70, 1d] an
is believed to be the principal N@rming mechanism for these fuels in diesel engirree
peak rate of heat release seems to have someatmmsl with the observed NQesults as
seen in Fig. 5.9 suggesting that the greater th& peat release rate, the higher the amount

of NOy produced.

Smoke opacity from the engine exhaust was obtawidd a wager 6500 smoke meter.
Smoke opacity is directly related to the amounsait in the exhaust. Smoke opacity results
are shown in Fig.5.10. It is observed that at ha6 BMEP, BTL and biodiesel have little
smoke emissions compared to diesel fuel. As enlgiae is increased to 3.77 bar, however,
BTL and biodiesel have higher smoke opacity thaselifuel. The increase in smoke opacity
for these two fuels may be attributed to their mtbamount of premixed combustion phase
due to their shorter ignition delay. The less amairpremixed combustion phase results in
more diffusion fuel combustion occurring later wittore soot generated [70]. It should also

be noted that unlike diesel fuel with comparablytharomatic contents, biodiesel and BTL



have little to no aromatic content and as suclstiwe formation mechanism is expected to be

quite different for these two fuels.

Exhaust gas temperature as shown in Fig. 5.11 veggmest for biodiesel at all engine
loads. BTL also had slightly higher exhaust gasperature when compared to diesel fuel.
There is a noticeable correlation between ignitietay at each load as shown in Fig.5.6d
and exhaust gas temperature. Biodiesel with thetestoignition delay has the highest
exhaust gas temperature, while diesel fuel with ldmgest ignition delay has the lowest
exhaust gas temperature. This is believed due ¢oldhger late cycle combustion for

biodiesel with more mixing controlled combustionipd.

5.5. Conclusion

An experiment was conducted to study the charatiesiof burning a biomass to liquid
fuel in a compression-ignition diesel engine. Eergperformance, in-cylinder combustion,
and emissions were measured. Based on the resquli;med from this experiment, some

important findings can be summarized as follows:

1. The use of BTL in the diesel engine resulted ighdly lower indicated work and
mechanical efficiency at low engine loads but iasedl mechanical efficiency at high
engine loads. BTL also had lower BSFC and higheE Bihen compared to both
diesel and biodiesel.

2. BTL was observed to have a shorter ignition delagnvcompared to diesel fuel but a

longer ignition delay than biodiesel. The effecBdiL on in-cylinder pressure, heat



release rate and cumulative heat release variegéndepy on engine operating
conditions.

. For all the tested exhaust gas samples, with tleemion of NQ and no load
conditions, an improvement in emissions was obser€, CO and C®emissions
were lower for BTL when compared to both diesel @nadiesel except at 0 bar
BMEP where HC emissions are higher. Ngnissions were higher for BTL except at
3.77 bar. Smoke opacity was observed to be the sarwver for low engine loads
for BTL and biodiesel but a significant increasesmoke opacity was observed for
biodiesel and BTL at 3.77 bar BMEP.

. As this experiment was carried out in a singleroydir diesel engine at a fixed rpm,
more work needs to be done to better understandhecteristics of BTL fuel in a
diesel engine at varying engine speeds and loaks. résults obtained from this

experiment demonstrate promising potentials ofgu&mL in diesel engines.



Table 5.1: Fuel properties adapted from [67], [¢82] and [69]

- Diesel L
Properties (No.2) Biodiesel BTL
Energy Content (lower Heating
value) (M/kg) 43.1[68] 37.9[68] 43.9[67]
Flash pointC 74[68] >130[52] -
Auto ignition TemperatureC ~315[68] ~149[68] -
Dynamic v;sSCE):sny (Pa.s) at 1.99 412 20976
Density (kg/L) 0.832 0.875 0.762
Cetane number 4/69] 55.4[52] -
Surface Tezrés(lé)n (mN/m) at 274 9.3 2496

44
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Figure 5.1: GC/MS results for (a) diesel (b) bieeie(c) BTL
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Figure 5.2: (a) Indicated work (b) Mechanical HEffency (c) Brake Specific Fuel
Consumption (d) Brake Themal Efficicency at 0 da26 bar and 3.77 bar BMEP
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Figure 5.3: In-cylinder pressure at (a) 0 bar,1(l26 bar and (c) 3.77 bar BMEP.
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Figure 5.4: Heat Release Rate at (a) 0 bar, (&) da2 and (c) 3.77 bar BMEP.
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Figure 5.5: Cumulative Heat Release at (a) O bar].26 bar and (c) 3.77 bar BMEP.
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Figure 5.6: (a) Peak Cylinder Pressure (b) Peak Rekase Rate (c) Peak Cumulative Heat
Release Rate (d) Ignition Delay at O bar, 1.26dvar 3.77 bar BMEP

Figure 5.7: Actual air-fuel ratio under differemgene loads
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Figure 5.8: (a) Hydrocarbon emissions (b) Carbomdkide emissions (c¢) Carbon Dioxide
emissions (d) NQemissions at 0 bar, 1.26 bar and 3.77 bar BMEP
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Figure 5.9: Relationship of peak heat releasetoalO, emissions for all the conditions

Figure 5.10: (a) Smoke Opacity at 0 bar, 1.26 bdr&a77 bar BMEP



Figure 5.11: Exhaust gas temperature at O bar,daPé&nd 3.77 bar BMEP



CHAPTER 6

Performance, Combustion, and Emissions Study of adinpression Ignition
Engine Running on Oil in Water Emulsions Made withDiesel, Jet fuel and
Biodiesel with Carboxymethylated Kraft Lignin as aSurfactant

6.1 Abstract
In this work, three different fuels (diesel, bioské and jet fuel) and their emulsion

counterparts were tested in a diesel engine. Thdseons were oil (fuel) in water emulsions
at a ratio of 3:7 water/oil (W/O). The surfactansed for this experiment was
carboxymethylated Kraft lignin. Testing was perfexdnfor fuel and emulsion at an engine
speed of 2000 rpm under three engine loads comelépy to O bar, 1.26 bar and 3.26 bar
brake mean effective pressure (BMEP). Engine perdoice, in-cylinder combustion, and
exhaust emissions were measured. At no load congitin increase in indicated work is
observed for diesel emulsion and biodiesel emulsuven compared to pure diesel and
biodiesel, respectively. Emulsions result in highagine mechanical efficiency at 1.26 bar
and 3.26 bar BMEP except in the case of jet fuallsion at 1.26 bar. When the total fuel
mass for emulsions includes the water added, eamdshave higher brake specific fuel
consumption (BSFC) than their base fuels. When tdmdyfuel mass is considered, a lower
adjusted BSFC is observed for emulsions. Fuel eomdshave higher brake thermal
efficiency than their base fuels. Emulsions gemgiahve lower peak in-cylinder pressure,
lower heat release rates, and longer ignition dektyl.26 bar and 3.26 bar BMEP when

compared to pure fuel but have the opposite effenb load conditions. There was also a



noticeable decrease in N®missions for the emulsions, but an increase lipoctamonoxide
emissions at 1.26 bar and 3.26 bar. At 0 bar BMEaRyIsions produce less carbon monoxide
emissions. The effect of emulsions on hydrocarbursgons and smoke opacity depends on
the fuel type and the engine load. This work dertrates the effectiveness of W/O
emulsions as viable fuels for diesel emissions c¢kdoms. It also shows that
carboxymethylated Kraft lignin can be used as decéfe surfactant for oil in water fuel

emulsions.

6.2. Introduction
The US Environmental Protection Agency (EPA) is ®eintroduce Tier 3 motor

vehicle emissions standard starting in 2017. Theggam will seek to lower vehicle
emissions and reduce the sulfur content of gasolinis estimated that the program will
reduce vehicle nitrogen oxides (NCGmissions by 25%, carbon monoxide (CO) emissions
by 24% and direct particulate matter (PM) by 109%2@30 [34]. Vehicle manufactures will
need to find methodologies to meet the requiremehtse new standard. Methods typically
used to reduce emissions for diesel engines aredbeof alternative fuels, introduction of
water into the combustion chamber and mechanisrteckbe individual controlled emissions
such as particulate filters and oxidation catal\me of these methods are not cost
effective, may require extensive modifications e tvehicle, and, in some cases, reduce

some emissions at the expense of other regulatess$iems.

Emulsions of water and fuel are a means by whiguleted fuel emissions can be

reduced effectively. The addition of water to fhak the additional benefit of reducing the



overall volume of fuel consumed. An emulsion is iatare of two or more liquids in which
one is present as droplets, of microscopic or mitteoscopic size, distributed throughout the
other [71]. It is created by the agitation of tvwguids in the presence of a surfactant which
possess both polar and non-polar properties whatpshweaken the surface tension of the
liquid in which it is dissolved [25]. Fuel emuls®rare produced when fuel and water are
mixed together in the presence of a surfactant waiither water as the continuous phase and
the fuel as the dispersed phase or vice versa.aRdsas have experimented with the use of
waste cooking oil emulsions [72], animal fat emaits [73], biofuel emulsions [74], diesel in
water emulsions [26, 27, 29, 30, 75, 76], Threehase emulsions [31, 28, 77] and diesel-
ethanol emulsions in diesel engines [78]. Invesitiga were also performed on the use of

heavy oil — water emulsions on a semi industriales¢79].

Kumaret al. performed experiments in a diesel engine usingevasoking oil/water
(WCO/W) emulsions and observed improvements indthakrmal efficiency (BTE) at high
power outputs but low BTE at low power outputs whempared to neat diesel fuel [72].
Lower smoke opacity than WCO but higher smoke dpattian diesel fuel was also
observed. Hydrocarbon (HC) emissions varied witlvgrooutput. At high power output,
WCO emulsion had lower HC emissions than dieselabubw power output it had higher
HC emissions than diesel. Kunetral. carried out additional experiments in a dieselirag
using an emulsion of animal fat and water with Btitd73]. They observed a decrease in
smoke, N@, HC and CO when compared to pure animal fat arad diesel at high power

outputs. Animal fat emulsions were observed to Hagher HC and CO emissions at light



engine loads. Kumaet al. [74] put together a comprehensive review on the afsbiofuel
emulsions in diesel engines. They came to the osiml that biofuel emulsions improved
the combustion efficiency and performance with ;sdlNQ and PM emissions. Research
work in Refs. [26, 27, 29, 30, 75, 76] shows a ot in NQ,, soot, HC and PM emissions,
and improved combustion efficiency for diesel-wadsrulsions. Alahmeet al. observed that
as water content increased, BSFC increased atdmgime speeds, BTE decreased, exhaust
gas temperature (EGT) decreased, and, Mo decreased [30]. In the case of Zaid’'s
experiments, an increase in water content resuttean increase in BTE, an increase in
BSFC (diesel and water considered as total fual)aadecrease in EGT [27]. Cherng-Yein

al. [28, 31, 77] carried out a series of experimeatstudy three phase diesel emulsions in a
diesel engine and the results showed an increaBSHC and CO with a decrease in NO
CO2 and smoke opacity. Ashok carried out experimersing varying concentration of
diesel-ethanol emulsions in a diesel engine [78f Tesults showed an increase in BTE, a
decrease in specific fuel consumption and a deer@adNQ, as the volume of ethanol
decreases. The general consensus from all the iexpds carried out with water- oil

emulsions in a diesel engine is that N{Dd smoke generally decrease.

Micro-explosion and puffing are the two most impoitt phenomena attributed to
emulsion combustion in a diesel engine. Micro-egjdo is the quick break down of droplets
which results in secondary atomization of drop[8@. It occurs because water and oil have
different boiling temperatures which results in @atvaporating much faster than the oil in a

hot combustion chamber. For water in oil emulsioveter droplets are typically



encapsulated by oil. In a hot combustion chamlher water droplets will reach superheated
phase much faster than the oil thus resulting ierorexplosion. In the case of puffing, water
leaves the oil droplets as a fine mist [25, 80]t Hib researchers have, however, agreed on

the occurrence of micro-explosions in diesel enga®ewas discussed by Weib&tal. [75].

Most of the experiments carried out in diesel eagising fuel-water emulsions have
typically used water as the dispersed phase wéloih(fuel) as the continuous phase. In this
work, oil in water emulsions using diesel, jet faeld biodiesel as base fuels are studied with
carboxymethylated Kraft lignin as the surfactartteTobjective of this work is to study the
use of oil in water emulsions in a diesel enginal do determine the viability of

carboxymethylated lignin as a suitable surfactantifesel engine applications.

6.3. Experimental Setup

The experimental setup for this experiment has lokstussed previously in Chapter
3. An additional fuel tank was used for emulsionghis experiment. A schematic of the
setup is shown in Fig. 6.1. In this experiment,sdie biodiesel, jet-fuel, and their
corresponding emulsions are tested under givenitonsl The diesel engine was set at 2000
rpm for three different torque outputs of 0, 4.1#81d40.86 Nm corresponding to O bar, 1.26
bar and 3.26 bar brake mean effective pressure @MIEwo fuel tanks containing a base
fuel and an emulsified fuel were used. The two $aesch had a shut off valve and were
connected with a T junction which fed into the ewgs fuel pump. The testing of the

emulsified fuels began by starting the engine whthbase fuel while keeping the valve from



the tank containing the emulsion closed. The engiag left to run for 30 minutes to warm
up the engine. With the engine sufficiently warnugd the base fuel valve was shut and the
emulsion valve was opened. The engine was furéifetd run on the emulsion fuel for an
extended period of time in order to ascertain timtbase fuel was present in the fuel line
before data acquisition began. It should be nokbed for this experiment, the fuel supply

timing for all fuels tested was kept constant atiégree before TDC.

6.4. Results and Discussion

6.4.1 Fuel Properties

As mentioned before, the emulsions used for thpeement had water as the continuous
phase and oil (fuel) as the dispersed phase, whidifferent from most of the emulsion
experiments carried out by other researcher iretimsgines. The ratio of water to oil used in
this experiment was 3:7 by mass. In order to make etmulsions, 0.5% of
carboxymethylated Kraft lignin was dissolved in grabefore mixing with the fuel. The
mixture was then mechanically agitated at room teoire with an Ultra Turrax at a speed
of 20,000 rpm. The produced emulsion was subjeet vacuum pump for de-aeration. Fuel
properties are given in Table 6.1. It is seen dilaih-water fuel emulsions have much higher

dynamic viscosities than the based fuel. FiguresB@vs samples of the tested fuels.

6.4.2 Performance
Engine performance parameters for each testedafeeshown in Figure 6.3. Figure
6.3a shows the indicated work at the three diffeteads. As engine load is increased,

indicated work increases for all the fuels. Thd mulsions have lower indicated work than



the base fuels with the exception of the no loaddd®mn and jet fuel emulsion at 1.26 bar.
Figure 6.3b depicts the engine’s mechanical effiicye Mechanical efficiency is observed to
increase with increasing engine load for all tedtexds. Mechanical inefficiency is typically

attributed to friction losses. Fuel emulsions resulhigher mechanical efficiency. Jet fuel
emulsion at 1.26 bar is the only exception witlowdr mechanical efficiency than the base
jet fuel. Figure 6.3c shows the brake specific feehsumption (BSFC) for different engine
loads. For this figure, both water and oil conttéto the total mass flow rate of fuel. BSFC
determined in this manner decreases with increasmggne load and is higher for emulsion
fuels when compared to their base fuels. The hi@®FC of emulsions is mainly due to

their lower heating values due to the water costeftigure 6.3d is a plot of BSFC

determined by only considering the fuel in the esionl. The percentage of fuel used in this
experiment is seventy percent and as such onlyngeyercent of the total fuel emulsion

flow rate is used in determining the BSFC. By dmiaing the BSFC in this manner, a
significant reduction in BSFC is observed for thelfemulsions. The fuel emulsions are

observed to have noticeably lower BSFC values vdoempared to the base fuels.

The brake thermal efficiency (BTE) is a ratio okthrake work per cycle to the
chemical energy released in the combustion pro@s$rom Figure 6.4a, BTE increases
with increasing engine load for all fuels, it alswreases for the fuel emulsions when
compared to their base fuels, which is consistetit findings by other researchers [27, 30

and 76]. This difference in BTE becomes more sigaift when only the actual base fuel is



factored in as is shown in Figure 6.4b. In thisufey the brake thermal efficiency is adjusted

to only consider the quantity of oil (base fueleds

6.4.3 Combustion

Combustion pressure was obtained from a Kistle2B80pressure sensor installed in
the cylinder head of the engine. Figure 6.5a shibesn-cylinder pressure at 0 bar BMEP. It
is seen that the fuels and their emulsions havéasipressure profiles with the exception of
jet fuel and its emulsion. This figure suggestlger ignition delay and slower rate of
pressure increase for jet fuel emulsion, diesel diedel emulsion compared to biodiesel,
biodiesel emulsion and jet fuel. In Fig. 6.5b, ajonalifference in pressure profile is
observed for jet fuel and its emulsion comparedh® other fuels. An initial decrease in
cylinder pressure after fuel injection followed &yslight increase in cylinder pressure upon
ignition can be seen from this figure for jet faeld its emulsion with the observation been
more pronounced for jet fuel emulsion. It is aldmserved that fuel emulsion have lower
cylinder pressure than their corresponding basks fwéh biodiesel and its emulsions still
having a faster rate of pressure rise than digetlfuel and their emulsions. The initial
decrease in pressure after the start of fuel iigjector jet fuel and its emulsion may be
attributed to its higher volatility and longer igon delay. A long ignition delay means fuel
would accumulate in the combustion chamber for rgéo period which would lead to

significant cooling of the air-fuel mixture as aud#t of fuel evaporation.

At 3.26 bar, the effect of water evaporation arecmmore pronounced as shown in

Fig. 6.5c. Emulsions have much lower peak cylimgtessures than their base fuel



counterparts and major differences between thespresprofiles of the fuels and their
emulsions can be observed. Unlike the lower loawitmns where biodiesel had the fastest
rate of pressure increase, at 3.26 bar, diesdhieafastest rate of pressure increase after start
of combustion. An additional observation is thatle/fthere is still a noticeable decrease in
pressure for jet fuel and jet fuel emulsion, thisra significant increase in cylinder pressure
shortly after possibly as a result of a hotter ragitatus which in turn reduces the cooling

effect of water evaporation.

In Fig. 6.6a it is found that at no load conditithrere is no significant difference
between the heat release rate profile of a purkdné its emulsion counterpart with the
exception of jet fuel and its emulsion which arewh to have completely different profiles.
The heat release rate differences observed fdugbtand its emulsions may be attributed to
spray development and ignition quality resultingsignificant differences in their ignition
delay. Diesel, its emulsion and jet fuel emulsioavén a noticeably longer pre-mixed
combustion phase when compared to the other fgedsrasult of the longer ignition delay of
these fuels. A longer ignition delay would resuitmore fuel present in the combustion
chamber at the time when ignition finally takesgelaThe increased quantity of fuel would
result in a significantly longer pre-mixed combastphase and would also result in a higher

peak heat release rate as was observed.

Figure 6.6b shows a marked difference in the helaase profiles of all the fuels

tested at 1.26 bar BMEP. Biodiesel and its emularenobserved to have different mixing —



controlled combustion phase when compared to ther dtiels. The heat release rate between
a fuel and its emulsion differs depending on thel type. While biodiesel and its emulsion
have very similar heat release rate profiles, dligeefuel and their emulsions have much
larger differences in their heat release rate l@®fiThese observed differences may again be
attributed to differences in heating values, sglayelopment, and ignition quality. In Figure
6.6c, the engine load is increased to 3.26 bar BMEPfuel emulsion clearly stands out with
a significantly longer ignition delay when compatedhe other fuels. Biodiesel emulsion is
noted to have a significantly longer pre-mixed costlon phase with a relatively lower heat
release rate peak. Lower heating value, low ignigoality, and poor fuel atomization are
believed to be the principal reasons behind theatieh of biodiesel emulsion in the pre-

mixed combustion phase.

Figure 6.7a depicts the cumulative heat releagkeofuels at no load condition. It shows
the same fuel grouping observed from the pressudtehaat release rate plots. The profiles of
the fuels are similar. Jet fuel and its emulsiopegience a dip in cumulative heat release just
after combustion resulting in overall lower cumivatheat release when compared to the
other fuels. Figure 6.7b shows cumulative heatiseas engine load is increased to 1.26 bar.
From this figure, we again notice a significantatering’ of the profiles. The high
cumulative heat release associated with jet fudl its1emulsion can be attributed to their
significantly longer ignition delay with more prexed combustion and less soot radiation
heat loss. In Figure 6.7c, the cumulative heatssls of all tested fuels are similar regardless

of the ignition delay. This is believed to be besmas engine load increases, the effect of



heating value and ignition quality are no longepemounced in a warmer engine cylinder.

Figure 6.8a gives a quantitative representatioth@fpeak in-cylinder pressure for all the
tested fuels. It is seen that a general decreapeak cylinder pressure at 1.26 bar and 3.26
bar for emulsions compared to their base fuelsn@d\ioad condition, however, emulsions
have a higher peak cylinder pressure except fdugdtemulsion. The increase in pressure is
believed to be as a result of enhanced fuel atdimniza&aused by micro-explosion. In the
case of jet fuel emulsion, the ignition delay grsiicantly longer than neat jet fuel leading to
a lower peak pressure. At higher engine loadsetfets of a lower ignition quality, longer
ignition delay and lower heating values surpassetfiects of micro-explosions hence the
lower peak cylinder pressure for fuel emulsionskigure 6.8b, a similar trend as that shown
in Fig. 6.8a is observed mostly for the peak he#tase rate for the same reasons. The
exceptions are jet fuel emulsion at no load cooditind biodiesel emulsion at 1.26 bar. Jet
fuel emulsion has a longer ignition delay. The lagjtion delay results in more fuel in the
chamber available for combustion, and as such ugtion, there is a higher heat release
rate than its corresponding base fuel. The sligothger ignition delay of biodiesel emulsion
is responsible for its slightly higher peak headéase rate. Figure 6.8c is a plot of the peak
cumulative heat releases of the fuels. The figh@ys that at no load condition, emulsions
have higher cumulative heat release. This is differfor diesel emulsions and biodiesel
emulsions at 1.26 bar; at 3.26 bar the same trerad ao load condition is observed with the

exception of jet fuel emulsion which has a lowemclative heat release than pure jet fuel.



Ignition delay comparisons are shown in Figure 6/8@m this figure, emulsions are
observed to have longer ignition delays than thase fuels for the most part. Ignition delay
is closely related to the ignition quality of theef, and for this reason, the emulsions which
are expected to have lower cetane numbers (igniticahity) will have longer ignition delays
[9]. The only exception observed is biodiesel emonisat 1.26 bar which has a shorter
ignition delay of 0.1 deg than pure biodiesel plolysas a result of its relatively high bulk
modulus. Except the load conditions, biodiesel ism@mulsion have shorter ignition delays
than other fuels or emulsions. Although the heatialyies of biodiesel and its emulsion are
lower than jet fuel and its emulsion, the highelkbmodulus of biodiesel and its emulsion

would result in earlier fuel injection resultinganshorter ignition delay.

6.4.4 Emissions

Figure 6.9a shows the HC emissions for the fuelsmFthis figure, the general trend
observed for most of the tested fuels was an iserea HC emissions between no load
condition and 1.26 bar followed by a decrease uporeasing engine load to 3.26 bar. The
decrease in HC emissions of diesel emulsion andidsel emulsion when compared to their
based fuel at no load conditions may be due toebeitomization as a result of micro-
explosion. According to Kadota and Yamasaki [83],io water emulsions also experience
micro-explosion in the same manner as water irmililsions. This is believed to be caused
by a phase inversion from O/W (oil in water) to W/@ater in oil) emulsions followed by a
phase separation as a result of an increase inetir@mperature. In addition, these authors

suggest that the base fuel vaporizes first for @MIsions because the micro-droplet



component in the emulsion always vaporizes firgte Bffect of a longer ignition delay
would seem to outweigh the micro-explosion phenamienthe case of jet fuel, hence its

higher HC emissions when compared to neat jet fuel.

In general, the effect of ignition delay as well@dinder temperature seems to be the
major factor affecting HC emissions. Fuel emulsigeserally have lower combustion wall
temperatures as a result of lower flame temperatudgich in turn results in higher HC
emissions. An increase in ignition delay resultaunincrease in HC emissions as a result of

overmixing which results in a very lean mixturettin’t support autoignition with misfire

9.

CO and carbon dioxide (GPemissions are typically opposite sides to a céiith more
complete combustion, GGemission is prominent and CO emissions limite@; riverse is
true with incomplete combustion. Figures 6.9b anfic6are plots of CO and GO
respectively. For all the fuels tested, CO emissidacreased with increasing engine loads.
The reasons for these are an increase in fuel ogotsen and a warmer cylinder which
would support more complete combustion. At highdkdl.26 bar and 3.26 bar, CO
emissions for emulsions increased when compargdite fuel mostly because of the effect
of water in the chamber which lowers the flame terafure [83] as a result of a significant
increase in water vapor concentration which in tlowers the cylinder temperature and
hinders complete combustion. This is however netdhse at no load condition where with
the exception of diesel emulsion, less CO emissiengbserved for the emulsions. The

reason for this has been discussed previouslysaatributed to micro-explosion which



allows for secondary atomization with better fualr mixing leading to more complete
combustion. From Figure 6.9c, the general trendatbthe fuels was an increase in £0
emissions as engine load increased. Emulsions ledse a noticeable decrease in ,CO

emissions, as supported by Fig. 6.9b.

Nitrogen oxides (NG in engine combustion chamber are typically fornesther as
prompt NQ or thermal NQ. Prompt NQ formation pathway is dominant below 2000k while
thermal NQ mechanism is dominant for temperatures above 25B6km Fig.6.9d, we
observe an increase in Nr all fuels as engine load increased. Excepiodbad condition
and biodiesel at 1.26 bar BMEP, we observe a deereéa NQ emissions for emulsions
when compared to their base fuels. The reducedlineer temperature at 1.26 bar and 3.26
bar for emulsions helps the reduction of thermakNfompt NQ formation is expected to
be minimal seeing as the fuels and emulsions dohawe nitrogen present in the fuel.
According to Javieret al [79] NOy formation is reduced as a result of a lower flame
temperature as well as in increase in OH radichisiwwould react with excess oxygen thus
reducing the amount of NCJormed. The decrease in N@r emulsions is supported by
previous results [25, 26, 28, 29, 31, 73, 74, 76,7B]. There is a correlation between peak
heat release rate and N€r diesel, biodiesel and their emulsions as showhigure 6.10.
This correlation supports the observation thatnasylinder temperature is increased, NO

formation also increases.

Figure 6.11 depicts the effect of engine load omwlamopacity. At no load condition, a

general decrease in smoke opacity is observedi&reimulsions with the exception of



biodiesel emulsion. An increase in engine load .86 Ibar results in the opposite effect as
that observed at no load condition with biodiesghia the exception. As engine load is
increased further to 3.26 bar, an increase in snogexity is observed for the emulsions
compared to their base fuels with jet fuel beenetheeption in this case. The initial decrease
in smoke opacity for the emulsions could be as sulteof the overall decrease in
hydrocarbon fuel quantity as compared to pure fueldecrease in hydrocarbon fuel quantity
would imply lower carbon content and as such lesske formation. As micro-explosion is a
function of temperature, it is expected that asrentpad increases and cylinder temperature
increases, fuel emulsion should undergo significgetondary atomization which would
facilitate better air- fuel mixing and more completombustion. The improvement in
combustion as a result of micro-explosion is ougjlved by poor combustion due to a longer
ignition delay for the emulsions with the exceptioh biodiesel emulsion and jet fuel
emulsion at 1.26 bar at 3.26 bar respectively. @paesults obtained from this experiment
seem to be random. This randomness could be asikh o¢ the accuracy of the smoke meter

at very low smoke emissions.

In Figure 6.12, exhaust gas temperature (EGT) ®wveh From this figure exhaust
temperature difference between a fuel and its @onulseemed to be dependent on the fuel
type and engine load. At no load condition, emulsibad higher EGT than their base fuels.
As engine load increased to 1.26 bar, emulsionddwadr EGT except for diesel emulsion.
At 3.26 bar, emulsions had lower EGT than theirebfgls with the exception of jet fuel

emulsion.



This experiment was a preliminary test of oil interaemulsions in a single cylinder
diesel engine using carboxymethylated lignin asirdastant, additional experiments would
need to be carried out to verify the results olgtdinlt should also be noted that the
experiment could not be carried out at much higbads due to injection limitations from
the use of fuel emulsions.

6.5. Conclusion

An experiment was conducted to study the effeditbérent fuel-water emulsions made
with a carboxymethylated Kraft lignin surfactant ancompression-ignition diesel engine.
Engine performance, fuel combustion and emissioesewneasured. Based on the results
obtained from this preliminary experiment, some amg@nt finding can be summarized in the

following:

1. For each of the fuel emulsions used in this expenimthere is a general decrease in
indicated work but a general increase in mechamffediency when compared to the
base fuels. There is also a noticeable increa&SiRC and BTE for the emulsions
when compared to their base fuels

2. Peak cylinder pressure, peak heat release ratpealdcumulative heat release were
observed to be higher for the fuel emulsions whemmared to their pure
counterparts. Fuel emulsions were observed to loager ignition delays.

3. Emissions results are observed to vary based ontype and engine operating
conditions. At high loads for instance, NOx emissiowere lower for all the

emulsions but CO emissions were higher. At low eadpads, fuel emulsions were



observed to have higher NOx but lower CO. For najsthe fuel emulsions, HC
emissions increased as engine load increased.

4. Based on the results obtained from this experintaete would need to be a balance
between what emission is to be reduced and engiembng conditions. The choice
of fuel to use must also be factored in to maxin@zession reductions.

5. The experiment in this work was preliminary andiled to three different loads and
one engine speed in a single cylinder engine. possible that the results obtained
could differ for other engine speeds and loads uttingylinder diesel engines. More

experiments may need to be conducted before thietedan become practical.



Table 6.1: Higher heating value (HHV) and dynamscusity for the tested fuels and fuel
emulsions

. Diesel . Biodiesel | Jet Jet Fuel
Diesel . Biodiesel . .
Emulsion Emulsion | Fuel Emulsion
HHV (MJ/kg) 45.3 29.12 38.27 26.69 4478 29.43
Dynamic
viscosity @ 25C | 2.00 29.30 4.10 10.00 1.10 41.10
(mPa-s)




Figure 6.1: Schematic of experimental setup

Figure 6.2: From left to right, diesel, biodiegel, fuel, diesel emulsion, biodiesel emulsion,
jet fuel emulsion



(a) ()

(©) (d)

Figure 6.3: (a) Indicated work (b) Mechanical Effency (c) Brake Specific Fuel
Consumption (d) Adjusted Brake Specific Fuel Congtiom at O bar, 1.26 bar and 3.26 bar
BMEP

(@) (b)

Figure 6.4: (a) Brake Thermal Efficiency (b) AdgedtBrake Thermal Efficicency at O bar,
1.26 bar and 3.26 bar BMEP
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Figure 6.6: Heat Release Rate at (a) 0 bar, (&) da2 and (c) 3.26 bar BMEP.
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Figure 6.7: Cumulative Heat Release at (a) O ar].26 bar and (c) 3.26 bar BMEP.
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Figure 6.8: (a) Peak Cylinder Pressure (b) Peak Rekase Rate (c) Peak Cumulative Heat
Releasse Rate (d) Ignition Delay at O bar, 1.26bdr3.26 bar BMEP
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Figure 6.9: (a) Hydrocarbon emissions (b) Carbomdkide emissions (c¢) Carbon Dioxide
emissions (d) NQemissions at 0 bar, 1.26 bar and 3.26 bar BMEP
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Figure 6.10: Relationship of NQwvith peak heat release rate for diesel, biodiasel their
emulsions at 0 bar, 1.26 bar and 3.26 bar BMEP



Figure 6.11: Smoke Opacity at 0 bar, 1.26 bar aBd Bar BMEP

Figure 6.12: Exhaust gas temperature at O bar,daPé&nd 3.26 bar BMEP



CHAPTER 7

Preliminary Testing of Lignin Derived Compounds asViable Fuel Additives in
Diesel Engines

7.1 Abstract

In this work, preliminary testing of lignin derivetcbmpounds as additives in a diesel
engine was conducted. Five chemical compounds tested as fuel additives, including 2-
methoxyphenol (guaiacol), catechol, catechol estartillin, and vanillin ester. Four of these
additives are solids with 2-methoxyphenol being ahéy liquid. In order to effectively test
the solid additives, it was necessary to dissdhemt in ethyl ether. Test was performed for
each additive at an engine speed of 2000 rpm arehgime load of 25% corresponding to
1.26 bar brake mean effective pressure (BMEP). fdm@meters of engine performance,
combustion process, and exhaust emissions wereuneglasNo. 2 Diesel was used as a
primary fuel and as a benchmark for comparing tfexts of the different additives. In order
to better monitor the changes observed from thid salditives, an additional run using pure
ethyl ether was also performed. From the resultsiogd, engine performance remained
close with relatively minor changes except fuel ssonption where the additives lead to
slightly higher fuel consumption rates and a cqroesling increase in brake specific fuel
consumption. There was hardly any noticeable diffee among the combustion pressures
and heat release rates of the different additiveepm vanillin ester which had a longer

ignition delay with a lower peak in-cylinder pressuEmissions from additive experiments



were also noticeably lower when compared with diegeept that vanillin and vanillin ester
had slightly higher hydrocarbon and carbon monoxiagssions, respectively. All the tested
fuels had lower NQemissions when compared to pure diesel. The smapé&eity, which is
an important factor in determining the amount obtspresent in the exhaust, was also

noticeably lower for all the additives when compuiaweéth diesel.

7.2 Introduction
Fossil fuels have had major impacts in shaping ywedaorld. The cost and difficulty

associated with mining fossil fuels and their infpac today’s climate have made it
increasingly necessary to find alternative souafemnergy. The use of fossil fuels for energy
generation is not expected to cease any time sotaci fossil fuel consumption is expected
to increase for at least another two decades f&8ph means of reducing the dependence on
fossil fuels as a result of increasing cost of pidtbn and mining, depleting world reserves,
and the negative impact on climate, drastic chargesbeen made. Some of the changes
involve the use of the fossil fuels in combinatith alternative sources of energy like
electricity and bio — fuels thereby giving risehgbrid system for power generation. Other
changes involve improvements in fuel combustiortesys and the use of fuel additives to

improve fuel combustion and reduce emissions.

Fuel additives are chemicals added to fuel in vaigute quantities to help improve

engine performance, fuel properties or both withimum undesirable effects [57]. Fuel



additives may be used to improve the lubricity afel§, improve the combustion
characteristics of the fuel (octane and cetane owgy anti-knock), clean the engine
components such as valve and injectors by remodampsits and in the case of diesel fuel
additives may be used to help cold weather stdstumcreasing the pour point of the fuel.
Cheaper additives such as lead are no longer idusdo their effects on the environment
and the damaging effects they have on engine eklaftes treatment systems. Other viable
fuel additives such as amines are not necessaiér sor are they cheap in comparison to
having the fuels undergo additional refining [5The health issues, high cost and the large
number of fuel additive use necessitates a cheapkpossibly safer source of fuel additives

with the ability to meet one or more of the abotates] uses.

Lignin is the second most abundant natural polymehe world after cellulose. It is an
insoluble polyphenolic compound associated witlygpatcharides in the plant cell wall [32].
It provides rigidity in plant cell walls and is hyabhobic allowing for the transport of water
in the plant. It makes up about 20-30% of treey (deight) with a slightly different
chemical structure depending on the plant sourégnih is typically obtained in large
guantities as a by-product of paper productionthie paper mills, lignin can be obtained
from sulfite pulping or Kraft pulping. The sulfifgulping process is recognized as the most
important commercial source of lignin. The lignirorh this process is in the form of
lingosulfonates which because of the sulfonate grane generally soluble in water over a
wide pH range. Kraft lignin is the most common pdpprocess used for paper production

today. It involves the use of strong alkali wits@lium sulfide catalyst to separate lignin and



hemicellulose from cellulose fibers given rise tdack liquor’. Black liquor contains
dissolved lignin and hemicellulose. Lignin is exted from black liquor by precipitation
which involves the use of a suitable acid to lotiner pH of the liquor [84-86]. Other sources
of lignin production are the use of organic solgeamhd steam exploded lignin. Typical uses
of lignin are as dispersants, binders, fuels, eifiyirtg agents and pesticides amongst others

[87].

The abundance of lignin in nature, the additior@dtdor paper mills to process Kraft
lignin and the increasing research to produce basf from cellulose (with lignin as a by-
product) has led to the need for more economioas$ s lignin. While lignin could be used
to produce liquid fuels compatible with gasolin8{89] and diesel combustion systems [90-
91], the process is relatively expensive but githenhigh heating value, low cost (compared
to fossil fuels) and rich oxygen contents from iigpyrolysis, a more economical product
for combustion application is needed. Lignin carbbent directly, but it typically exists as a
solid and depending on the process from which aigined, it can be high in sulfur content
making it impossible to use as a direct fuel ireinl combustion engines. The pyrolysis of
lignin produces different oxygen rich phenolic caapds [90, 92] which can be used as the
more economical fuel additive [93] with the poskiireducing emissions [94], fuel

consumptions and possibly increasing the performahcombustion systems.

Pyrolysis is the thermochemical decomposition ofjamic materials at elevated
temperatures in the absence of oxygen [92]. Thelysis of lignin results in the formation

of many products. The most common gaseous produoetsarbon dioxide, carbon monoxide



and methane. Phenolic compounds are the most coniquod products with char and tar
been the solid products from lignin pyrolysis [9%jurther decomposition of the liquid
products vanillin, guaiacol and catechol resultthie production of free radicals [96-68]
which can help improve the cetane number of diésel Aromatics produced from the
thermal decomposition of these liquid products a0 help to greatly reduce engine knock

in spark ignition engines [9].

This experiment has two purposes. The first objectf this experiment is find viable
uses for lignin derived compounds as a means ditimig Kraft lignin as a waste for pulp
and paper production. The second objective ofwligk is to reduce diesel engine emission
without compromises in engine performance by usiggin derived compounds as fuel

additives.

7.3 Experimental Setup

The setup for this experiment is discussed in @rapt In this experiment, the liquid
products (phenolic compounds) and their estersddrfrom the pyrolysis of lignin are used.
The phenolic compounds shown in Figure 7.1 are &xaxg phenol (guaiacol), catechol and
its ester, vanillin and its ester. Guaiacol is dl-keown substance attributed to adding flavor
to other chemicals. It is a phenolic compound vathadditional methoxy group. Guaiacol
used in this experiment was a light pink liquid.té&ol has several uses which include
pesticides, dyes, and polymerization inhibitor. €chbl is a phenolic compound with an
additional hydroxyl group attached to it. Catechodl its ester used in this experiment were

in the form of white crystals. Vanillin is a cheraligypically used as a flavor, a fragrance and



an intermediate chemical for producing other chafsiclt is a phenolic compound with an
aldehyde and a methoxy group. Vanillin ester usethis experiment has had the hydroxyl
group of phenol replaced by an amide group. Vandind its ester used in this experiment
were in the form of white powders. The chemicaldures for these compounds are shown
in Figure 7.1. As catechol, vanillin and their estare solids; it is necessary to dissolve them

in a solvent before mixing with diesel.

The solid compounds were dissolved in ethyl etlegore further mixing with diesel. 2-
methoxyphenol (guaiacol) was mixed directly witlesil for testing purposes. Pure diesel
fuel was used as both the benchmark and the prifuaty Since ethyl ether was used as a
solvent for the solid compounds, it became esdetatiaonduct a separate experiment for a
diesel - ethyl ether blend in order to investigatg effect ethyl ether might have on the solid

compounds. Table 7.1 provides the nhomenclature fas¢bde compound blends.

For every 500 milliliter of diesel 0.6 grams of cpound was used. 0.6 grams of the solid
compounds were first dissolved in 3.0 grams of le¢tilyer before being mixed with diesel,
for this reason, the diesel - ethyl ether blendeexpent also had 3.0 grams of ethyl ether in

500 milliliter of diesel.

7.4 Results and Discussion

7.4.1 Performance
The effects of the five chemical compounds andstileent on diesel engine performance

are shown in Figures 7.2 and 7.3. Figure 7.2 shibaitsfor each of the samples tested, the



brake work was kept the same. Figure 7.3a is aqflthe indicated work for each of the
samples tested including the solvent (ethyl ethaQm this figure, it can be observed that all
the blends tested have lower indicated work whenpaved to pure diesel. A difference in
indicated work of about 6% is also noted betweeaseliwith the highest indicated work and
vanillin ester- ethyl ether blend with the loweBhe lower indicated work observed for the
vanillin ester-ethyl ether blend is believed todsea result of its higher mechanical efficiency
when compared to all the other samples tested. Aes@t of this, it has a lower peak in-
cylinder pressure. Considering the similarity ie tombustion profile of all the other fuels
(Figures 7.4 - 7.6), we would expect to see a @npkrcent difference between each sample.
This is shown to be the case since the percerdrdiite between pure diesel fuel and diesel-
guaiacol blend is only 4.2%. Vanillin ester ethyhex blend has the highest mechanical
efficiency of about 52% as shown in Figure 7.3hisTi& an increase of about 6.5% over pure
diesel fuel; assuming the combustion results olesefor vanillin ester ethyl ether blend play
some roles in its higher mechanical efficiencyshbuld be noted that guaiacol still has a

higher mechanical efficiency of about 4.4% oversdle

Brake specific fuel consumption (BSFC) is a meastireow efficiently the engine uses
the available fuel to do work [9]. From Figure 7.3ce fuel blends are observed to have
higher BSFC values when compared to pure diesél thi¢ exception of vanillin ester ethyl
ether blend which at this point will be consideaad outlier. The vanillin ester ethyl ether

blend has the lowest BSFC a difference of about 4% diesel. Interestingly, guaiacol,



catechol and its ester all have approximately #gmaes BSFC values. The lower BSFC of
vanillin ester ethyl ether blend is believed todsa result of an overall decrease in the
heating value of the blend as a result of the duotion of the ester with oxygenates in the

fuel.

Brake thermal efficiency is a measure of how efintly the energy in the fuel is used to
generate work. Vanillin ester ethyl ether blend kfaes highest brake thermal efficiency
(BTE) as shown in Figure 7.3d. In general, howeakrthe tested sample blends have lower
BTE when compared to pure diesel fuel. The highakdthermal efficiency of vanillin ester
ethyl ether blend may be attributed to the proxmoit the peak in-cylinder pressure to TDC
as seen in Figure 7.4. The closer the peak in-dgtipressure is to TDC, the more positive
work is generated. From Figures 7.4 and 7.5, we alserve that vanillin ester ethyl ether
blend has a lower peak in-cylinder pressure as agel lower peak heat release rate. Both of
them help reduce the gas temperature with reduead Iboss to the wall. In addition, the
lower soot emission (see in Section 7.4.3) for ¢badition also contributes to the lower

radiative heat loss during the power stroke wittreased thermal efficiency.

7.4.2 Combustion

The data of in-cylinder combustion pressure wasinbd from the in-cylinder pressure
sensor installed in the engine cylinder head. lagur.4 — 7.7 show an overview of the
combustion process in this diesel engine. Figu#eig.a plot comparing the in-cylinder
pressure for pure diesel and all the sample blested. From this figure, it is apparent that

the vanillin ester ethyl ether blend behaves iathar different manner compared to the other



tested fuels. It starts to split off from the restabout 348°CA and reaches a lower peak
pressure of 5.0 MPa much later than all other fumd®re rejoining the trend at about
375°CA. This behavior is believed to be as a tesuhe much longer ignition delay for this
blend. Considering that the vanillin ethyl etheerld did not behave in the same manner as
vanillin ester ethyl ether blend, the amide groapogiated with this ester is believed to be
the culprit responsible for the longer ignition @elobserved. The carbon nitrogen bond in
the amide group is a strong triple bond that iselveld to reduce the ignition quality of the

blend by reducing the cetane number hence resuttingonger ignition delay.

Figure 7.5 shows the heat release rate of therdiftefuel blends. As is observed in
earlier figures, the vanillin ester ethyl etherrflestands out again as a result of its much
longer ignition delay compared to the other fuds. vanillin ethyl ether blend does not
exhibit this same property, it is believed that Hmide group that replaced the hydrogen
atom in vanillin is responsible for the much loweeat release rate observed. The
introduction of a triple bond in place of a singlend tends to reduce the cetane number of a
fuel. By reducing the cetane number of the van#ister ethyl ether blend, longer ignition
delay is observed which in turn results in a loweak heat release rate. Figure 7.6 shows
the cumulative heat release comparison for theemfit samples. It is again noted that
vanillin ester ethyl ether blend stands out. A meignificant heat loss just after TDC for
vanillin ester ethyl ether blend when comparechtdther test blends is also noticed. This is
again believed as a result of this blends pooretticn quality as was observed in all the

other pressure profiles discussed. Figures 7.7& afttlare plots of the peak in-cylinder



pressure and ignition delay respectively. From éhiggures, we notice an inverse relation
between the engines peak in-cylinder pressure gnitian delay. The longer the ignition
delay, the lower the peak pressure, a result ofbecmtion taking place just after TDC when
the in-cylinder pressure is no longer at its maxim his slight offset also leads to loss of
power in the engine and consequently a lower peak kelease rate as can be seen in Figure
7.5. Figure 7.7b is a comparison of the peak relatise rates for the different blends. From
this figure, catechol ethyl ether blend has thdndégl) peak heat release rate followed closely
by vanillin ethyl ether blend. The high peak hedéease rate is as a result of less heat been
needed for the overall dissociation of catecholdsowhen compared to vanillin and the other
compounds. From Figure 7.7c¢, which shows a compatetween the peak cumulative heat
releases, pure diesel fuel has the highest cumeléikeat release an increase of 0.4% over
vanillin ethyl ether blend which has the highesialative heat release of the blends. The
vanillin ester ethyl ether blend had the lowest glative heat release rate at about 216 joules

which puts it at about 4.7% below pure diesel fuel.

7.4.3 Emissions

One of the more important reasons for carrying tbig experiment was to study the
effect of the lignin derived compounds on diesaliea emissions. The exhaust gases were
collected and quantified by using a FGA 4000 XD$aist gas analyzer and a smoke
opacity meter. Figure 7.8a shows the hydrocarboisssoms for the samples tested. It is seen
from this figure that vanillin ethyl ether blendshthe highest hydrocarbon emissions with

vanillin ester ethyl ether blend having the low#&¥ith the exception of vanillin ethyl ether



blend, all the blends have lower or similar (catéabster ethyl ether blend) hydrocarbon
emissions than diesel. The higher hydrocarbon eomss vanillin ethyl ether blend could be

as a result of it having a higher hydrocarbon aaintempared to the other compound blends.
The high oxygen content of these blends could alsaesponsible for better and more

complete combustion which would in turn resultowér hydrocarbon content in the exhaust.

In Figure 7.8b, carbon monoxide emissions for tiier@nt blends are compared. With
the exception of vanillin ester ethyl ether bleadl, the sample blends had lower carbon
monoxide emissions than diesel. This could behaiteid to the high oxygen content of the
samples resulting in more complete combustion.iguairié 7.8c, carbon dioxide emissions are
observed to be lower when compared to diesel. ddudd be as a result of the formation of
poly cyclic aromatic hydrocarbons (PAH) and othetticals which react with excess oxygen
and carbon atoms. At much higher temperatures,bamdance of Carbon monoxide and
carbon dioxide could be expected as the PAHs fudireompose to form mostly G@nd
CO. Figure 7.8d shows a comparison of oxides abgén in the exhaust for the different
samples. It is observed that all the tested bleamdptes have lower NOx emissions when
compared to pure diesel. The absence of a higher ¢d@tent in the exhaust gas of vanillin
ester ethyl ether blend suggest that the carbaomgeh bond may not have dissociated
successfully or as shown in the heat release figtive temperature inside the cylinder was

not high enough to support the formation of oxidesitrogen.

Smoke opacity comparison is shown in Figure 7.8agéneral, smoke opacity is an

effective measure of measuring the soot contetitaérexhaust. The higher the opacity, the



more soot is present in the exhaust and vice vé&msan this figure, all the tested sample
blends have lower opacity and as such lower saatiead than pure diesel fuel. This may be
attributed to the high oxygen content of the sampknds resulting in more complete
combustion and lower soot content. In Figure 7éthaust gas temperature for the tested
blends is shown. Vanillin ester ethyl ether bleradl the highest exhaust gas temperature
with vanillin ethyl ether blend having the loweshe high temperature observed for vanillin
ester ethyl ether blend is due to its longer ignitidelay which results in combustion
occurring at a later time and thus higher exhaast tgmperatures when compared to the

other test samples.

7.5 Conclusion

An experiment was conducted to study the effecd@sel fuel of five lignin derived
compounds and a solvent in a compression-ignitiesedl engine. Engine performance, fuel
combustion and emissions were measured. Based enrgbults obtained from this

preliminary experiment, some important finding densummarized in the following:

1. The five compounds and solvent used as additivestlice experiment have
significant effects on the engine performance. Tiechanical efficiency for the
tested samples are higher than that of diesel ynasth result of slightly higher fuel
consumption with the exception of the vanillin esthyl ether blend which had both
lower fuel consumption rates and higher mechareffatiency. The compounds had
lower brake thermal efficiency when compared toseiewith the exception of

vanillin ester ethyl ether blend which had a higheke thermal efficiency.



2. The maximum difference in ignition delay betweea thsted compounds and diesel
fuel was 0.3° CA for all the tested samples with ¢éxception of vanillin ester ethyl
ether blend. As a result, the combustion profile¢he tested samples were all very
similar. The outlier with the longer ignition deldyad a lower peak in-cylinder
pressure, lower heat release rate and a lower ativeiheat release rate.

3. The results of the lignin derived compounds on #m®gines emissions are
outstanding. For all the tested exhaust gas sanplesompounds and solvent blend
had overall lower emissions. Lower hydrocarbonpoearmonoxide, carbon dioxide,
NOx and soot were observed. The only deviation wlaserved for vanillin ethyl
ether blend and vanillin ester ethyl ether blendctwiad higher hydrocarbon and

carbon monoxide emissions respectively when conap@areure diesel.

4. Based on the results obtained from this experinteatcompound of choice would be
vanillin ester dissolved in ethyl ether. From tlesults obtained, it improved engine
performance and generally had lower emissions wdoenpared to pure diesel. The
only drawback is that it had a much longer ignitidelay which resulted in some
power loss. It also had a higher carbon monoxidsgon when compared to pure
diesel. Any of the other tested blends will alsorkvas additives especially with
regards to emissions considering their combustiofiles did not vary significantly
from diesel.

5. The experiment in this work was limited to a fixiedd and one engine speed in a

single cylinder engine. The main fuel used was cencrally available ultra-low



sulfur diesel (ULSD) which already had some fudliades in it. It would be most
interesting to perform this experiment again usinepltered diesel fuel, nevertheless,
marked improvements were observed with ULSD. Ifpassible that the results
obtained could differ for other engine speeds awabd in multi-cylinder diesel

engines. Further investigation is necessary befppdication in practical engines.



Table 7.1: Fuel Nomenclature

Fuel Name Acronym
Diesel guaiacol blend D+0O

Diesel ethyl ether blend D +EE
Diesel ethyl ether catechol ester | D + EE + CE
blend

Diesel ethyl ether catechol blend D + EE + CA
Diesel ethyl ether vanillin blend D+ EE+VA
Diesel ethyl ether vanillin ester D+ EE + VE

blend




Figure 7.1: Lignin [99] and tested compounds
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Figure 7.2: Brake work per cycle under the givegiea speed and load

/2 /2

/2 /2

Figure 7.3: (a) Indicated Work (b) Mechanical Eticy (c) BSFC (d) Brake Thermal
Efficiency at 2000 rpm and 1.26 bar BMEP



Figure 7.4: In-cylinder pressure at 2000 rpm ar2b bar BMEP



Figure 7.5: Heat release rate at 2000 rpm andda2@MEP



Figure 7.6: Cumulative heat release at 2000 rpmla2@ bar BMEP
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Figure 7.7: (a) Peak in-cylinder pressure (b) Peét release rate (c) Peak cumulative heat
release (d) Ignition delay at 2000 rpm and 1.26BMEP
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Figure 7.8: (a) Hydrocarbon (b) Carbon Monoxide@arbon Dioxide (d) NOx emissions at
2000 rpm and 25% load

Figure 7.9: (a) Smoke opacity (b) Exhaust gas teatpee at 2000 rpm and 25% load



CHAPTER 8

CONCLUSION

The works discussed here were performed in a casjm@ignition engine. The
main objective was to test the viability of emergalternative fuels and additives in a diesel
engine. Four sets of experiments based on two degemeration biofuels, a fuel emulsion

using a renewable surfactant, and renewable additiere investigated in this work.

In the first set of experiments, the performamoenbustion and emissions from an
engine running renewable diesel was investigatezsmRhis experiment, it was determined
that diesel engines running renewable diesel hadrionechanical efficiency and lower
brake specific fuel consumptions when comparedtwentional diesel. The engine running
these fuels also had similar brake thermal efficiesto when fossil diesel was used as such
the overall performance of the engine on greeretli®as roughly the same as when used
with conventional diesel. Combustion wise, renewahésel fuels had shorter ignition
delays, lower in-cylinder pressures and lower ezt release rates when compared with
conventional diesel. Engine emissions when runrengwable diesel were also observed to
be lower for most of the renewable diesel fuelsmt@mpared to fossil diesel with the
exception of HC emissions. Based on this studyart be concluded that renewable diesel

can be used as viable fuel alternatives to oilalies

The second set of experiments involved the usedidferent second generation

biofuel called biofuel called biomass to liquid fgBTL). This fuel was compared to diesel



fuel and a first generation biodiesel. It was deiaed from the result of this experiment that
running the diesel engine on BTL resulted in loweake specific fuel consumption and
higher brake thermal efficiency. The use of BTLoalgsulted in a slight increase in indicated
work as engine load increased but a slightly logregine mechanical efficiency. BTL was
found to have shorter ignition delays when compawoeall diesel but longer ignition delays
when compared to biodiesel. Overall, the dieselrenginning on BTL had lower engine
emissions with the exception of NOx when compacediltdiesel. It can be concluded then

that BTL is a feasible substitute for conventiodialsel fuel.

The third set of experiment involved the use ofiilvater emulsion made with a
renewable surfactant (carboxymethylated Kraft Lijrais a fuel source for the diesel engine.
Three different oils, diesel, biodiesel and jetl fwere used in making the fuel emulsion. The
use of fuel emulsion in the engine led to a de@@adicated work, an increase in brake
thermal efficiency and brake specific fuel consumpivhen compared to the oils used. By
factoring only the quantity of oil used in the esiah, the brake thermal efficiency of the
engine increases significantly while the brake #jeftiel consumption decreases
significantly. Fuel emulsions were also observeddnerally have higher peak cylinder
pressure, heat release rates and cumulative Heaseewhen compared to their base oil.
They also had longer ignition delays in generak €ffect of fuel emulsions on engine
emissions was determined to be affected by the fob@sand the engine operating
conditions. Based on this study, it may be condautiat for specific engine parameters, oil

in water emulsions can be used as fuels in diegphes.



The final experiment focused on the use of renegval®l additives. These additives,
catechol, vanillin, guaiacol, vanillin ester, cdtecester were obtained from the pyrolysis of
lignin a renewable compound. The compounds werobied in ethyl ether before blending
with diesel fuel for use as a fuel additive. The oéthese additives resulted in slightly
higher brake specific fuel consumption, an increasaechanical efficiency but a decrease
in brake thermal efficiency. The only exception wasillin ester blend which had a higher
brake thermal efficiency than pure diesel oil. Toenbustion profile for all the compounds
looked very similar to diesel fuel with the exceyptiof the vanillin ester blend which had a
longer ignition delay, lower cylinder pressure dmder peak heat release rate when
compared to diesel oil. Engine emissions when uiage additives proved to be lower than
when diesel oil alone is used. The only instanbasdiffered were vanillin blend which had
higher hydrocarbon emissions and vanillin estendlhich had a higher CO emission.
While the pure diesel oil used in this experimemitained some other additives, positive

results have been observed with the use of thespamands as fuel additives.

The results of these experiments are promisingngess not only do the fuels and
additives reduce in one form or another dependendpssil oil, they for the most part also
result in lower exhaust emissions than conventidresel fuel. For all of these fuels and
additives, further research in passenger and heatyyvehicles would be needed for

validating their effectiveness in practical trangpbon applications.



CHAPTER 9

FUTURE WORK

Several experiments were discussed in this diggeridn the first two experiments,
second generation biofuels were discussed. Thédugle were shown to have a positive
impact by reducing engine emissions without sigatiifit performance differences compared
with conventional fuels and in some cases offertteb engine performance. Oil in water
emulsions were examined as a means of reducingeegnissions which they did to an
extent. Finally, in the last study, lignin derivesimpounds were used as fuel additives to

successfully reduce engine emissions and perforenanc

Two future experiments have been planned for ligrased compounds. The first
experiment involves the use of blended phenolicgmimds derived from lignin as additives
to help tackle engine emissions. The second expeatimvolves a study on the engine
characteristic differences from the use of carboetyylated Kraft lignin as a surfactant
compared to more commercially available surfactahdslitional work is being considered
to test some of this alternative fuels in an optcagine so as to better understand the

combustion properties of these fuels.

It would be interesting to study the effect of chiang the concentration of additives
used in this study as well as proper testing oftelfuels and additives under more

comprehensive engine operating conditions or incke$ over practical operating conditions.
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