
ABSTRACT 

OGUNKOYA, DOLANIMI OLUGBENGA. Investigation of the Effects of Emerging 
Alternative Fuels and Additives on Compression Ignition Engine Performance, Combustion 
and Emissions. (Under the direction of Dr. Tiegang Fang.) 

 Internal combustion engines play a significant role in present society. The use of 

internal combustion engines, however, has drawbacks mostly in the areas of fuel security and 

pollutant emissions. Renewable fuels are means by which both drawbacks may be resolved. 

As renewable fuels can be produced through different means and from different resources 

with quite different properties, there is a need to understand the effects on their applications 

in internal combustion engines. This dissertation focuses on contributing to the use of 

renewable fuels in internal combustion engines by testing and understanding the effects of 

emerging alternative fuels and renewable additives in compression-ignition engines. 

The works discussed here were performed in a compression-ignition engine. In the 

first set of experiment, the performance, combustion and emissions from an engine running 

second generation biofuels, also called renewable diesel, were investigated. From this 

experiment, it was determined that diesel engine performance did not change much when run 

on renewable diesel. Renewable diesel had longer ignition delays and resulted in 

significantly lower engine emissions including soot with the exception of hydrocarbon 

emissions when compared to conventional diesel fuel. 

Another emerging second generation biofuel, called biomass to liquid fuel (BTL), 

was compared to diesel fuel and a first generation biodiesel. It was determined from the 

result of this experiment that running a diesel engine on BTL improved fuel economy and 

thermal efficiency. The mechanical efficiency of the engine running on BTL was found to be 

similar to that of diesel and biodiesel as engine load increased. BTL was also observed to 



have a shorter ignition delay when compared to conventional diesel but longer ignition delay 

when compared to biodiesel. Overall, diesel engine running on BTL had lower engine 

emissions with the exception of NOx when compared to diesel. 

The third experiment is a slight deviation from the concept of renewable fuels. In this 

experiment, fuel in water emulsion using a renewable surfactant (carboxymethylated Kraft 

Lignin) was used in the engine. Three different fuels, including diesel, biodiesel and jet fuel, 

were used in making the fuel emulsions. The fuel emulsions generally resulted in improved 

engine performance but poorer fuel consumption. Considering fuel content only in the 

emulsions, fuel economy became better than the base fuels with the exception of jet fuel. 

Fuel emulsions had longer ignition delays than their base fuel counter parts. Engine 

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

The final study performed in this dissertation focused on the use of renewable fuel 

additives. These additives, catechol, vanillin, guaiacol, vanillin ester, catechol ester were 

obtained from the pyrolysis of lignin, a renewable compound. It was found from this study 

that when dissolved in a solvent and added in small quantities to diesel fuel as an additive, 

most of the compounds resulted in a better engine performance. With the exception of 

vanillin ester, the compounds mostly had little to no impact on the combustion profile of the 

engine but still resulted in much lower emissions when compared to diesel. 

All these results have been positive especially with regards to emissions reduction 

with the additional bonus of been from renewable sources. It is clear then that fuels and fuel 

additives from renewable sources have the potential for improving the internal combustion 

engine with better combustion and lower emissions. �
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CHAPTER 1 

INTRODUCTION 

Modern Internal combustion engines are a form of heat engines which convert 

chemical energy in a fuel into useful work. Their uses vary but their presence is more readily 

felt in both the energy generation sector and in the transportation sector. As of 2012, roughly 

254 million vehicles were registered in the United States alone [1] with transportation 

accounting for 28% of total energy consumption [2] in the US. Most internal combustion 

engines today are powered by fossil fuels which are fast depleting and prone to price 

variations based on the will of a few oil producing nations like the Organization of Petroleum 

Exporting Countries (OPEC).  

The vast majority of internal combustion engines in use today as suggested by the 

above US statistics tell two tales. The first of which is the need for a high volume of fuel to 

power internal combustion engines on a daily basis and the second suggests a significant 

pollution problem. To tackle the issue of emissions, the governments of most developed 

countries have set stringent emissions standards which get stricter every year. Engine 

manufacturers have sought to improve the performance by making more efficient engines 

and by tackling the emissions directly through various after-treatment systems. An example 

of which is the Cummins after-treatment system shown in Fig.1  which makes use of several 

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

In order to solve the fuel issue, a lot of work has been done to find alternative fuel 

sources and replacements to the internal combustion engine. The most commonly used fuel 

alternatives are renewable fuels which are more or less carbon dioxide (CO2) neutral [4]. 

This means that during the combustion process, the amount of CO2 set free is simply the 

same amount that was used up in growing the biomass used for producing the renewable fuel. 

Apart from the obvious benefits of having a CO2 neutral source, there is also no concern that 

the fuel would run out. Renewable fuels in the form of second generation biofuels like 

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

Unfortunately, the replacement of internal combustion engines for automobile use has 

yet to be very successful. The most common replacement for the internal combustion engine  
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is the electric vehicle of which less than 100 thousand were sold [2] compared to the 15.6 

million cars sold in the United States in 2013[5, 6]. It would seem then that internal 

combustion engines are not likely going to be phased out anytime soon. 

1.2 OBJECTIVE 

The works presented in this dissertation are attempts to better understand the 

feasibility of various emerging renewable fuels and additives and their effects when used in a 

compression-ignition engine. These works will study the effect of different renewable fuels 

and additives made from a renewable source on diesel engine performance, combustion and 

emissions. The overall objective is to determine a practical fuel alternative with similar or 

better performance characteristics to standard fossil fuels (diesel) while also offering, more 

importantly, a reduction in engine emissions. 

  The fuels that were studied in this work include two sets of second generation 

biofuels (green diesel fuels and biomass to liquid fuels) and oil in water fuel emulsions. The 

additives studied are lignin derived compounds. In most of the cases studied, the fuel or 

additive blend is compared with diesel fuel which is typically used as the benchmark as well 

as conventional biodiesel and jet-fuel in some instances. 
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CHAPTER 2 

LITERATURE REVIEW  

There are two types of internal combustion engines typically in use today, the spark 

ignition engine and the compression ignition engine (diesel engine) based on the mode of 

ignition. In an SI engine, combustion per cycle starts with the use of a spark plug which 

produces an electric discharge that ignites the fuel-air mixture inside the engine combustion 

chamber. In a compression ignition engine, combustion is initiated when fuel-air mixture 

auto ignites as a result of high temperature and pressure in the combustion chamber from the 

compression of air. 

Compression ignition (CI) engines are more efficient and have much higher torque 

capacities than spark ignition engines [7]. The efficiency of CI engines comes as a result of 

been able to vary engine speed by changing the fuel flow to the engine unlike SI engine 

which require the throttling of air into the engine in order to adjust engine speed. Other 

advantages compression ignition engines have is their high compression ratios 12-24 

compared to 8-11 for SI engines. Compression ratio is the ratio of the total cylinder volume 

(sum of the clearance volume and the displacement volume) to the clearance volume. The 

higher compression ratio of CI engines means a higher efficiency since more power can be 

generated from combustion of the fuel air mixture in the combustion chamber. The downside 

to using compression ignition engines lies in their higher exhaust emissions when compared 

to spark ignition engines. 
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The search for and optimization of renewable fuels and additives, requires that not 

only do these fuels have to solve the problems associated with internal combustion engines 

(ICE), they should also not have major detrimental effects on the engine. As such there is a 

need to better understand their effects in ICEs particularly on engine performance and 

emissions. Furthermore, to better understand the transition from chemical energy to 

mechanical energy for these fuels; it is desirable to also understand their combustion in 

internal combustion engines. 

2.1 Engine Performance Characteristics 

The engine performance parameters of interest are work, power, torque and specific 

fuel consumption. Engine performance is most often determined with the use of a 

dynamometer coupled to an engine output shaft.  Also of importance are the various 

efficiencies associated with ICEs. 

Work is the output of the engine. In an ICE, when fuel-air combustion takes place the 

force generated drives the piston. The effect of the force acting on the piston is the indicated 

work. The actual work out from the engine at the shaft is the Brake work and is less than the 

indicated work as a result of mechanical and parasitic losses on the engine [8]. Indicated 

work is determined as shown in equations 2.0 and 2.1. 

                                                          Wi =�PApdx                                         

(2.0) 

Where P is the pressure acting on the piston, Ap is the area of the piston surface where  
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combusting gases act on and dx is the distance travelled by the piston.  

   Wi =�Pdv         

(2.1)  

dv in equation 2.1 is given by Apdx. Brake work can be determined from the indicated work 

by subtracting work loss due to friction and parasitic loads as shown in equation 2.2. Where 

Wb and Wi are the brake work and the work loss due to mechanical and parasitic losses 

respectively. 

Wb = Wi – Wl      (2.2)  

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

the ratio of the work per cycle to the displacement volume. Depending on the type of work 

used, MEP can be indicated or brake mean effective pressure. 

Torque is force multiplied by the perpendicular distance.  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 the engine speed and n is the number of 

revolutions per cycle. Depending on the type of work used, power can be indicated or brake 

power.  
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Specific fuel consumption (SFC) is a measure of how effectively the fuel consumed is 

used to provide power. As it is a factor that is determined based on the type of power used, 

SFC can be either indicated or brake. The equation for determining SFC is given in equation 

2.5.  

Sfc = 
� ��

� �      (2.5)  

Three primary efficiencies are of importance in internal combustion engines they are 

mechanical efficiency, thermal efficiency and volumetric efficiency. Engine combustion 

efficiency can be as high as 95-98% and it accounts for the fraction of fuel that is used up 

during combustion [8].  

For an engine, the mechanical efficiency is the ratio of the power output to the power input. 

    � � � �
�����������

���������������
               (2.6) 

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

useful work in one cycle. 

� � � �
����

���
     (2.7) 

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

efficiency of the fuel.  

2.2 COMBUSTION 

The combustion of fuel in an internal combustion engine is the most important aspect 

of the engine. It governs not only the performance of the engine but also the emissions out of 

the engine. As the studies in this dissertation were all carried out in a diesel engine, a brief  
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description of the combustion process and some parameters are described here. 

Combustion in a diesel engine begins when fuel is injected into the engine 

combustion chamber containing hot compressed air under high pressure. Fuel is injected into 

the engine combustion chamber as a spray which allows for fuel atomization, the injected 

fuel is then vaporized rapidly as a result of the high temperature in the chamber. The mixing 

of air and vaporized fuel is non-homogenous in a diesel engine combustion chamber and as a 

result, combustion takes place at many different locations within the chamber.  

Combustion in a diesel engine can be accounted for in four different steps; ignition 

delay, premixed combustion, mixing controlled combustion and the late combustion phase 

[9]. Ignition delay phase is the period between the start of fuel injection and the start of 

combustion in an engine’s combustion chamber. The ignition delay phase is followed by a 

premixed combustion phase. In this phase, the combustion of fuel-air mixture occurs very 

rapidly in the engine combustion chamber over a few crank angle degrees. Following the 

premixed combustion phase is the mixing controlled phase in which the rate of heat release 

in the chamber is controlled by the rate at which fuel-air mixtures becomes available for 

combustion. The late combustion phase allows for the combustion of whatever unburned fuel 

is left at the end of the previous phases and is responsible for much lower heat release. 

Combustion progress in an engine cylinder may be analyzed from in-cylinder 

pressure measurements. In particular heat release rate, cumulative heat release and fuel mass 

burning rate. Heat release rate may be calculated by using equation 2.8. 
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��
 is the apparent net heat release rate, P and V are pressure and volume respectively with *   

been the ratio of specific heats (+)
+%

) with a value of 1.35. 

2.3 Engine Emissions 

Unburned hydrocarbon, Carbon monoxide, oxides of Nitrogen (NO and NO2) and particulate 

matter are the currently regulated emissions from internal combustion engines. These 

emissions pose several risks to both humans and the earth as a whole. As all of this work was 

done in a diesel engine, the four controlled emissions will be discussed from the perspective 

of the diesel engine.  

2.3.1 Unburned Hydrocarbons 

Engine hydrocarbon emissions are a result of incomplete combustion of hydrocarbon fuel. 

About 40% of exhaust hydrocarbon is made up of unburned fuel with the remaining 60% 

been smaller components of the original fuel usually as a result of thermal cracking [8]. The 

thermal cracking of hydrocarbon fuels means that the range of hydrocarbon in the exhaust 

can vary from small hydrocarbons such as methane to much large hydrocarbons depending 

on the constituents of the fuel. Hydrocarbon fuels can be reactive or non-reactive based on 

how well they can form oxidants in photochemical smog chemistry [8]. Fuels containing high 

aromatic and alkene contents produce higher concentration of hydrocarbons. Fuel-air 

combustion is the principal cause of hydrocarbon emissions in diesel engines. A very fuel  
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rich mixture, results in poor incomplete combustion which as a result leads to unburned fuel 

vapor remaining in the combustion chamber which may or may not be consumed by slow 

thermal oxidation during engine expansion phase.  A very lean fuel-air mixture would not 

support auto ignition and flame propagation [9]. Diesel engine operating conditions 

significantly affect hydrocarbon emissions. Idle and light engine operating conditions 

produce higher hydrocarbon emissions than high load conditions. Other factors that may 

affect HC emissions are the amount of fuel injection and the combustion chamber wall 

quenching. 

2.3.2 Carbon Monoxide 

Carbon monoxide is a colorless, odorless oxide of carbon formed from the incomplete 

combustion of a hydrocarbon typically as a result of less air particularly oxygen. As diesel 

engines are generally air rich, carbon monoxide emissions are very small as most of the 

hydrocarbon fuel reacts to form CO2. 

2.3.3 Oxides of Nitrogen (NOX) 

  NOx from vehicle engine exhaust leads to acid rain, smog and may lead to severe 

respiratory problems and as such vehicle NOx emissions are limited by various government 

agencies. Nitric oxide (NO) and Nitrogen dioxide (NO2) are two important oxides of 

Nitrogen formed in internal combustion engines. There are several mechanisms associated 

with NOx formation and they include the zel’dovich (Themal) No mechanism, Prompt NO 

mechanism, Fuel bound Nitrogen route, NO2 route and N2O route. Thermal NOx mechanism 

is the primary NO mechanism from the combustion of hydrocarbon fuels without Nitrogen.  
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This mechanism consists of three principal reactions [10]  

O+N2           NO+N          (1) 

N+O2           NO+O         (2) 

N+OH          NO+H         (3) 

Reaction 1 is the rate determining step but because of the strong triple bond in N2, it 

has a high activation energy which makes the reaction fast only at high temperatures. NO 

formation through this mechanism occurs in the post flame gases with the reaction only 

occurring at temperatures above 1800k [10]. NO formation rate through the thermal 

mechanism is dependent on the concentration of N2 and O.  

The rapid reaction of hydrocarbon radicals with molecular Nitrogen from the 

combustion of hydrocarbon fuels leads to the formation of amines and hydrocyanic acids that 

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

CH+N2 HCN + N         (4) 

NO formation is determined by the peak temperature during combustion. At low 

temperatures (1000k), low pressures in a laminar flame and fuel-rich mixtures, the Fenmore 

mechanism dominates. On the other hand at a higher temperature (1800k) and high pressure, 

thermal NO mechanism dominates [10].  
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2.3.4 Particulates  

Particulates from a diesel engine are made up of solid carbon compounds usually in 

the form of soot  and are generated as a result of the incomplete combustion of hydrocarbon 

fuels as well some of the lubrication oil inside the combustion chamber. Temperatures in the 

engine exhaust and particulate treatment systems affect the composition of soot. Above 

500ºC, individual soot particles are made up primarily of small carbon spheres. At 

temperatures below 500ºC however, this individual soot particles absorb organic compounds 

of high molecular weights such as hydrocarbons esters and acids [9]. Diesel engine 

particulate emissions can be reduced with the diesel particulate filters (DPF).The three main 

technologies used in DPFs are wall flow filter, partial flow filter and diesel oxidation catalyst 

[11]. Most diesel particulate filters work by trapping soot particles from engine exhaust in 

channels made of ceramic and other materials. These filters allow exhaust gases to flow 

through but trap soot particles and as such filters have 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 trans-esterification process and involves 

reaction of a feed stock, usually oil or fatty acids from oil, with an alcohol in the presence of 

a catalyst [7]. The end product of the trans-esterification process is a fatty acid methyl ester 

(FAME), also called biodiesel. Biodiesel has several benefits over conventional fossil diesel; 

it is renewable, non- toxic, has a greater lubricity, generally lower emissions and most of all  
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has similar properties as convention fossil diesel [12]. Various experiments have been 

conducted to determine the performance of biodiesel on engine performance.  

Work done by the authors [13] on methyl soyate blends with diesel ranging from 10 -

75% by volume of biodiesel suggest significant interaction between the effect of fuel blend 

and engine speed on power. The use of B10 (10% by volume methyl soyate) resulted in an 

engine power output increase of 4.06% when compared to diesel and decreases to 1.79% 

when B20 was used. Increase in the concentration of methyl soyate to 30% by volume 

resulted in a further decrease in power output 1.69% lower than the diesel power output. This 

trend continued till a decrease in power output of about 30% was observed when 100% 

Methyl soyate concentration was used.  The results from [13] are in agreement with results in 

[14] in which a blend of biodiesel (B8) had a slightly higher brake power than diesel while 

the other biodiesel blends had lower brake power than diesel. The decrease in power can be 

attributed to the low heating value of the methyl soyate biodiesel fuel.   

The general consensus is that specific fuel consumption for biodiesel is higher than 

for diesel and that it increases with increasing biodiesel concentration in the biodiesel-diesel 

blend [14, 15, 16]. The effect of diesel and biodiesel fuels on the brake thermal efficiency of 

an engine are regarded to be somewhat the same [15] at the same loads and engine speeds 

with diesel having a slightly higher brake thermal efficiency [14]. This results is further 

corroborated by [14], results obtained showed that the brake thermal efficiency for Jatropha 

biodiesel was lower than that of diesel at any given injection timing, load and speed.  
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Biodiesel- diesel fuel blends with low biodiesel concentrations of 10-20% have 

injector spray characteristics that are very similar to 100% diesel under the same engine 

conditions [15]. The high compressibility value of biodiesel results in an earlier injection of 

fuel into the engine cylinder and the higher cetane number of biodiesel results in a shorter 

ignition delay when compared with diesel fuel [12, 14, 15]. Biodiesel has a larger mean 

droplet size and higher distillation curve than diesel, as such its evaporation in the engine 

cylinder is slower than diesel [15] thus resulting in lower heat release. The peak in-cylinder 

pressure for biodiesel is lower than for diesel with a few exceptions. At low engine speeds, 

the peak pressure of biodiesel blends is initially higher than that of diesel, but as load 

increases, the peak pressure is observed to be lower than that of diesel.   

Heat release rate is another important factor in the combustion that takes place in 

diesel engines.  According to experiments performed by [17], the maximum heat release rate 

for biodiesel was higher than that of diesel up to a certain load after which it becomes lower 

than that of diesel. A look at the overall cumulative heat release for biodiesel shows a slightly 

lower heat release when compared to diesel.  

There is no general consensus on the issue of hydrocarbon emissions (HC). Some 

experiments have reached conclusions that HC emissions increases when compared to diesel 

and it further increases with increasing biodiesel concentration in a fuel blend [15]. Some 

experiments however prove otherwise as in the case of [13, 14, and 17] with the latter 

agreeing that an increase in HC emissions would not occur because of the additional oxygen 

content present in biodiesel.  
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Carbon monoxide (CO) emission is generally agreed to be lower than that of diesel 

with CO emissions reducing with increasing concentration of biodiesel in the biodiesel-diesel 

blend. All the experiments attributed to NOx emission measurements reach the same 

conclusion that NOx emissions are higher with biodiesel and it blends than with diesel, with 

the amount of NOx emitted increasing with increasing biodiesel concentration in a fuel blend. 

Smoke density is a typical indicator of how much soot is generated in an engine, the general 

conclusion from all experiments is that smoke density and consequently the mass of soot 

obtained from biodiesel exhaust emissions is lower than diesels. Based on the above 

information on emissions, we may conclude that biodiesel generally has lower emissions 

than diesel, a result attributed mostly to the oxygen content of the fuel.  

2.4.2 Green Diesel 

Green diesel is made from the deoxygenation of triglycerides or fatty acids [18 - 22]. 

The production process typically occurs in a reactor under high temperature and pressure in 

the presence of a catalyst. Hydrolysis is the first step of the process and involves splitting the 

fatty acids in the oil from the glycerol backbone by heating the oil under high pressure in the 

presence of water [18]. Upon separation from the water, the fatty acids then undergo 

deoxygenation via a thermo-catalytic process by which oxygen is removed from fatty acids. 

There are several pathways involved in this process depending on how oxygen is removed. 

The decarboxylation pathway removes oxygen as carbon dioxide while the decarbonylation 

pathway involves the removal of oxygen as carbon monoxide. The preference is usually for 

the decarboxylation pathway as carbon dioxide is less harmful to man and to the catalyst  
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used. Depending upon the degree of saturation of the fatty acid, and the mole fraction of 

hydrogen in the gas phase, the final product from this deoxygenation process is a straight 

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

�2.4.3 Biomass to liquid 

Biomass to liquid fuels (BTL) are classified as second generation biofuels. They may 

also be classified as synthetic fuels since the fuel produced in this manner can be engineered 

to meet specific requirements and do not use food based feedstock. The steps involved in 

BTL production from biomass are gasification, gas cleaning and synthesis. Gasification is the 

first step in BTL production and it involves the breakdown of the feedstock in a reactor at 

high temperature and pressure into synthetic gases usually oxides of carbon and hydrogen. 

Gas cleaning involves the removal of contaminants as a result of tar production in the reactor 

from the synthesized gas. Gas cleaning is necessary before synthesis due to the sensitivity of 

catalyst in the synthesis stage [23]. Fischer Tropsch synthesis the final stage involves the 

reaction of CO and H2 in the presence of an iron or cobalt catalyst to form hydrocarbons 

which can be modified to meet specific fuel requirements (gasoline, jet fuel or diesel). Work 

done by [24] suggest the use of BTL in a CI engine results in an overall lower  emissions of 

HC, CO, NOx and particulate matter but higher soot. From their research, they also found 

that SUNDIESEL had a lower BSFC and a lower peak heat release rate.    

2.4.4 Fuel Emulsions 

An emulsion is the mixing of two or more normally immiscible liquids with one of 

the liquids existing as a continuous phase and the other as a dispersed phase. It is created by  
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the agitation of the two liquids in the presence of a surfactant which possess both polar and 

non-polar properties which helps weaken the surface tension of the liquid in which it is 

dissolved [25]. 

Fuel emulsions are produced when fuel and water are mixed together in the presence 

of a surfactant with either water as the continuous phase and the fuel as the dispersed phase 

or vice versa. In most experimental studies on the use of emulsion in diesel engines, the 

normally accepted maximum content of water in the emulsion is 30% with greater water 

contents significantly lowering the efficiency of the engine. Results from research on the use 

of emulsion in diesel engines are inconclusive. Experiments by [25] show that that the 

percentage of water content in the fuel increases power while research by [26] show that 

increasing water content reduces power output of the engine. Experiments conducted by [27, 

28, 29] show that brake specific fuel consumption increases with water content. Brake 

thermal efficiency has been found to generally increase for water diesel emulsion as 

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

The general consensus from research suggest a decrease in NOx emissions for 

emulsion fuels with a reduction in hydrocarbon and particulate emissions [25] from fuel 

emulsions compared to pure diesel fuel. CO emissions have been found [31] to increase for 

engines running on emulsions while some other researchers [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 polymer in the world after cellulose. It is 

an insoluble polyphenolic compound associated with polysaccharides in the plant cell wall 

[32]. Its chemical composition varies depend on the plant source. Lignin is responsible for 

the rigidity of plant cell walls and as it is hydrophobic, it allows for the transportation of 

water in the plant. Lignin is typically obtained in large quantities as a by-product of paper 

production.  

In the paper mills, lignin can be obtained from sulfite pulping or Kraft pulping. 

Lignin can be used as a biomass to make renewable fuels such as biomass to liquid fuels but 

for the purpose of this dissertation the use of it’s by products in diesel internal combustion 

engines are of more concern. The pyrolysis of lignin results in the formation of several 

products ranging from solid char to gaseous oxides of carbon. Due to the high oxygen 

contents of some byproducts of lignin (phenolic compounds) their use as fuels or additives in 

diesel engines may be feasible. There has however been little research on the effects of these 

compounds on diesel engine performance, combustion and emissions.  
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CHAPTER 3 

EXPERIMENTAL SETUP 

The experiments conducted in this dissertation were carried out in a 6.0 kW single 

cylinder air cooled compression ignition engine with a bore of 86 mm, a stroke of 72 mm, a 

displacement of 418 cc, and a compression ratio of 19:1 as shown in Figures 3.1a and b. The 

engine is coupled to a Go-Power water brake dynamometer shown in Figure 3.2 to accurately 

determine the load on the engine, a calibrated M5100 series pressure transducer is connected 

to the hydraulic load cell of the dynamometer. The engine specifications are given in Table 

3.1. In-cylinder pressure is measured with a Kistler 6052A pressure sensor mounted 

vertically in the engine cylinder head as shown in Figure 3.3.  

The diesel engine is coupled to a gear box which allows for the accurate 

determination of the engines top dead center (TDC). The gear box in Figure 3.4 contains a 

Hengstler 0521097 shaft encoder which is used in combination with a Hall Effect sensor and 

an AND gate to accurately determine crank angle positions of the engine. Figure 3.5 is an 

example of the calibration process involved in matching the signal from the shaft encoder 

with that from the hall- effect senor and the in-cylinder pressure. Air and intake temperature 

into the engine are measured with a Bosch air mass flow meter attached to the engine air 

intake just past the air filter The pressure of intake air into the engine is measured with a SSI 

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

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

GT2100 or a METTLER PM4800 Scale or both depending on the fuel been tested. Exhaust  
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gas temperature from the engine is measured with a K-type thermocouple placed just after 

the muffler. Gaseous emission from the engine is measured with an Infrared Industries FGA 

4000XDS gas analyzer shown in Fig. 3.7 which can measure five different exhaust gases. 

The gas analyzer specification is given in Table 3.2. Smoke opacity of engine exhaust gas is 

measured using a wager 6500 full flow smoke meter shown in Figure 3.8, the meter 

specifications are given in Table 3.3. To take smoke opacity measurements, the exhaust tail 

pipe was designed with a T junction in order to allow for an increase in the light path length 

of the smoke meter. This is done to allow for more accurate opacity measurements under low 

engine load conditions. To prevent soot deposit on the smoke meters transmitter and receiver, 

two glass panels are placed on either ends of the exhaust T. Smoke opacity data at any 

instance is only collected after these glass panels have been cleaned and the opacity meter 

zeroed. The setup is shown in Fig 3.9 and a schematic of the setup is shown in Fig 3.10. A 

representation of the overall engine setup is shown in Fig. 3.11  

Data from each sensor is collected with the use of a custom program written in 

Labview. The program collects in-cylinder pressure, engine rpm, engine load, air mass flow 

rate and intake temperature and pressure. A front view of the program is shown in Figure 

3.12. Collected data is further analyzed using Microsoft excel and a Matlab program. 

During the course of experimentation, the diesel engine was replaced with a newer 

same capacity engine as a result of the breakdown of the engine. The water brake 

dynamometer was also replaced as a result of a bearing failure which wore out its shaft. For 

these reasons, it should be noted that experimental results for renewable diesel fuel and lignin  
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derived additives cannot be compared to those of BTL and emulsions as the engine and dyno 

used for these experiments are different. 
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Figure 3.1: Engine Setup 
�

(a) 

(b) 
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Figure 3.2 Water Brake Dynamometer 
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Figure 3.3: Kistler 6052A sensor placement 
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Figure 3.4 Gear Box  
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Figure 3.5 Signal Calibration 
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Figure 3.6 Gear Box and Other Sensors 
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Figure 3.7: Exhaust Gas Analyzer 
�
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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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Figure 3.11: Schematic of the engine setup 
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Figure 3.12: Front panel of labview program 
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Table 3.1: Engine Specifications 
Engine Single Cylinder, Vertical, Direct Injection 4 

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 
Species  

Measured Range/Techniques  

HC,CO,CO2 Non-Dispersive Infrared (NDIR) 

O2 and NOx Chemical Cell 

CO 0 to 10.00% 

HC 0 to 10,000 ppm 

CO2 0 to 20% 

O2 0 to 25% 

NOx 0 to 4,000 ppm 
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Table 3.3: Wager Smoke Meter Specifications 
Light Source LED – Green Gallium Phosphide 570 nm 

Light Sensor Si  Photo Diode with IR Filter 

Meter 
Accuracy 

+1.0% Nominal, +10th digit 

Range 0.0% - 100.0% opacity 

Response 
Time 

0.45 seconds for 0 - 90% opacity 

Linearity +1 % from 0 - 100% opacity 
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CHAPTER 4 

Investigation of the Effects of Renewable Diesel Fuels on Engine 
Performance, Combustion, and Emissions 

�

4.1 Abstract 

A study was undertaken to investigate renewable fuels in a compression-ignition internal 

combustion engine. The focus of this study was the effect of newly developed renewable 

fuels on engine performance, combustion, and emissions. Eight fuels were investigated, and 

they include diesel, jet fuel, a traditional biodiesel (fatty acid methyl ester: FAME), and five 

next generation biofuels.  These five fuels were derived using a two-step process: hydrolysis 

of the oil into fatty acids (if necessary) and then a thermo-catalytic process to remove the 

oxygen via a decarboxylation reaction.  The fuels included a fed batch deoxygenation of 

canola derived fatty acids (DCFA), a fed batch deoxygenation of canola derived fatty acids 

with varying amounts of H2 used during the deoxygenation process (DCFAH), a continuous 

deoxygenation of canola derived fatty acids (CDCFA), fed batch deoxygenation of lauric 

acid (DLA), and a third reaction to isomerize the products of the deoxygenated canola 

derived fatty acid alkanes (IPCF). Diesel, jet fuel, and biodiesel (FAME) have been used as 

benchmarks for comparing with the newer renewable fuels. The results of the experiments 

show slightly lower mechanical efficiency but better brake specific fuel consumption for the 

new renewable fuels. Results from combustion show shorter ignition delays for most of the 

renewable (deoxygenated) fuels with the exception of fed batch deoxygenation of lauric acid.  
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Combustion results also show lower peak in-cylinder pressures, reduced rate of increase 

in cylinder pressure, and lower heat release rates for the renewable fuels. Emission results 

show an increase in hydrocarbon emissions for renewable deoxygenated fuels, but a general 

decrease in all other emission including NOx, greenhouse gases, and soot. Results also 

demonstrate that isomers of the alkanes resulting from the deoxygenation of the canola 

derived fatty acids are a viable and better replacement to conventional fossil diesel and 

biodiesel based on the experiments in this work. 

4.2. Introduction 
The rising cost as a result of depleting fossil reserves as well as problems relating to 

greenhouse gas emissions have been the most important drivers for seeking out new sources 

of energy [33]. Stringent emissions standards such as the newly proposed tier 3 standards by 

the Environmental Protection Agency (EPA) indicate that fuels that burn cleaner and have 

lower sulfur content will be favored [34]. A variety of alternative sources of energy, ranging 

from wind, solar, nuclear, etc., already exist but several challenges such as capital, 

portability, inefficiency, storage, and further environmental degradation make these sources 

of energy inadequate and in some cases non-viable.   

For internal combustion (IC) engines, liquid biofuels have emerged as viable alternatives 

to fossil fuels. Biofuels are fuels typically made from renewable sources such as animal 

feedstock, plants, and biomass. Biofuels production and consumption has increased in recent 

years partly as a result of government support in the form of tax credits, mostly because they 

have been found to effectively supplement current fossil fuels [35]. 
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 Biodiesel is a type of biofuel made from the trans-esterification process and involves 

reaction of a feed stock, usually oil or fatty acids from oil, with an alcohol in the presence of 

a catalyst [7]. The end product of the trans-esterification process is a fatty acid methyl ester 

(FAME), also called biodiesel. Biodiesel has several benefits over conventional fossil diesel; 

it is renewable, non-toxic, greater lubricity, generally lower emissions and most of all has 

similar properties to convention fossil diesel [12].  

Many studies have investigated the influence of biodiesel on engine performance, 

combustion and emissions [36-46]. From these studies, fuel physical and chemical properties 

play a significant role in the results obtained. Biodiesel has a high cetane number when 

compared to diesel and as such it has a shorter ignition delay [47-48]. Other properties such 

as fuel penetration, atomization and droplet size are also important for the combustion of the 

fuel and ultimately its emissions [49]. The general consensus is that biodiesel results in a 

slight increase in brake specific fuel consumption and higher brake thermal efficiency than 

diesel [36-37]. Biodiesel generally produces lower hydrocarbon and carbon monoxide 

emissions; however, NOx emissions are typically higher than with diesel [36-37, 42, 43]. 

Biodiesel has some disadvantages such as higher production cost, restriction on feedstock 

use, lower energy density (due to oxygen content), higher viscosity, stability, and higher 

freezing point amongst others [7,12]. An attempt to resolve some of the disadvantages of 

biodiesel, with cost and chemical composition as the main focus, has led to the production of 

renewable diesel fuels.  
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Renewable diesel is a non-oxygenated fuel produced from a thermo-catalytic process that 

involves the conversion of feed stock or fatty acids into straight chain n-alkanes through 

deoxygenation [18]. These straight chain alkanes can then be further processed to meet 

specification standards of the desired fossil fuel. The production process of renewable diesel 

production is flexible enough to allow for the production of a wide variety of hydrocarbon 

fuels that can meet most fossil fuel standards.  

In this work, renewable diesel is made from the deoxygenation of triglycerides or fatty 

acids [18-22, 50]. The production process typically occurs in a reactor under high 

temperature and pressure in the presence of a catalyst. Hydrolysis is the first step of the 

process and involves splitting the fatty acids in the oil from the glycerol backbone by heating 

the oil under high pressure in the presence of water [18]. Upon separation from the water, the 

fatty acids then undergo deoxygenation via a thermo-catalytic process by which oxygen is 

removed from fatty acids. There are several pathways involved in this process depending on 

how oxygen is removed. The decarboxylation pathway removes oxygen as carbon dioxide 

while the decarbonylation pathway involves the removal of oxygen as carbon monoxide. The 

preference is usually for the decarboxylation pathway as carbon dioxide is less harmful to 

man and to the catalyst used.  

Depending upon the degree of saturation of the fatty acid, and the mole fraction of 

hydrogen in the gas phase, the final product from this deoxygenation process is a straight 

chain n-alkane, with one less carbon than the corresponding fatty acid. This alkane may then 

be reformed into an isomer via hydroreforming or an aromatic via dehydrocyclization  
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depending on the desired characteristics of the final fuel (e.g., cloud point, freeze point, flash 

point, octane or Cetane rating, etc.).  

The absence of double bonds and oxygen are some of the advantages of renewable diesel 

over conventional biodiesel as it allows for an increase in the energy content of the fuel. 

Other advantages are lower viscosity, absence of sulfur (which reduces the efficiency of 

exhaust catalyst), and ease of customization, i.e., renewable diesel can easily be tailored to 

meet other fuel requirements etc. Based on estimated cetane number values, it is expected 

that most of the renewable fuels may have higher cetane numbers than either diesel or 

biodiesel [51]. 

The objective of this work is to determine how these newly developed renewable fuels 

perform compared to fossil fuels (diesel and jet fuels) in a compression-ignition engine. The 

experiments focus on engine performance, combustion and emissions, and also serve to 

compare a first generation biofuels (biodiesel, i.e., fatty acid methyl ester) with the second 

generation renewable fuels. 

4.3 Experimental Setup 

The setup for this experiment was discussed in chapter 3. Eight different fuels were used 

during the course of the experiments. Five of the fuels were renewable diesel fuels derived 

from thermo-catalytic deoxgenating either canola or lauric acid through a either fed batch or 

continuous processes.  One of the fuels was further reformed via isomerization to alter its 

physical properties. These five renewable diesel fuels were: fed batch deoxygenation of  
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canola derived fatty acids (DCFA), fed batch dexoygenation of canola derived fatty acids 

with optimized H2 mole fraction to promote decarboxylation and alkanes as products 

(DCFAH), continuous deoxygenation of canola derived fatty acids (CDCFA), fed batch 

deoxygenation of Lauric acid (DLA), and the isomerization (hydroreforming) of resulting n-

alkanes from the deoxygenation of canola derived fatty acid (IPCF). The names given to the 

above mentioned renewable fuels are based on how they were produced. Commercially 

available biodiesel (ASTM D6751 FAME) from Piedmont Biofuels (North Carolina), Jet fuel 

(Jet-A), and diesel (DF No. 2) were the other three fuels used for these experiments.  Due to 

the very high mole fractions of oleic and linoleic acids, resulting in heptadecane upon 

deoxygenation, the two renewable fuels produced via fed batch processes (e.g., DCFA and 

DCFAH) tended to solidify at room temperatures and thus during the course of the 

experiments they were kept at a temperature of 45 , .  CDCFA had a tendency to precipitate 

out and as such the fuel had to be stirred during the course of the experiment. Simplified 

names for the renewable fuels are given in Table 4.1. 

4.4 Results and Discussion 

The main fuels of interest are the renewable diesel fuels. While the chemical composition 

and chemical behavior is well understood, little is known on how effective they really are in 

a real world engine test. For the purpose of better understanding their characteristics, the 

performance, combustion, and emissions characteristics were measured. 
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4.4.1 Fuel Sample Characterization 

 GC–MS chromatograms of the fuels used for this experiment are shown in Figs. 4.1- 4.3. 

Figure 4.1a, 4.1b and 4.1c shows the GC-MS chromatograms for diesel, jet fuel and 

biodiesel, respectively. The fuel compositions of DCFA, DCFAH and CDCFA are shown in 

Figs. 4.2a-4.2c. Figures 4.3a and 4.3b show the chromatograms for DLA and IPCF. From the 

MS results, diesel fuel was composed of a wide range of hydrocarbons with varying chain 

lengths in the range of C-8 to C-21 and had a cetane number of 44 [53]. Similarly, jet fuel 

was made up of distribution hydrocarbons ranging from C-9 to C-16. The biodiesel used in 

this experiment is composed of C-15 to C-21 Fatty Acid Methyl Esters (FAMEs) with 

Palmitic acid methyl ester and Octadecenoic acid methyl ester being the predominant 

components of the fuel. This biodiesel had a cetane number of 55.4 and a kinematic viscosity 

of 4.61mm2/s [52]. CDCFA consisted primarily of C-11 to C-17 alkanes, further GC-FID 

analysis suggested heptadecane was the dominant species for this compound. CDCFA was 

estimated to have a cetane number of 80 [26DCFA and DCFAH also both had heptadecane 

as their predominant compound from GC-FID analysis. In addition, DCFAH also contained 

some methyl esters, indicating incomplete hydrolysis of the triglyceride, which are absent in 

DCFA. 

DLA was almost entirely made up of undecane, the 11 carbon alkane. Dodecane was the 

primary solvent used in the deoxygenation process and appears in small quantities. During 

the isomerization process, hydrocarbon cracking also occurs and as such the components that 

make up IPCF include small and large hydrocarbons, ranging from C-4 to C-17  
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hydrocarbons. GC-FID analysis suggests that heptadecane is still the dominant species in 

IPCF, but may occur as an isomer due to the observed reduction of freeze point.   

Based on hydrocarbon chain length, the energy content of the fuels may be estimated. An 

increase in hydrocarbon chain length typically results in an increase in energy density, an 

increase in boiling point and a decrease in volatility [53]. Normal alkanes have the highest 

ignition quality that increases with increasing chain length, and it may be inferred that the 

above renewable fuels will have very good ignition qualities. From gas chromatography 

results, CDCFA, DCFA and DCFAH and IPCF which were all made up predominantly of 

heptadecane, are expected to have the highest cetane ratings and possibly better combustion 

with the lowest volatility. Although IPCF contains isomers, if the branches of the isomer are 

concentrated at the ends of the chain length, there is less of a reduction in ignition quality 

because iso-alkanes tend to have slightly reduced ignition qualities [9].  DLA is expected to 

have poorer ignition properties, lower energy content, lower volatility and consequently a 

lower cetane number because of its short hydrocarbon length. As diesel fuel is composed of a 

range of hydrocarbons from C-8 to C-20, its properties are expected to be between IPCF and 

DLA. 

4.4.2 Engine Testing 

The experiments were carried out using the renewable fuels, biodiesel, jet fuel and diesel. 

For each experiment, engine throttle and water into the dynamometer were adjusted to meet 

the desired engine speed and load. For all of the experiments, the 10 hp engine speed was set 

at 2000 rpm for three different load settings (0 bar, 1.26 bar and 3.77 bar) corresponding to  
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output torques of 0 Nm, 4.18 Nm, and 12.53 Nm. Data was collected after the engine had 

sufficiently warmed up and had become stable. Fuel mass flow rate was collected over an 

interval of one minute for 10 minutes. Twenty five firing cycles of in-cylinder pressure data 

were collected and averaged for analysis. It should be noted that a constant 6�&7��
.��8-9��:�

;+*� )*#"� �!� %+1%)1+,�! � 2#+,� $#1#+*#� $+,#� %)$�#*� 7&$� +11� ,#*,#"� 7)#1*
 Smoke opacity and 

exhaust gas information were collected on a minute basis and averaged. At the end of each 

experiment, the new fuel to be used was allowed to run for twenty five minutes to ensure that 

all of the previous fuel in the fuel line had been completely consumed. Data from each 

experiment was collected with a Labview program and stored for further analysis using 

Matlab and Microsoft Excel.     

4.4.2.1 Performance 

Engine performance data was obtained either directly from the sensors or calculated 

based on outputs from the sensors. The indicated work calculated from combustion pressure 

is shown in Fig. 4.4. The indicated work increases with increasing engine load at the constant 

engine speed of 2000 rpm. This is expected as the engine would need to do more work in 

order to compensate for the increased load at a constant engine speed. From this figure, it is 

clear that biodiesel has the highest indicated work for all load conditions followed closely by 

DLA. The only exception to the trend is at the bmep of 3.77 bar where DLA is 0.5% greater 

than biodiesel. For all the load conditions, renewable diesel fuels have higher indicated work 

when compared to diesel. The higher indicated work for biodiesel and the green fuels may be  
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as a result of their shorter ignition delays as seen later in the in-cylinder process and the 

closeness of the peak in-cylinder pressure to TDC. A shorter ignition delay would result in 

combustion occurring just before TDC, and this would result in more positive work 

generation as a result of a more effective expansion stroke. A longer ignition delay on the 

other hand would result in combustion occurring when the piston has begun to move away 

from the TDC position, resulting in work loss.  

The brake performance parameters are shown in Fig. 4.5. From Fig. 4.5a, we observe that 

the brake work was kept constant for each experiment by design. Mechanical efficiency is 

the ratio of the brake power delivered by the engine to the indicated power. As shown in Fig. 

4.5b, mechanical efficiency increases with increasing load. At the bmep of 1.26 bar, diesel 

has the highest mechanical efficiency of about 62% followed by jet fuel with 3.2% less. At 

the bmep of 1.26 bar DCFAH has the highest mechanical efficiency within the renewable 

diesel fuels, with a decrease of about 8.9% from diesel. At bmep of 3.77 bar, jet fuel has a 

higher mechanical efficiency than diesel with a small increase of less than 0.1% over diesel. 

Of the renewable diesel fuels, CDCFA has the highest mechanical efficiency of about 86% 

which is roughly 0.1% less than jet fuel. Loss of mechanical efficiency is typically attributed 

to friction from the piston, bearings, pump loss, and other mechanical components of the 

engine [9].  

Based on information from Fig. 4.5b, it can be inferred that as engine load increases, the 

power generated by the engine is higher than the power loss due to friction, hence the higher 

mechanical efficiency. As mechanical efficiency is a function of indicated power and brake  
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power which has been kept constant, the changes observed in the plot are a result of the 

varying indicated power which can again be linked to variation in ignition delay and the 

proximity of the peak in-cylinder pressure to TDC.    

Brake specific fuel consumption (BSFC) is a measure of how efficiently the engine is 

using the fuel supplied to produce work. The lower the BSFC the better, as this means the 

engine is able to do work more efficiently. From Fig. 4.5c, BSFC decreases with increasing 

engine load. From this figure, it is clear that jet fuel has the lowest BSFC at 1.26 bar and 3.77 

bar followed by DCFAH with an increase of 5.6% at 1.26 bar and IPCF an increase of 4.9% 

over jet fuel at 3.77 bar. The low BSFC value of jet fuel may be attributed to its lower 

viscosity which would allow for better fuel atomization coupled with the effect of its 

relatively high heating value. The trends observed for biodiesel and diesel are similar to those 

reported in previous results [36-37]. 

 The brake thermal efficiency (BTE) is a measure of the engine’s ability to convert the 

chemical energy stored in the fuel to shaft work. Figure 4.5d gives the BTE of the engine 

using the different fuels. From this figure, we note that BTE increases with increasing load 

for all the fuels. Biodiesel had the highest BTE at 1.26 bar followed closely by jet fuel with a 

decrease of about 2.6%. The renewable diesel fuel with the highest BTE was DCFAH with a 

value of 19.5% a drop of about 8% from biodiesel. An increase in engine load to 3.77 bar 

makes jet fuel have the highest BTE followed closely by biodiesel with a difference of about 

4%. Of the renewable diesel fuels, IPCF has the highest BTE with an efficiency of 5% below 

jet fuel. Fuel is pumped into the engine on a volumetric basis. As such, the fuel with a higher  
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density and comparable heating values would have produced more torque and power 

resulting in a higher BTE. Biodiesel’s relatively high brake thermal efficiency may be 

attributed to its high density, and its oxygen content which allows it to have more complete 

combustion. These two factors are believed to supersede the effect of its lower heating value 

and high viscosity. As was observed in Fig. 4.5b, jet fuel has a low BSFC attributed to its low 

viscosity and high energy content. As a result of this, jet fuel is able to maintain a high BTE 

value which, at 3.77 bar, surpasses that of biodiesel. From this figure, we also note that the 

longer hydrocarbon chain fuels have higher brake thermal efficiencies suggesting that the 

higher energy content of these fuels contributed to the increase in the thermal efficiency of 

the engine. The result observed here for biodiesel and diesel is consistent with previous 

results [36].  

4.4.2.2 In-cylinder Combustion 

Combustion information was obtained from the Kistler 6052A pressure sensor located in 

the engine cylinder head. Figure 4.6 shows in-cylinder pressure plots at different load 

settings. In-cylinder pressure increases with increasing load with maximum pressure 

occurring further away from TDC as engine load increases. Pressures from different fuels 

follow a similar pressure curve with their differences becoming more pronounced as engine 

load increases. From Fig. 4.6a, it is observed that the renewable diesel fuels seem to follow 

the same trend. The in-cylinder pressure plot suggests slightly earlier combustion and shorter 

ignition delay for the renewable diesel fuels when compared to diesel, jet fuel, and biodiesel.  
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The rate of pressure rise for the renewable diesel fuels is also noticeably smaller around TDC 

than for the three reference fuels.    

As engine load increases, as shown in Figs. 4.6b and 4.6c, there is a noticeable increase 

in the rate of pressure rise for diesel, jet fuel, and biodiesel which is not as pronounced as the 

renewable diesel fuels. CDCFA has the highest cylinder pressure for the renewable diesel 

fuels at 0 bar and 1.26bar. At3.77 bar DCFAH had the highest cylinder pressure among the 

renewable diesel fuels. In all of these cases, DLA has the lowest pressure. With the exception 

of the no load condition, where biodiesel has the highest peak pressure, jet fuel has the 

overall highest peak pressure. The high jet fuel pressure values may be as a result of the fuels 

low viscosity which allows for better atomization and relatively high heating value [54]. 

Another factor for jet fuels high peak pressure may be a lower cetane number of the fuel, 

leading to more premixed combustion. Biodiesel’s high pressure at the no load condition may 

be attributed to its better combustion due to its oxygen content. The effect of fuel oxygen 

content, however, becomes insignificant as engine load is increased. 

Figure 4.7 shows the in-cylinder pressure variation rate (dp/d-.  at different crank angles 

for the three different load conditions. It is seen from these plots, similar to those in Refs [38-

39], that the renewable fuels mostly have their peak dp/d-  just before TDC with a tendency 

to move towards the TDC as load increases. It is also noted that the cylinder pressure 

variation rate increases with increasing engine load thus confirming results shown in Fig. 4.6. 

The large change in pressure variation as load increases might be a result of the high 

temperature and pressure environment which would allow for faster combustion upon fuel  
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injection. This mainly depends on the fuel chemical and physical properties, which affect the 

mixing and ignition process. Higher in-cylinder pressure increasing rate generally leads to 

more combustion noise.   

Figure 4.8 shows the plots of the heat release rate comparison for the different fuels under 

the three different load conditions. The heat release rate shapes for the different fuels follow 

a similar pattern. They all have a pre-mixed combustion phase and a diffusion combustion 

phase. As engine load increases, the peak heat release rate increases. As shown in Fig. 4.8c, 

jet fuel has a longer ignition delay than any of the fuels regardless of the engine load (further 

confirming the highest peak pressure). 

 DLA has the longest ignition delay of all the renewable diesel fuels. Furthermore, in 

general, with the exception of DLA, the renewable diesel fuels have shorter ignition delays 

and lower heat release rates when compared to diesel, jet fuel and biodiesel. Biodiesel has a 

shorter ignition delay for all loads when compared to diesel. The shorter ignition delays 

experienced by majority of the renewable diesel fuels may be due to thermal cracking which 

tends to break up longer chain hydrocarbons to form smaller hydrocarbons and gaseous 

compounds which are liable to ignite much faster than their longer chain hydrocarbon 

counterparts. The renewable fuels have a higher cetane number with the exception of DLA. 

From literature [28] the higher the cetane number, the shorter the ignition delay. Further 

investigation of the ignition characteristics for renewable diesel fuels is necessary.  

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

load increases, the maximum cylinder pressure increases. From this figure, and as was shown  
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in Fig. 4.6, DLA has the lowest peak pressure for the different engine loads. It is expected 

that DLA has relatively poorer ignition qualities and a lower cetane rating when compared to 

the other fuels used based on its short C-11 hydrocarbon chain length. In addition DLA has a 

relatively low density which means that since fuel is pumped into the engine on a volumetric 

basis, the energy density of this fuel is not as high. As a result, combustion of DLA does not 

achieve as high enough pressure as other fuels do. Figure 4.9b is a comparison of the peak 

dp/d-� for the different fuels. From this figure,�the rapid rate of pressure increase at 3.77 bar 

observed in Fig. 4.6c is clearer. This figure also shows the slight increase in peak dp/d-  as 

engine load increases.  

Ignition delay was determined by calculating the crank angle difference between the 

engine’s start of fuel supply at 17<�before TDC and the crank angle at which the heat release 

rate crosses the zero mark. Figure 4.9c shows the ignition delays for the different fuels at the 

different load settings. It is observed that under different engine loads, jet fuel has the longest 

ignition delay with DLA having the longest ignition delay amongst the renewable diesel 

fuels. Figure 4.9d shows the comparison between peak heat release rates for the fuels at the 

different engine loads. A slight increase in heat release rates for renewable diesel fuels and a 

more distinct increase in heat release rates of diesel and jet fuel. 

Figure 4.10 shows the comparison of the cumulative heat releases at different loads. 

From Figs. 4.10a and 4.10b, it is seen that at low loads, jet fuel has the lowest cumulative 

heat release while biodiesel has the highest. The low cumulative heat release of jet fuel at 

low loads may be attributed to its longer ignition delay and relatively poor combustion  
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process compared with other fuels. Biodiesel on the other hand has a slightly shorter ignition 

delay and the oxygen content of biodiesel also allows for more complete combustion of 

biodiesel. At 3.77 bar, it is noticed that the trends for all the fuels are somewhat similar with 

jet fuel still having the lowest cumulative heat release but with the renewable diesel fuels 

having slightly higher cumulative heat release. This may be attributed to soot processes in the 

cylinder with radiative heat losses. Again, further studies on the combustion are necessary in 

optically accessible experimental devices including optical engines [40] or constant volume 

combustion chambers [41]. 

4.4.2.3 Emissions 

Gaseous emission information was obtained directly from the exhaust of the engine using 

a gas analyzer and a smoke opacity meter.  Hydrocarbon (HC) emissions are shown in Fig. 

4.11a. From this figure, DCFAH had the highest HC emissions for all load settings. High HC 

emission is typically attributed to poor air-fuel mixing and incomplete combustion. From this 

same figure, it is noted that biodiesel mostly has lower HC emissions when compared to all 

the fuels; this is believed to be as a result of its oxygen content which would allow for a more 

complete combustion. By looking at results from Fig.4.10, biodiesel has the highest 

cumulative heat release which suggests a more complete combustion. The high HC emissions 

of jet fuel and DLA may be attributed to their long ignition delays as seen in Fig. 4.10c with 

more incomplete combustion, which also contributes to their lower cumulative heat release. 

The longer ignition delay of these fuels would result in incomplete combustion as a result of 

heat loss and pressure drop in the cylinder.  
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Carbon monoxide (CO) is a by-product of the incomplete combustion of hydrocarbons in 

air. In Fig. 4.11b, it is noted that carbon monoxide emissions decreased significantly as 

engine load increased. This is expected since as engine load increases, engine becomes 

warmer with higher in-cylinder temperatures allowing for better fuel-air mixing. The increase 

in cylinder temperature and pressure as engine load increases also plays a part in the 

reduction of CO emissions as it allows for more complete combustion within the cylinder. 

Biodiesel has relatively high CO emissions, which might be due to its long combustion tail 

during the late stage as shown in the heat release rate curves. Of the renewable fuels, DLA 

had the lowest amount of CO emissions. The CO results of biodiesel are somehow different 

from the previous publications [12]. This might be due to the specific conditions for the 

current experimental setup. More experiments are necessary for other engine speeds and 

loads. 

From Fig. 4.11c, Carbon dioxide (CO2) emission increases with increasing load. This is 

not surprising based on results from Fig. 4.11b as it suggests that as engine load increases, 

more complete combustion becomes more feasible, possibly as result again of better fuel-air 

mixing and high in-cylinder temperature and pressure. DCFAH has the highest CO2 

emissions at the different engine loads. In general, the renewable diesel fuels have lower CO2 

emissions.  

Oxides of Nitrogen (NOx) emissions are usually formed at high temperatures when 

nitrogen reacts with oxygen. From Fig. 4.11d, as engine load increases, NOx formation 

increases. This is as a result of the increased thermal NOx formation mechanism due to high  
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in-cylinder temperature. In general, the renewable diesel fuels have lower NOx emissions. By 

looking at Figs. 4.8d and 4.9 a trend between heat release rate and NOx emissions is 

observed. From this figure, it is noted that the fuels with high heat release rate peaks have 

high NOx emissions. This is as expected since a high heat release rate results from the 

premixed combustion stage and corresponds to a high temperature condition promoting 

thermal NOx formation [44]. 

Figure 4.12a shows the result of the opacity measurement for each experiment. Smoke 

opacity increases with increasing engine load. For the same condition, it is observed that a 

general decrease in opacity compared to diesel. A decrease in opacity can be interpreted as a 

decrease in soot from the exhaust thus suggesting that the renewable fuels also have lower 

soot emissions. By using a soot density calculator [55], soot density information for the 

different fuels was obtained from the opacity measurements. Soot density information 

follows the same trend as smoke opacity measurements. It should be noted that based on the 

method used in collecting soot opacity data, the soot density measurements shown are a 

relative value and not necessarily the absolute values for the fuels used at the given 

conditions. The result of these calculations is shown in Fig. 4.12b. The lower soot emissions 

observed for the renewable fuels may be attributed to complete combustion of the fuel, 

probably as a result of their higher ignition qualities and heating values, lack of aromatics 

and relatively shorter ignition delays. Their slightly higher exhaust gas temperatures (Fig. 

4.13) can be seen as proof of this. From Fig. 4.13, as engine load increases exhaust gas 

temperature increases. Renewable diesel fuels in general have higher exhaust gas  
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temperatures than the reference fuels, possibly as a result of their generally higher cetane 

ratings and their shorter ignition delays. Diesel also has higher exhaust gas temperatures 

when compared to biodiesel, thus supporting this result. Slower late stage combustion with a 

longer combustion duration lasting into late crank angles would in turn lead to higher exhaust 

gas temperature. 

It should be noted that the experiments in this work are limited to one engine speed under 

different loads in a single cylinder engine; it is possible that the trend is different for other 

engine speeds and loads in multi-cylinder diesel engines. Further investigations are necessary 

in the future for better understanding of the operation and combustion characteristics of the 

newly developed renewable diesel fuels in practical diesel engines. 

4.5 Conclusion 

Experiments were conducted to study the effects of a number of different renewable 

diesel fuels in a compression-ignition engine. Engine performance, fuel combustion and 

emissions were measured. Based on the results obtained from these preliminary experiments, 

some important finding can be summarized in the following:  

1. Renewable diesel fuels have slightly lower mechanical efficiencies when compared 

with diesel but their lower brake specific fuel consumption compensates for this as 

less fuel is needed to do the same amount of work. Fuel conversion efficiency is 

roughly the same for all the renewable fuels, with values higher than that of diesel. 

The renewable fuels also have comparable brake thermal efficiencies with that of 

diesel, with the exception of CDCFA at the lower load 1.26 bar; 
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2. Renewable diesel fuels with the exception of DLA have shorter ignition delays when 

compared with diesel. At low engine loads, jet fuel has the longest ignition delay, 

which remains unchanged as engine load increased. There is, however, a noticeable 

rise in the rate of pressure increase for jet fuel and diesel at 3.77 bar. Most of the 

renewable diesel fuels are also observed to have lower peak in-cylinder pressure and 

heat release rates; 

3. Renewable diesel fuels have remarkably lower emissions with the exception of HC 

emissions. CO2 and CO emissions are lower for the renewable fuels when compared 

to diesel, biodiesel and jet fuel. NOx emissions are significantly lower for the 

renewable fuels. Soot emissions for the renewable fuels are also lower when 

compared to diesel, biodiesel and jet fuel; 

4. From these experiments, DLA may be eliminated as a viable replacement for diesel 

because its ignition delay is relatively long and it has a tendency to decrease engine 

performance. DCFA and DCFAH are also not viable replacements for diesel as they 

have high freezing points and tend to solidify at room temperature. CDCFA is also 

not a viable alternative as it tends to precipitate out at room temperature. This 

precipitation also leads to the clogging of fuel lines when the engine cools down. A 

very attractive alternative to diesel, without the need for additional engine 

modifications, is the IPCF. Engine performance using this fuel is slightly better than 

diesel and all its emissions including hydrocarbons are lower than diesel; 
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Table 4.1: Fuel Nomenclature 
Fuel Name Acronym 

Fed batch deoxygenation of canola derived fatty acids DCFA 

Fed batch deoxygenation of canola derived fatty acids optimized with H2 DCFAH 

Fed batch deoxygenation of Lauric Acid DLA 

Continuous deoxygenation of canola derived fatty acids CDCFA 

Isomerization product of canola derived fatty acid alkanes IPCF 
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Figure 4.1: GC-MS chromatogram of (a) Diesel (b) Jet fuel (c) Biodiesel 

(a) 

(b) 

(c) 
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Figure 4.2:  GC-MS chromatogram of (a) DCFA (b) DCFAH (c) CDCFA 
�
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Figure 4.3: GC-MS chromatogram of (a) DLA (b) IPCF      
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Figure 4.4: Indicated work for all fuels at different Brake Mean Effective Pressures 
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Figure 4.5: (a) Brake Work (b) Mechanical Efficiency (c) BSFC (d) Brake Thermal 
Efficiency for all fuels at different Brake Mean Effective Pressures. Note BSFC at 0 bar has 
not been represented as it tends to infinity. 
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Figure 4.6: In-cylinder pressure comparison at (a) 0 bar (b) 1.26 bar (c) 3.77 bar 
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Figure 4.7: dp/d�  at (a) 0 bar (b) 1.26 bar (c) 3.77 bar 
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Figure 4.8: Heat release rate comparison at (a) 0 bar (b) 1.26 bar (c) 3.77 bar 
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Figure 4.9: (a) Peak in-cylinder pressure (b) Peak dp/d�  (c) Ignition delay (d) Peak heat 
release rate for all fuels at the different Brake Mean Effective Pressures. 
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Figure 4.10: Cumulative heat release comparison at (a) 0bar (b) 1.26 bar (c) 3.77 bar 
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Figure 4.11: (a) Hydrocarbon (b) Carbon monoxide (c) Carbon dioxide (d) NOx emissions 
for all fuels at the different Brake Mean Effective Pressures respectively 
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Figure 4.12: (a) Smoke opacity (b) Soot Density for all fuels at the three different Brake 
Mean Effective Pressures 
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Figure 4.13: Exhaust gas temperature (Celsius) for all fuels at the different Brake Mean 
Effective Pressures 
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CHAPTER 5 

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

�

5.1 Abstract 

In this work, the effects of diesel, biodiesel and biomass to liquid (BTL) fuels are 

investigated in a single-cylinder diesel engine at a fixed speed (2000 rpm) and three engine 

loads corresponding to 0 bar, 1.26 bar and 3.77 bar brake mean effective pressure (BMEP). 

The engine performance, in-cylinder combustion, and exhaust emissions were measured. The 

results show an increase in indicated work for BTL and biodiesel at 1.26bar and 3.77bar 

BMEP when compared to diesel but a decrease at 0bar. Lower mechanical efficiency was 

observed for BTL and biodiesel at 1.26 bar BMEP but all three fuels had roughly the same 

mechanical efficiency at 3.77 bar BMEP.  BTL was found to have the lowest brake specific 

fuel consumption (BSFC) and the highest brake thermal efficiency (BTE) among the three 

fuels tested. Combustion profiles for the three fuels were observed to vary depending on the 

engine load. Biodiesel was seen to have the shortest ignition delay among the three fuels 

regardless of engine loads. Diesel had the longest ignition delay at 0 bar and 3.77 bar BMEP 

but had the same ignition delay as BTL at 1.26 bar BMEP. At 1.26 bar and 3.77 bar BMEP, 

BTL had the lowest HC emissions but highest HC emissions at no load conditions when 

compared to biodiesel and diesel. When compared to diesel and biodiesel BTL had lower CO  
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and CO2 emissions. At 0 bar and 1.26 bar BMEP, BTL had higher NOx emissions than diesel 

fuel but lower NOx than biodiesel at no load conditions. At the highest engine load tested, 

NOx emissions were observed to be highest for diesel fuel but lowest for BTL. At 1.26 bar 

BMEP, diesel had a higher smoke opacity than BTL and biodiesel. At 3.77 bar BMEP, BTL 

had the highest smoke opacity with diesel fuel having the lowest opacity. This work also 

demonstrated the effectiveness of BTL as a renewable alternative fuel with characteristics 

comparable to regular diesel fuel.  

5.2. Introduction 

Rising cost as a result of depleting fossil fuel reserves as well as problems relating to 

greenhouse gas emissions have been the most important drivers for seeking out new sources 

of energy [33]. For internal combustion (IC) engines, liquid biofuels have emerged as viable 

alternatives to fossil fuels. Biofuels are typically made from renewable sources such as 

animal feedstock, plants, and biomass. Biofuel production and consumption has increased in 

recent years partly as a result of government support in the form of tax credits [56]. Biodiesel 

is a type of biofuel made from the trans-esterification process and involves reaction of oil or 

fatty acids from oil with an alcohol in the presence of a catalyst [7]. The end product of the 

trans-esterification process is a fatty acid methyl ester (FAME), also called biodiesel. 

Biodiesel has several benefits over conventional fossil diesel; it is renewable, non-toxic, 

greater lubricity, generally with lower emissions and most of all has similar properties to 

petro diesel [12].  
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Biomass to liquid (BTL) fuel is a second generation biofuel and a synthetic fuel. 

Unlike first generation biofuels which use specific parts of the biomass for biodiesel 

production, second generation biofuels can be made from any portion of the biomass. BTL is 

produced based on processes from the production of gas to liquid (GTL) and coal to liquid 

(CTL) using the Fischer Tropsch (FT) process [23, 57]. The steps involved in the BTL fuel 

production are gasification, gas cleaning and synthesis. Gasification is the first step in BTL 

production, which involves the breakdown of the feedstock in a reactor at high temperature 

and high pressure into synthetic gases, mainly carbon monoxide (CO) and hydrogen (H2). 

Gasification can be divided into three parts: pyrolysis, char gasification, and partial char 

combustion [58]. Gas cleaning is the removal of contaminants as a result of tar production in 

the reactor, which is necessary due to the sensitivity of catalyst in the synthesis stage [23]. 

The final stage is the reaction of CO and H2 in the presence of an iron or cobalt catalyst to 

form hydrocarbons. It is possible to adjust the final products to meet specific fuel 

requirements (gasoline, jet fuel or diesel).  

The process of converting BTL fuels by the FT process has several benefits. Syngas 

produced in the gasification stage from the breakdown of biomass can lead to the production 

of a variety of products such as synthetic fuels, lubricating oils, synthetic waxes and chemical 

feedstocks [57]. BTL fuels have little to no sulfur or aromatic content, high fuel ignition 

quality and low fuel density [24]. As the fuel is produced from a renewable energy source, it 

can be CO2 neutral with the additional benefit of reduced emissions from tailoring of the fuel 

to meet certain combustion requirements. Research carried out by Ng et al [24] showed that  
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oxides of Nitrogen (NOx), CO and particulate matter emissions for sundiesel (a BTL fuel) 

they used were lower when compared to regular diesel fuel. Disadvantages from using BTL 

come from the cost of biomass which would normally be wood and the environmental impact 

of harvesting and re-growing the trees as feedstock. Sunde et al [59] estimated the cost of 

BTL production to be at about $3.55 - $5.67 per U.S gallon which puts the price range at 

about the same cost for fossil based diesel. Sundae and colleagues also estimated that BTL 

from sustainably managed forest biomass and woody waste may have lower overall 

environmental impact than fossil diesel.  

BTL is a fuel made up of paraffins with very little to no sulfur and aromatic content 

and as an FT fuel, its end product is expected to be similar to GTL fuels which are generally 

FT fuels made from natural gas. Several works have been done on the use of GTL fuels in 

diesel engines with very positive results. Moon et al. [60] and Li et al. [61] investigated GTL 

fuels in turbo-charged diesel engines. In both of these cases, total hydrocarbon (THC) 

emissions and CO emissions were lower than regular diesel fuel. Moon et al. observed an 

increase in NOx emissions [60]; however, Li et al. found a reduction in both NOx and smoke 

emissions [61]. Abu-Jrai et al. conducted several experiments in a single-cylinder diesel 

engine under different engine operating conditions and observed improved engine efficiency 

as well as reduced NOx and smoke for GTL fuel [62, 63]. They did, however, observe an 

increase in CO emissions. Clark et al [64] and Lapuerta et al. [65] carried out experiments 

using GTL in diesel engines. Their experiments both showed a reduction in particulate matter 

(PM). Clark et al. also observed reductions in NOx from experiments carried out in several  
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buses and tractors. In addition to obtaining lower PM emissions, Lapuerta and colleagues 

also observed a decrease in smoke opacity and a reduction in THC. In an experiments carried 

out using a Euro III common rail heavy duty diesel engine fueled with GTL, Wang et al. 

observed reduced NOx, CO and THC emissions as well as a decrease in max torque and 

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

There is an increasing demand for sustainable alternative fuel production and BTL 

fuel as a renewable fuel from biomass offers a sustainable solution. There are few studies in 

the literature on the effects of BTL on engine performance, in-cylinder combustion, and 

emissions. The main objective of this work is to better understand how BTL fuel perform in a 

diesel engine when compares with conventional diesel and biodiesel fuels, specifically in 

terms of engine performance, combustion, and gaseous exhaust emissions. 

5.3. Experimental Setup 

The setup for this experiment was discussed in chapter 3. In this work, diesel, biodiesel, 

and BTL were tested in the engine at a fixed engine speed of 2000 rpm for three different 

load settings at 0 bar, 1.26 bar and 3.77 bar brake mean effective pressure (BMEP) 

corresponding to engine torque outputs of 0, 4.18 and 12.53 N-m, respectively. The fuel of 

primary focus is BTL with the other two fuels used as references. Biodiesel is used as a 

reference because it is regarded as a first generation biofuel unlike BTL, which is considered 

as a second generation biofuel. To begin the experiment, the engine was allowed to run on 

the fuel to be tested continuously for 30 minutes till it is sufficiently warm then the desired  
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dynamometer load and rpm were set before data collection can commence. It should be noted 

that, the injection timing for the engine was kept the 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 5.1. Lower heating value (LHV) for 

BTL was obtained from [67] after unit conversion. The LHVs of diesel and biodiesel were 

taken from [68]. Flash point for diesel and biodiesel are derived from [52, 68]. Cetane 

number for biodiesel and diesel are from [52, 69]. All other fuel properties were measured in 

the laboratory.   In order to characterize the fuel components, samples of the three fuels were 

measured in a gas chromatograph/mass spectrometer (GC/MS) system (Shimadzu). The 

GC/MS results for the three fuels are shown in Figs. 5.1a-c. From the GC/MS analysis, diesel 

is found to consist of C8 - C27 hydrocarbons. Biodiesel is made up of C15 - C21 hydrocarbons 

and the BTL fuel used is made up of C9 to C21 alkane hydrocarbons. The range of 

hydrocarbons for BTL indicates that it may have the lowest molecular weight. Due to its 

lower molecular weight, BTL is expected to have a lower boiling point and it can vaporize 

relatively easily. Furthermore, from the GC results, BTL has no aromatics and is made up 

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

will have a reasonably high cetane number [9] which is supported by reported cetane values 
for BTL fuels from [24] and [67].  
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5.4.2 Performance 

Figure 5.2 shows the engine performance parameters for the three different fuels. 

From Fig. 5.2a except at 0 bar BMEP, BTL has a higher indicated work than diesel fuel and 

about the same as biodiesel. Diesel results in a higher mechanical efficiency than both 

biodiesel and BTL at 1.26 bar (Fig. 5.2b). The engine’s mechanical efficiency is, however, 

roughly the same for all three fuels at 3.77 bar. Figure 5.2c demonstrates the brake specific 

fuel consumption (BSFC) for all three fuels. BTL has the lowest BSFC of all three fuels 

followed by biodiesel. The lower BSFC value of BTL may be as a result of its slightly higher 

heating value. Brake thermal efficiency (BTE) is a ratio of the brake work per cycle to the 

chemical energy released in the combustion process. The chemical energy released in a cycle 

depends on the injected fuel mass per cycle and its heating value. From Fig. 5.2d, BTL is 

observed to have a much higher BTE than both diesel and biodiesel. Biodiesel is also noted 

to have a higher BTE than diesel fuel. Low BSFC coupled with a higher heating value is 

believed to be the primary reason for the higher BTE of BTL. 

5.4.3 Combustion 

Figures 5.3-5.6 show the combustion results with different combustion parameters of 

the three fuels in the engine. Figure 5.3 presents the in-cylinder pressure of the three fuels at 

the three different load settings. From Fig. 5.3a, biodiesel is observed to have the highest 

peak cylinder pressure followed by BTL and then diesel. The pressure rise after fuel injection 

is observed to be more rapid for biodiesel followed by BTL fuel when compared to diesel 

fuel. In Fig. 5.3b, the engine load is increased to 1.26 bar. A similar observation to Fig. 5.3a  
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is seen except in this case the BTL in-cylinder pressure is almost the same as diesel fuel. 

Biodiesel still has the highest peak pressure and rate of pressure rise followed by BTL and 

then diesel fuel. A further increase in engine load to 3.77 bar, shown in Fig. 5.3c, results in a 

decrease in the peak pressure and rate of pressure rise for BTL compared to diesel. This 

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

Figure 5.4a shows the heat release rate results at 0 bar BMEP. Biodiesel has the 

highest peak heat release rate followed by diesel and then BTL. It should be noted that 

although BTL has a shorter ignition delay than diesel fuel, diesel has a higher peak heat 

release rate. This is because the longer ignition delay of diesel fuel allows for more air-fuel 

mixtures in the pre-mixed combustion phase which would ultimately result in a higher peak 

heat release rate upon ignition. In Fig. 5.4b at 1.26 bar BMEP engine load, a similar heat 

release profile is observed for BTL and diesel except that BTL has the highest peak heat 

release rate and more pre-mixed combustion when compared to both biodiesel and diesel 

fuel. An additional observation when comparing no load condition to 1.26 bar BMEP is that 

the ignition delay for the fuels is reduced as engine load is increased. For diesel and 

biodiesel, ignition delay decreases by 0.3 degrees from 0 bar to 1.26 bar while for BTL, it 

only decreased by 0.1 degrees. This shorter ignition delay for higher load is believed due to 

warmer engine conditions. From Fig. 5.4c at 3.77 bar BMEP, diesel is observed to have a 

significantly higher peak heat release rate with BTL having the lowest peak heat release rate. 

There is also an observable difference between the heat release profiles of the three fuels.  
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Although diesel and BTL appear to have similar ignition delays, the peak heat release rate for 

BTL was significantly lower than diesel at this engine load.  

 Figure 5.5 demonstrates the cumulative heat release results. As shown in Fig. 5.5a, 

diesel shows the highest peak cumulative heat release with BTL having the lowest at 0 bar 

BMEP. As the engine load is increased to 1.26 bar, diesel has the lowest cumulative heat 

release and BTL has the highest just barely above biodiesel, as shown in Fig. 5.5b. This same 

trend is observed in Fig. 5.5c. The higher cumulative heat release for BTL as engine load 

increases may be attributed to ignition delay effects coupled with high BTE and higher 

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

Figure 5.6 shows the various peak values related to combustion results and the 

ignition delay. Figure 5.6a depicts the peak in-cylinder pressures at different engine loads. 

For all three load conditions, biodiesel has the highest peak in-cylinder pressure. At the two 

lower engine loads, BTL has higher peak in-cylinder pressure than diesel fuel. The higher in-

cylinder pressure is believed to be as a result of BTL having a slightly shorter ignition delay 

than diesel as was shown in Figs. 5.4a and 5.4b. At 3.77 bar however, there is a noticeable 

spike in the in-cylinder pressure for diesel fuel with a more rapid rate of pressure change than 

BTL. Figure 5.6b shows the peak heat release rates for the three fuels at different engine 

loads. Biodiesel has a higher peak heat release rate at 0 bar. As engine load increases to 1.26 

bar, BTL has the highest peak heat release rate followed by diesel with biodiesel having the 

lowest. The higher peak heat release rate for BTL may be attributed to the lighter molecular 

weight of BTL allowing it to vaporize much more quickly than diesel and biodiesel coupled  
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with its long ignition delay. Based on Fig. 5.4b, it can be assumed that ignition delay alone 

may not account for the all the changes in the peak heat release rate observed at 1.26 bar 

since diesel and BTL have almost the same ignition delay of 11.3 deg. Figure 5.6c shows the 

peak cumulative heat release for the fuels. It is observed that while BTL has the lowest peak 

cumulative heat release at 0 bar, it has the highest value at 1.26 and 3.77 bar followed closely 

by biodiesel in both cases. Diesel has the lowest cumulative heat release rate at the two 

higher engine loads but has the highest peak cumulative heat release at 0 bar.  

The ignition delay for the fuels is shown in Fig. 5.6d. Ignition delay was determined 

by calculating the crank angle difference between the engine’s start of fuel supply at 17<�

before TDC and the crank angle at which the heat release rate crosses the zero mark. From 

Fig. 5.6d, biodiesel is observed to have the shortest ignition delay for all three load 

conditions. Diesel has the longest ignition delay except at 1.26 bar where diesel and BTL 

have similar ignition delay. The shorter ignition delay observed for biodiesel may be 

attributed to the higher bulk modulus of the fuel. Fuel injection system for this engine is a 

typical mechanical system including a pump, pipe, and injector. The fuel is injected on a 

volume basis. A larger bulk modulus of a fuel promotes faster pressure wave propagation in 

the pipe, which in turn opens the injector nozzle faster and leads to a shorter ignition delay 

[42]. The other reason for shorter ignition delay of biodiesel is expected to be from its 

relatively higher cetane number. The ignition delay for diesel and BTL fuel are rather close 

under all the conditions, it is expected that they have similar cetane numbers with BTL 

slightly higher.  
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Another parameter of considerable interest is the actual air to fuel ratio as shown in 

Fig. 5.7. The air-fuel ratio is calculated by dividing the mass of air (obtained from the mass 

air flow sensor) with the fuel flow rate into the engine. It is seen that air-fuel ratio decreases 

with increasing engine load due to more fuel injected per cycle. Diesel fuel is observed to 

have the lowest air-fuel ratio at all three load conditions. At 1.26 and 3.77 bar, BTL is 

observed to have the highest air-fuel ratio. These observations suggest that BTL and 

biodiesel combustion occur in a more fuel lean environment when compared to diesel fuel. 

There is a possibility of over-leaning in the case of BTL considering its lighter molecules. 

Over-leaning occurs when air-fuel mixture is beyond the lean limit of combustion. It may not 

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

5.4.4 Emissions 

Gaseous fuel emissions were measured with an infrared industries FGA 4000 XDS 

exhaust gas analyzer. The emissions results are shown in Fig. 5.8. From Fig. 5.8a, it is 

observed that except at 0 bar, BTL has overall lower HC emissions than both diesel and 

biodiesel. These lower HC emissions may be attributed to better air-fuel mixing. From Fig. 

5.7, since BTL has a high air-fuel ratio at 1.26 bar and 3.77 bar there is the possibility of 

more complete combustion which would result in lower HC emissions.  The higher HC 

emission for BTL at 0 bar could be as a result of local over-lean air-fuel mixtures, which 

would result in local poor or incomplete combustion with un-burnt fuel going to the exhaust. 

Figures 5.8b and 5.8c show CO and CO2 emissions, respectively. From these figures, BTL 

demonstrates a decrease in both CO and CO2 emissions compared to diesel and biodiesel. It  
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is also remarkable to note that unlike biodiesel which has a lower CO emission but a higher 

CO2 emission, BTL has lower emissions of both oxides of carbon. Biodiesel contains oxygen 

which would allow for the oxidation of CO to form additional CO2 emissions. CO emissions 

at 3.77 bar for all three fuels is observed to be zero. This observation may be attributed to 

more complete combustion of the three fuels at the much higher engine load. Figure 5.8d is a 

comparison of the NOx emissions. BTL has higher NOx emissions than diesel except at 3.77 

bar where it has lower NOx emissions than the other two fuels. NOx formation is typically a 

function of temperature. Thermal NOx is formed at temperatures above 1800 K [70, 10] and 

is believed to be the principal NOx forming mechanism for these fuels in diesel engine. The 

peak rate of heat release seems to have some correlations with the observed NOx results as 

seen in Fig. 5.9 suggesting that the greater the peak heat release rate, the higher the amount 

of NOx produced. 

Smoke opacity from the engine exhaust was obtained with a wager 6500 smoke meter. 

Smoke opacity is directly related to the amount of soot in the exhaust. Smoke opacity results 

are shown in Fig.5.10. It is observed that at 1.26 bar BMEP, BTL and biodiesel have little 

smoke emissions compared to diesel fuel. As engine load is increased to 3.77 bar, however, 

BTL and biodiesel have higher smoke opacity than diesel fuel. The increase in smoke opacity 

for these two fuels may be attributed to their reduced amount of premixed combustion phase 

due to their shorter ignition delay. The less amount of premixed combustion phase results in 

more diffusion fuel combustion occurring later with more soot generated [70]. It should also 

be noted that unlike diesel fuel with comparably high aromatic contents, biodiesel and BTL  
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have little to no aromatic content and as such the soot formation mechanism is expected to be 

quite different for these two fuels.  

Exhaust gas temperature as shown in Fig. 5.11 was highest for biodiesel at all engine 

loads. BTL also had slightly higher exhaust gas temperature when compared to diesel fuel. 

There is a noticeable correlation between ignition delay at each load as shown in Fig.5.6d 

and exhaust gas temperature. Biodiesel with the shortest ignition delay has the highest 

exhaust gas temperature, while diesel fuel with the longest ignition delay has the lowest 

exhaust gas temperature. This is believed due to the longer late cycle combustion for 

biodiesel with more mixing controlled combustion period.  

5.5. Conclusion 

An experiment was conducted to study the characteristics of burning a biomass to liquid 

fuel in a compression-ignition diesel engine. Engine performance, in-cylinder combustion, 

and emissions were measured. Based on the results obtained from this experiment, some 

important findings can be summarized as follows:  

1. The use of BTL in the diesel engine resulted in slightly lower indicated work and 

mechanical efficiency at low engine loads but increased mechanical efficiency at high 

engine loads. BTL also had lower BSFC and higher BTE when compared to both 

diesel and biodiesel.  

2. BTL was observed to have a shorter ignition delay when compared to diesel fuel but a 

longer ignition delay than biodiesel. The effect of BTL on in-cylinder pressure, heat  
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release rate and cumulative heat release varied depending on engine operating 

conditions. 

3. For all the tested exhaust gas samples, with the exception of NOx and no load 

conditions, an improvement in emissions was observed. HC, CO and CO2 emissions 

were lower for BTL when compared to both diesel and biodiesel except at 0 bar 

BMEP where HC emissions are higher. NOx emissions were higher for BTL except at 

3.77 bar. Smoke opacity was observed to be the same or lower for low engine loads 

for BTL and biodiesel but a significant increase in smoke opacity was observed for 

biodiesel and BTL at 3.77 bar BMEP.     

4. As this experiment was carried out in a single-cylinder diesel engine at a fixed rpm, 

more work needs to be done to better understand the characteristics of BTL fuel in a 

diesel engine at varying engine speeds and loads. The results obtained from this 

experiment demonstrate promising potentials of using BTL in diesel engines.  
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Table 5.1: Fuel properties adapted from [67], [68], [52] and [69] 

Properties 
Diesel 
(No.2) Biodiesel BTL 

Energy Content (lower Heating 
Value) (MJ/kg) 

43.1 [68] 37.9 [68] 43.9 [67] 

Flash point �C 74 [68] >130 [52] - 
Auto ignition Temperature �C ~315 [68] ~149 [68] - 
Dynamic viscosity (Pa.s) at 

25�C 1.99 4.12 2.0976 

Density (kg/L) 0.832 0.875 0.762 
Cetane number 46 [69] 55.4 [52] - 

Surface Tension (mN/m) at 
25�C 

27.4 29.3 24.96 
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Figure 5.1: GC/MS results for (a) diesel (b) biodiesel (c) BTL 
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Figure 5.2: (a) Indicated work (b) Mechanical Efficicency (c) Brake Specific Fuel 
Consumption (d) Brake Themal Efficicency at 0 bar, 1.26 bar and 3.77 bar BMEP 
�
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Figure 5.3: In-cylinder pressure at (a) 0 bar, (b) 1.26 bar and (c) 3.77 bar BMEP.�
�
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Figure 5.4: Heat Release Rate at (a) 0 bar, (b) 1.26 bar and (c) 3.77 bar BMEP.�
�
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Figure 5.5: Cumulative Heat Release at (a) 0 bar, (b) 1.26 bar and (c) 3.77 bar BMEP. 
�
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Figure 5.6: (a) Peak Cylinder Pressure (b) Peak Heat Release Rate (c) Peak Cumulative Heat 
Release Rate (d) Ignition Delay at 0 bar, 1.26 bar and 3.77 bar BMEP 
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Figure 5.7: Actual air-fuel ratio under different engine loads 
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Figure 5.8: (a) Hydrocarbon emissions (b) Carbon Monoxide emissions (c) Carbon Dioxide 
emissions (d) NOx emissions at 0 bar, 1.26 bar and 3.77 bar BMEP 
�
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Figure 5.9: Relationship of peak heat release rate to NOx emissions for all the conditions 
�
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Figure 5.10: (a) Smoke Opacity at 0 bar, 1.26 bar and 3.77 bar BMEP 
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Figure 5.11: Exhaust gas temperature at 0 bar, 1.26 bar and 3.77 bar BMEP 
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CHAPTER 6 

Performance, Combustion, and Emissions Study of a Compression Ignition 
Engine Running on Oil in Water Emulsions Made with Diesel, Jet fuel and 

Biodiesel with Carboxymethylated Kraft Lignin as a Surfactant 

 

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

counterparts were tested in a diesel engine. The emulsions were oil (fuel) in water emulsions 

at a ratio of 3:7 water/oil (W/O). The surfactant used for this experiment was 

carboxymethylated Kraft lignin. Testing was performed for fuel and emulsion at an engine 

speed of 2000 rpm under three engine loads corresponding to 0 bar, 1.26 bar and 3.26 bar 

brake mean effective pressure (BMEP). Engine performance, in-cylinder combustion, and 

exhaust emissions were measured. At no load condition, an increase in indicated work is 

observed for diesel emulsion and biodiesel emulsion when compared to pure diesel and 

biodiesel, respectively. Emulsions result in higher engine mechanical efficiency at 1.26 bar 

and 3.26 bar BMEP except in the case of jet fuel emulsion at 1.26 bar. When the total fuel 

mass for emulsions includes the water added, emulsions have higher brake specific fuel 

consumption (BSFC) than their base fuels. When only the fuel mass is considered, a lower 

adjusted BSFC is observed for emulsions. Fuel emulsions have higher brake thermal 

efficiency than their base fuels. Emulsions generally have lower peak in-cylinder pressure, 

lower heat release rates, and longer ignition delays at 1.26 bar and 3.26 bar BMEP when 

compared to pure fuel but have the opposite effect at no load conditions. There was also a  
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noticeable decrease in NOx emissions for the emulsions, but an increase in carbon monoxide 

emissions at 1.26 bar and 3.26 bar. At 0 bar BMEP, emulsions produce less carbon monoxide 

emissions. The effect of emulsions on hydrocarbon emissions and smoke opacity depends on 

the fuel type and the engine load. This work demonstrates the effectiveness of W/O 

emulsions as viable fuels for diesel emissions reductions. It also shows that 

carboxymethylated Kraft lignin can be used as an effective surfactant for oil in water fuel 

emulsions.  

6.2. Introduction 

The US Environmental Protection Agency (EPA) is set to introduce Tier 3 motor 

vehicle emissions standard starting in 2017. The program will seek to lower vehicle 

emissions and reduce the sulfur content of gasoline. It is estimated that the program will 

reduce vehicle nitrogen oxides (NOx) emissions by 25%, carbon monoxide (CO) emissions 

by 24% and direct particulate matter (PM) by 10% in 2030 [34]. Vehicle manufactures will 

need to find methodologies to meet the requirements of the new standard. Methods typically 

used to reduce emissions for diesel engines are the use of alternative fuels, introduction of 

water into the combustion chamber and mechanisms to tackle individual controlled emissions 

such as particulate filters and oxidation catalyst. Some of these methods are not cost 

effective, may require extensive modifications to the vehicle, and, in some cases, reduce 

some emissions at the expense of other regulated emissions. 

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

reduced effectively. The addition of water to fuel has the additional benefit of reducing the  
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overall volume of fuel consumed. An emulsion is a mixture of two or more liquids in which 

one is present as droplets, of microscopic or ultramicroscopic size, distributed throughout the 

other [71]. It is created by the agitation of two liquids in the presence of a surfactant which 

possess both polar and non-polar properties which helps weaken the surface tension of the 

liquid in which it is dissolved [25]. Fuel emulsions are produced when fuel and water are 

mixed together in the presence of a surfactant with either water as the continuous phase and 

the fuel as the dispersed phase or vice versa. Researchers have experimented with the use of 

waste cooking oil emulsions [72], animal fat emulsions [73], biofuel emulsions [74], diesel in 

water emulsions [26, 27, 29, 30, 75, 76], Three – phase emulsions [31, 28, 77] and diesel-

ethanol emulsions in diesel engines [78]. Investigations were also performed on the use of 

heavy oil – water emulsions on a semi industrial scale [79].   

Kumar et al. performed experiments in a diesel engine using waste cooking oil/water 

(WCO/W) emulsions and observed improvements in brake thermal efficiency (BTE) at high 

power outputs but low BTE at low power outputs when compared to neat diesel fuel [72]. 

Lower smoke opacity than WCO but higher smoke opacity than diesel fuel was also 

observed. Hydrocarbon (HC) emissions varied with power output. At high power output, 

WCO emulsion had lower HC emissions than diesel but at low power output it had higher 

HC emissions than diesel.  Kumar et al. carried out additional experiments in a diesel engine 

using an emulsion of animal fat and water with ethanol [73]. They observed a decrease in 

smoke, NOx, HC and CO when compared to pure animal fat and neat diesel at high power 

outputs. Animal fat emulsions were observed to have higher HC and CO emissions at light  
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engine loads. Kumar et al. [74] put together a comprehensive review on the use of biofuel 

emulsions in diesel engines. They came to the conclusion that biofuel emulsions improved 

the combustion efficiency and performance with reduced NOx and PM emissions. Research 

work in Refs. [26, 27, 29, 30, 75, 76] shows a reduction in NOx, soot, HC and PM emissions, 

and improved combustion efficiency for diesel-water emulsions. Alahmer et al. observed that 

as water content increased, BSFC increased at high engine speeds, BTE decreased, exhaust 

gas temperature (EGT) decreased, and NOx also decreased [30]. In the case of Zaid’s 

experiments, an increase in water content resulted in an increase in BTE, an increase in 

BSFC (diesel and water considered as total fuel) and a decrease in EGT [27]. Cherng-Yuan et 

al. [28, 31, 77] carried out a series of experiments to study three phase diesel emulsions in a 

diesel engine and the results showed an increase in BSFC and CO with a decrease in NOx, 

CO2 and smoke opacity. Ashok carried out experiments using varying concentration of 

diesel-ethanol emulsions in a diesel engine [78]. The results showed an increase in BTE, a 

decrease in specific fuel consumption and a decrease in NOx as the volume of ethanol 

decreases. The general consensus from all the experiments carried out with water- oil 

emulsions in a diesel engine is that NOx and smoke generally decrease.  

Micro-explosion and puffing are the two most important phenomena attributed to 

emulsion combustion in a diesel engine. Micro-explosion is the quick break down of droplets 

which results in secondary atomization of droplets [80]. It occurs because water and oil have 

different boiling temperatures which results in water evaporating much faster than the oil in a 

hot combustion chamber. For water in oil emulsions, water droplets are typically  
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encapsulated by oil. In a hot combustion chamber, the water droplets will reach superheated 

phase much faster than the oil thus resulting in micro-explosion. In the case of puffing, water 

leaves the oil droplets as a fine mist [25, 80]. Not all researchers have, however, agreed on 

the occurrence of micro-explosions in diesel engines as was discussed by Weibiao et al. [75]. 

Most of the experiments carried out in diesel engine using fuel-water emulsions have 

typically used water as the dispersed phase with the oil (fuel) as the continuous phase. In this 

work, oil in water emulsions using diesel, jet fuel and biodiesel as base fuels are studied with 

carboxymethylated Kraft lignin as the surfactant. The objective of this work is to study the 

use of oil in water emulsions in a diesel engine and to determine the viability of 

carboxymethylated lignin as a suitable surfactant for diesel engine applications.  

6.3. Experimental Setup 

The experimental setup for this experiment has been discussed previously in Chapter 

3. An additional fuel tank was used for emulsions in this experiment. A schematic of the 

setup is shown in Fig. 6.1. In this experiment, diesel, biodiesel, jet-fuel, and their 

corresponding emulsions are tested under given conditions. The diesel engine was set at 2000 

rpm for three different torque outputs of 0, 4.18 and 10.86 Nm corresponding to 0 bar, 1.26 

bar and 3.26 bar brake mean effective pressure (BMEP). Two fuel tanks containing a base 

fuel and an emulsified fuel were used. The two tanks each had a shut off valve and were 

connected with a T junction which fed into the engine’s fuel pump. The testing of the 

emulsified fuels began by starting the engine with the base fuel while keeping the valve from  
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the tank containing the emulsion closed. The engine was left to run for 30 minutes to warm 

up the engine. With the engine sufficiently warmed up, the base fuel valve was shut and the 

emulsion valve was opened. The engine was further left to run on the emulsion fuel for an 

extended period of time in order to ascertain that no base fuel was present in the fuel line 

before data acquisition began. It should be noted that for this experiment, the fuel supply 

timing for all fuels tested was kept constant at 17 degree before TDC.     

6.4. Results and Discussion 

6.4.1 Fuel Properties 

As mentioned before, the emulsions used for this experiment had water as the continuous 

phase and oil (fuel) as the dispersed phase, which is different from most of the emulsion 

experiments carried out by other researcher in diesel engines. The ratio of water to oil used in 

this experiment was 3:7 by mass. In order to make the emulsions, 0.5% of 

carboxymethylated Kraft lignin was dissolved in water before mixing with the fuel. The 

mixture was then mechanically agitated at room temperature with an Ultra Turrax at a speed 

of 20,000 rpm. The produced emulsion was subject to a vacuum pump for de-aeration. Fuel 

properties are given in Table 6.1. It is seen that oil-in-water fuel emulsions have much higher 

dynamic viscosities than the based fuel. Figure 6.2 shows samples of the tested fuels.  

6.4.2 Performance 

Engine performance parameters for each tested fuel are shown in Figure 6.3. Figure 

6.3a shows the indicated work at the three different loads. As engine load is increased, 

indicated work increases for all the fuels. The fuel emulsions have lower indicated work than  
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the base fuels with the exception of the no load condition and jet fuel emulsion at 1.26 bar. 

Figure 6.3b depicts the engine’s mechanical efficiency. Mechanical efficiency is observed to 

increase with increasing engine load for all tested fuels. Mechanical inefficiency is typically 

attributed to friction losses. Fuel emulsions result in higher mechanical efficiency. Jet fuel 

emulsion at 1.26 bar is the only exception with a lower mechanical efficiency than the base 

jet fuel. Figure 6.3c shows the brake specific fuel consumption (BSFC) for different engine 

loads. For this figure, both water and oil contribute to the total mass flow rate of fuel. BSFC 

determined in this manner decreases with increasing engine load and is higher for emulsion 

fuels when compared to their base fuels. The higher BSFC of emulsions is mainly due to 

their lower heating values due to the water contents. Figure 6.3d is a plot of BSFC 

determined by only considering the fuel in the emulsion. The percentage of fuel used in this 

experiment is seventy percent and as such only seventy percent of the total fuel emulsion 

flow rate is used in determining the BSFC. By determining the BSFC in this manner, a 

significant reduction in BSFC is observed for the fuel emulsions. The fuel emulsions are 

observed to have noticeably lower BSFC values when compared to the base fuels. 

The brake thermal efficiency (BTE) is a ratio of the brake work per cycle to the 

chemical energy released in the combustion process [8]. From Figure 6.4a, BTE increases 

with increasing engine load for all fuels, it also increases for the fuel emulsions when 

compared to their base fuels, which is consistent with findings by other researchers [27, 30 

and 76]. This difference in BTE becomes more significant when only the actual base fuel is  
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factored in as is shown in Figure 6.4b. In this figure, the brake thermal efficiency is adjusted 

to only consider the quantity of oil (base fuel) used.  

6.4.3 Combustion 

Combustion pressure was obtained from a Kistler 6052A pressure sensor installed in 

the cylinder head of the engine. Figure 6.5a shows the in-cylinder pressure at 0 bar BMEP. It 

is seen that the fuels and their emulsions have similar pressure profiles with the exception of 

jet fuel and its emulsion. This figure suggests a longer ignition delay and slower rate of 

pressure increase for jet fuel emulsion, diesel and diesel emulsion compared to biodiesel, 

biodiesel emulsion and jet fuel. In Fig. 6.5b, a major difference in pressure profile is 

observed for jet fuel and its emulsion compared to the other fuels. An initial decrease in 

cylinder pressure after fuel injection followed by a slight increase in cylinder pressure upon 

ignition can be seen from this figure for jet fuel and its emulsion with the observation been 

more pronounced for jet fuel emulsion. It is also observed that fuel emulsion have lower 

cylinder pressure than their corresponding base fuels with biodiesel and its emulsions still 

having a faster rate of pressure rise than diesel, jet fuel and their emulsions. The initial 

decrease in pressure after the start of fuel injection for jet fuel and its emulsion may be 

attributed to its higher volatility and longer ignition delay. A long ignition delay means fuel 

would accumulate in the combustion chamber for a longer period which would lead to 

significant cooling of the air-fuel mixture as a result of fuel evaporation. 

At 3.26 bar, the effect of water evaporation are much more pronounced as shown in 

Fig. 6.5c. Emulsions have much lower peak cylinder pressures than their base fuel  
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counterparts and major differences between the pressure profiles of the fuels and their 

emulsions can be observed. Unlike the lower load conditions where biodiesel had the fastest 

rate of pressure increase, at 3.26 bar, diesel has the fastest rate of pressure increase after start 

of combustion. An additional observation is that while there is still a noticeable decrease in 

pressure for jet fuel and jet fuel emulsion, there is a significant increase in cylinder pressure 

shortly after possibly as a result of a hotter engine status which in turn reduces the cooling 

effect of water evaporation. 

In Fig. 6.6a it is found that at no load condition there is no significant difference 

between the heat release rate profile of a pure fuel and its emulsion counterpart with the 

exception of jet fuel and its emulsion which are shown to have completely different profiles. 

The heat release rate differences observed for jet fuel and its emulsions may be attributed to 

spray development and ignition quality resulting in significant differences in their ignition 

delay. Diesel, its emulsion and jet fuel emulsion have a noticeably longer pre-mixed 

combustion phase when compared to the other fuels as a result of the longer ignition delay of 

these fuels. A longer ignition delay would result in more fuel present in the combustion 

chamber at the time when ignition finally takes place. The increased quantity of fuel would 

result in a significantly longer pre-mixed combustion phase and would also result in a higher 

peak heat release rate as was observed.  

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

tested at 1.26 bar BMEP. Biodiesel and its emulsion are observed to have different mixing –  
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controlled combustion phase when compared to the other fuels. The heat release rate between 

a fuel and its emulsion differs depending on the fuel type. While biodiesel and its emulsion 

have very similar heat release rate profiles, diesel, jet fuel and their emulsions have much 

larger differences in their heat release rate profiles. These observed differences may again be 

attributed to differences in heating values, spray development, and ignition quality. In Figure 

6.6c, the engine load is increased to 3.26 bar BMEP. Jet fuel emulsion clearly stands out with 

a significantly longer ignition delay when compared to the other fuels. Biodiesel emulsion is 

noted to have a significantly longer pre-mixed combustion phase with a relatively lower heat 

release rate peak. Lower heating value, low ignition quality, and poor fuel atomization are 

believed to be the principal reasons behind the behavior of biodiesel emulsion in the pre-

mixed combustion phase. 

Figure 6.7a depicts the cumulative heat release of the fuels at no load condition. It shows 

the same fuel grouping observed from the pressure and heat release rate plots. The profiles of 

the fuels are similar. Jet fuel and its emulsion experience a dip in cumulative heat release just 

after combustion resulting in overall lower cumulative heat release when compared to the 

other fuels. Figure 6.7b shows cumulative heat release as engine load is increased to 1.26 bar. 

From this figure, we again notice a significant ‘scattering’ of the profiles. The high 

cumulative heat release associated with jet fuel and its emulsion can be attributed to their 

significantly longer ignition delay with more premixed combustion and less soot radiation 

heat loss. In Figure 6.7c, the cumulative heat releases of all tested fuels are similar regardless 

of the ignition delay. This is believed to be because as engine load increases, the effect of  
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heating value and ignition quality are no longer as pronounced in a warmer engine cylinder. 

Figure 6.8a gives a quantitative representation of the peak in-cylinder pressure for all the 

tested fuels. It is seen that a general decrease in peak cylinder pressure at 1.26 bar and 3.26 

bar for emulsions compared to their base fuels. At no load condition, however, emulsions 

have a higher peak cylinder pressure except for jet fuel emulsion. The increase in pressure is 

believed to be as a result of enhanced fuel atomization caused by micro-explosion. In the 

case of jet fuel emulsion, the ignition delay is significantly longer than neat jet fuel leading to 

a lower peak pressure. At higher engine loads, the effects of a lower ignition quality, longer 

ignition delay and lower heating values surpass the effects of micro-explosions hence the 

lower peak cylinder pressure for fuel emulsions. In Figure 6.8b, a similar trend as that shown 

in Fig. 6.8a is observed mostly for the peak heat release rate for the same reasons. The 

exceptions are jet fuel emulsion at no load condition and biodiesel emulsion at 1.26 bar. Jet 

fuel emulsion has a longer ignition delay. The long ignition delay results in more fuel in the 

chamber available for combustion, and as such upon ignition, there is a higher heat release 

rate than its corresponding base fuel. The slightly longer ignition delay of biodiesel emulsion 

is responsible for its slightly higher peak heat release rate. Figure 6.8c is a plot of the peak 

cumulative heat releases of the fuels. The figure shows that at no load condition, emulsions 

have higher cumulative heat release. This is different for diesel emulsions and biodiesel 

emulsions at 1.26 bar; at 3.26 bar the same trend as at no load condition is observed with the 

exception of jet fuel emulsion which has a lower cumulative heat release than pure jet fuel. 
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Ignition delay comparisons are shown in Figure 6.8d. From this figure, emulsions are 

observed to have longer ignition delays than their base fuels for the most part. Ignition delay 

is closely related to the ignition quality of the fuel, and for this reason, the emulsions which 

are expected to have lower cetane numbers (ignition quality) will have longer ignition delays 

[9]. The only exception observed is biodiesel emulsion at 1.26 bar which has a shorter 

ignition delay of 0.1 deg than pure biodiesel possibly as a result of its relatively high bulk 

modulus. Except the load conditions, biodiesel and its emulsion have shorter ignition delays 

than other fuels or emulsions. Although the heating values of biodiesel and its emulsion are 

lower than jet fuel and its emulsion, the higher bulk modulus of biodiesel and its emulsion 

would result in earlier fuel injection resulting in a shorter ignition delay. 

6.4.4 Emissions 

Figure 6.9a shows the HC emissions for the fuels. From this figure, the general trend 

observed for most of the tested fuels was an increase in HC emissions between no load 

condition and 1.26 bar followed by a decrease upon increasing engine load to 3.26 bar. The 

decrease in HC emissions of diesel emulsion and biodiesel emulsion when compared to their 

based fuel at no load conditions may be due to better atomization as a result of micro-

explosion. According to Kadota and Yamasaki [83], oil in water emulsions also experience 

micro-explosion in the same manner as water in oil emulsions. This is believed to be caused 

by a phase inversion from O/W (oil in water) to W/O (water in oil) emulsions followed by a 

phase separation as a result of an increase in droplet temperature. In addition, these authors 

suggest that the base fuel vaporizes first for O/W emulsions because the micro-droplet  
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component in the emulsion always vaporizes first. The effect of a longer ignition delay 

would seem to outweigh the micro-explosion phenomena in the case of jet fuel, hence its 

higher HC emissions when compared to neat jet fuel.  

In general, the effect of ignition delay as well as cylinder temperature seems to be the 

major factor affecting HC emissions. Fuel emulsions generally have lower combustion wall 

temperatures as a result of lower flame temperatures which in turn results in higher HC 

emissions. An increase in ignition delay results in an increase in HC emissions as a result of 

overmixing which results in a very lean mixture that won’t support autoignition with misfire 

[9].  

CO and carbon dioxide (CO2) emissions are typically opposite sides to a coin. With more 

complete combustion, CO2 emission is prominent and CO emissions limited; the reverse is 

true with incomplete combustion. Figures 6.9b and 6.9c are plots of CO and CO2 

respectively. For all the fuels tested, CO emissions decreased with increasing engine loads. 

The reasons for these are an increase in fuel consumption and a warmer cylinder which 

would support more complete combustion. At high loads 1.26 bar and 3.26 bar, CO 

emissions for emulsions increased when compared to pure fuel mostly because of the effect 

of water in the chamber which lowers the flame temperature [83] as a result of a significant 

increase in water vapor concentration which in turn lowers the cylinder temperature and 

hinders complete combustion. This is however not the case at no load condition where with 

the exception of diesel emulsion, less CO emissions is observed for the emulsions. The 

reason for this has been discussed previously and is attributed to micro-explosion which  
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allows for secondary atomization with better fuel- air mixing leading to more complete 

combustion. From Figure 6.9c, the general trend for all the fuels was an increase in CO2 

emissions as engine load increased. Emulsions also have a noticeable decrease in CO2 

emissions, as supported by Fig. 6.9b. 

Nitrogen oxides (NOx) in engine combustion chamber are typically formed either as 

prompt NOx or thermal NOx. Prompt NOx formation pathway is dominant below 2000k while 

thermal NOx mechanism is dominant for temperatures above 2500k. From Fig.6.9d, we 

observe an increase in NOx for all fuels as engine load increased. Except at no load condition 

and biodiesel at 1.26 bar BMEP, we observe a decrease in NOx emissions for emulsions 

when compared to their base fuels. The reduced in-cylinder temperature at 1.26 bar and 3.26 

bar for emulsions helps the reduction of thermal NOx, prompt NOx formation is expected to 

be minimal seeing as the fuels and emulsions do not have nitrogen present in the fuel. 

According to Javier et al [79] NOx formation is reduced as a result of a lower flame 

temperature as well as in increase in OH radicals which would react with excess oxygen thus 

reducing the amount of NOx formed. The decrease in NOx for emulsions is supported by 

previous results [25, 26, 28, 29, 31, 73, 74, 76, 77, 79]. There is a correlation between peak 

heat release rate and NOx for diesel, biodiesel and their emulsions as shown in Figure 6.10. 

This correlation supports the observation that as in-cylinder temperature is increased, NOx 

formation also increases. 

Figure 6.11 depicts the effect of engine load on smoke opacity. At no load condition, a 

general decrease in smoke opacity is observed for fuel emulsions with the exception of  
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biodiesel emulsion. An increase in engine load to 1.26 bar results in the opposite effect as 

that observed at no load condition with biodiesel again the exception. As  engine load is 

increased further to 3.26 bar, an increase in smoke opacity is observed for the emulsions 

compared to their base fuels with jet fuel been the exception in this case. The initial decrease 

in smoke opacity for the emulsions could be as a result of the overall decrease in 

hydrocarbon fuel quantity as compared to pure fuels. A decrease in hydrocarbon fuel quantity 

would imply lower carbon content and as such less smoke formation. As micro-explosion is a 

function of temperature, it is expected that as engine load increases and cylinder temperature 

increases, fuel emulsion should undergo significant secondary atomization which would 

facilitate better air- fuel mixing and more complete combustion. The improvement in 

combustion as a result of micro-explosion is outweighed by poor combustion due to a longer 

ignition delay for the emulsions with the exception of biodiesel emulsion and jet fuel 

emulsion at 1.26 bar at 3.26 bar respectively. Opacity results obtained from this experiment 

seem to be random. This randomness could be as a result of the accuracy of the smoke meter 

at very low smoke emissions. 

In Figure 6.12, exhaust gas temperature (EGT) is shown. From this figure exhaust 

temperature difference between a fuel and its emulsion seemed to be dependent on the fuel 

type and engine load. At no load condition, emulsions had higher EGT than their base fuels. 

As engine load increased to 1.26 bar, emulsions had lower EGT except for diesel emulsion. 

At 3.26 bar, emulsions had lower EGT than their base fuels with the exception of jet fuel 

emulsion. 
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This experiment was a preliminary test of oil in water emulsions in a single cylinder 

diesel engine using carboxymethylated lignin as a surfactant, additional experiments would 

need to be carried out to verify the results obtained. It should also be noted that the 

experiment could not be carried out at much higher loads due to injection limitations from 

the use of fuel emulsions.  

6.5. Conclusion 
An experiment was conducted to study the effect of different fuel-water emulsions made 

with a carboxymethylated Kraft lignin surfactant in a compression-ignition diesel engine. 

Engine performance, fuel combustion and emissions were measured. Based on the results 

obtained from this preliminary experiment, some important finding can be summarized in the 

following:  

1. For each of the fuel emulsions used in this experiment, there is a general decrease in 

indicated work but a general increase in mechanical efficiency when compared to the 

base fuels. There is also a noticeable increase in BSFC and BTE for the emulsions 

when compared to their base fuels  

2. Peak cylinder pressure, peak heat release rate and peak cumulative heat release were 

observed to be higher for the fuel emulsions when compared to their pure 

counterparts. Fuel emulsions were observed to have longer ignition delays. 

3. Emissions results are observed to vary based on fuel type and engine operating 

conditions. At high loads for instance, NOx emissions were lower for all the 

emulsions but CO emissions were higher. At low engine loads, fuel emulsions were  
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observed to have higher NOx but lower CO. For most of the fuel emulsions, HC 

emissions increased as engine load increased. 

4. Based on the results obtained from this experiment, there would need to be a balance 

between what emission is to be reduced and engine operating conditions. The choice 

of fuel to use must also be factored in to maximize emission reductions.  

5. The experiment in this work was preliminary and limited to three different loads and 

one engine speed in a single cylinder engine. It is possible that the results obtained 

could differ for other engine speeds and loads in multi-cylinder diesel engines. More 

experiments may need to be conducted before these fuels can become practical. 
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Table 6.1: Higher heating value (HHV) and dynamic viscosity for the tested fuels and fuel 
emulsions 

 
Diesel Diesel 

Emulsion 
Biodiesel Biodiesel 

Emulsion 
Jet 
Fuel 

Jet Fuel 
Emulsion 

HHV (MJ/kg) 45.3 29.12 38.27 26.69 44.73 29.43 
Dynamic 
viscosity @ 25C 
(mPa-s) 

2.00 29.30 4.10 10.00 1.10 41.10 
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Figure 6.1: Schematic of experimental setup 
 

�

Figure 6.2: From left to right, diesel, biodiesel, jet fuel, diesel emulsion, biodiesel emulsion, 
jet fuel emulsion 
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Figure 6.3: (a) Indicated work (b) Mechanical Efficicency (c) Brake Specific Fuel 
Consumption (d) Adjusted Brake Specific Fuel Consumption at 0 bar, 1.26 bar and 3.26 bar 
BMEP 
 

 

Figure 6.4: (a) Brake Thermal Efficiency (b) Adjusted Brake Thermal Efficicency at 0 bar, 
1.26 bar and 3.26 bar BMEP 
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Figure 6.5: In-cylinder pressure at (a) 0 bar, (b) 1.26 bar and (c) 3.26 bar BMEP.�
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Figure 6.6: Heat Release Rate at (a) 0 bar, (b) 1.26 bar and (c) 3.26 bar BMEP.�
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Figure 6.7: Cumulative Heat Release at (a) 0 bar, (b) 1.26 bar and (c) 3.26 bar BMEP. 
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Figure 6.8: (a) Peak Cylinder Pressure (b) Peak Heat Release Rate (c) Peak Cumulative Heat 
Releasse Rate (d) Ignition Delay at 0 bar, 1.26 bar and 3.26 bar BMEP 
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Figure 6.9: (a) Hydrocarbon emissions (b) Carbon Monoxide emissions (c) Carbon Dioxide 
emissions (d) NOx emissions at 0 bar, 1.26 bar and 3.26 bar BMEP 
�
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Figure 6.10: Relationship of NOx with peak heat release rate for diesel, biodiesel and their 
emulsions at 0 bar, 1.26 bar and 3.26 bar BMEP 
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Figure 6.11: Smoke Opacity at 0 bar, 1.26 bar and 3.26 bar BMEP 
�
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Figure 6.12: Exhaust gas temperature at 0 bar, 1.26 bar and 3.26 bar BMEP 
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CHAPTER 7 

Preliminary Testing of Lignin Derived Compounds as Viable Fuel Additives in 
Diesel Engines 

 

7.1 Abstract 

In this work, preliminary testing of lignin derived compounds as additives in a diesel 

engine was conducted. Five chemical compounds were tested as fuel additives, including 2-

methoxyphenol (guaiacol), catechol, catechol ester, vanillin, and vanillin ester. Four of these 

additives are solids with 2-methoxyphenol being the only liquid. In order to effectively test 

the solid additives, it was necessary to dissolve them in ethyl ether. Test was performed for 

each additive at an engine speed of 2000 rpm and an engine load of 25% corresponding to 

1.26 bar brake mean effective pressure (BMEP). The parameters of engine performance, 

combustion process, and exhaust emissions were measured. No. 2 Diesel was used as a 

primary fuel and as a benchmark for comparing the effects of the different additives. In order 

to better monitor the changes observed from the solid additives, an additional run using pure 

ethyl ether was also performed. From the results obtained, engine performance remained 

close with relatively minor changes except fuel consumption where the additives lead to 

slightly higher fuel consumption rates and a corresponding increase in brake specific fuel 

consumption. There was hardly any noticeable difference among the combustion pressures 

and heat release rates of the different additives except vanillin ester which had a longer 

ignition delay with a lower peak in-cylinder pressure. Emissions from additive experiments  
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were also noticeably lower when compared with diesel except that vanillin and vanillin ester 

had slightly higher hydrocarbon and carbon monoxide emissions, respectively. All the tested 

fuels had lower NOx emissions when compared to pure diesel. The smoke opacity, which is 

an important factor in determining the amount of soot present in the exhaust, was also 

noticeably lower for all the additives when compared with diesel.  

7.2 Introduction 

Fossil fuels have had major impacts in shaping today’s world. The cost and difficulty 

associated with mining fossil fuels and their impact on today’s climate have made it 

increasingly necessary to find alternative sources of energy. The use of fossil fuels for energy 

generation is not expected to cease any time soon in fact fossil fuel consumption is expected 

to increase for at least another two decades [83]. As a means of reducing the dependence on 

fossil fuels as a result of increasing cost of production and mining, depleting world reserves,  

and the negative impact on climate, drastic changes are been made. Some of the changes 

involve the use of the fossil fuels in combination with alternative sources of energy like 

electricity and bio – fuels thereby giving rise to hybrid system for power generation. Other 

changes involve improvements in fuel combustion systems and the use of fuel additives to 

improve fuel combustion and reduce emissions.  

Fuel additives are chemicals added to fuel in very minute quantities to help improve 

engine performance, fuel properties or both with minimum undesirable effects [57]. Fuel  
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additives may be used to improve the lubricity of fuels, improve the combustion 

characteristics of the fuel (octane and cetane improver, anti-knock), clean the engine 

components such as valve and injectors by removing deposits and in the case of diesel fuel 

additives may be used to help cold weather startup by increasing the pour point of the fuel. 

Cheaper additives such as lead are no longer in use due to their effects on the environment 

and the damaging effects they have on engine exhaust after treatment systems. Other viable 

fuel additives such as amines are not necessarily safer nor are they cheap in comparison to 

having the fuels undergo additional refining [57]. The health issues, high cost and the large 

number of fuel additive use necessitates a cheaper and possibly safer source of fuel additives 

with the ability to meet one or more of the above stated uses. 

Lignin is the second most abundant natural polymer in the world after cellulose. It is an 

insoluble polyphenolic compound associated with polysaccharides in the plant cell wall [32]. 

It provides rigidity in plant cell walls and is hydrophobic allowing for the transport of water 

in the plant. It makes up about 20-30% of trees (dry weight) with a slightly different 

chemical structure depending on the plant source. Lignin is typically obtained in large 

quantities as a by-product of paper production. In the paper mills, lignin can be obtained 

from sulfite pulping or Kraft pulping. The sulfite pulping process is recognized as the most 

important commercial source of lignin. The lignin from this process is in the form of 

lingosulfonates which because of the sulfonate group are generally soluble in water over a 

wide pH range. Kraft lignin is the most common pulping process used for paper production 

today. It involves the use of strong alkali with a sodium sulfide catalyst to separate lignin and  
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hemicellulose from cellulose fibers given rise to ‘black liquor’. Black liquor contains 

dissolved lignin and hemicellulose. Lignin is extracted from black liquor by precipitation 

which involves the use of a suitable acid to lower the pH of the liquor [84-86]. Other sources 

of lignin production are the use of organic solvents and steam exploded lignin. Typical uses 

of lignin are as dispersants, binders, fuels, emulsifying agents and pesticides amongst others 

[87].  

The abundance of lignin in nature, the additional cost for paper mills to process Kraft 

lignin and the increasing research to produce bio-fuels from cellulose (with lignin as a by-

product) has led to the need for more economical uses of lignin. While lignin could be used 

to produce liquid fuels compatible with gasoline [88-89] and diesel combustion systems [90-

91], the process is relatively expensive but given the high heating value, low cost (compared 

to fossil fuels) and rich oxygen contents from lignin pyrolysis, a more economical product 

for combustion application is needed. Lignin can be burnt directly, but it typically exists as a 

solid and depending on the process from which it is obtained, it can be high in sulfur content 

making it impossible to use as a direct fuel in internal combustion engines. The pyrolysis of 

lignin produces different oxygen rich phenolic compounds [90, 92] which can be used as the 

more economical fuel additive [93] with the possibility reducing emissions [94], fuel 

consumptions and possibly increasing the performance of combustion systems. 

Pyrolysis is the thermochemical decomposition of organic materials at elevated 

temperatures in the absence of oxygen [92]. The pyrolysis of lignin results in the formation 

of many products. The most common gaseous products are carbon dioxide, carbon monoxide  
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and methane. Phenolic compounds are the most common liquid products with char and tar 

been the solid products from lignin pyrolysis [95]. Further decomposition of the liquid 

products vanillin, guaiacol and catechol result in the production of free radicals [96-68] 

which can help improve the cetane number of diesel fuel. Aromatics produced from the 

thermal decomposition of these liquid products can also help to greatly reduce engine knock 

in spark ignition engines [9].   

This experiment has two purposes. The first objective of this experiment is find viable 

uses for lignin derived compounds as a means eliminating Kraft lignin as a waste for pulp 

and paper production. The second objective of this work is to reduce diesel engine emission 

without compromises in engine performance by using lignin derived compounds as fuel 

additives. 

7.3 Experimental Setup 

The setup for this experiment is discussed in chapter 3. In this experiment, the liquid 

products (phenolic compounds) and their esters formed from the pyrolysis of lignin are used. 

The phenolic compounds shown in Figure 7.1 are 2-methoxy phenol (guaiacol), catechol and 

its ester, vanillin and its ester. Guaiacol is a well-known substance attributed to adding flavor 

to other chemicals. It is a phenolic compound with an additional methoxy group. Guaiacol 

used in this experiment was a light pink liquid. Catechol has several uses which include 

pesticides, dyes, and polymerization inhibitor. Catechol is a phenolic compound with an 

additional hydroxyl group attached to it. Catechol and its ester used in this experiment were 

in the form of white crystals. Vanillin is a chemical typically used as a flavor, a fragrance and  
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an intermediate chemical for producing other chemicals. It is a phenolic compound with an 

aldehyde and a methoxy group. Vanillin ester used in this experiment has had the hydroxyl 

group of phenol replaced by an amide group. Vanillin and its ester used in this experiment 

were in the form of white powders. The chemical structures for these compounds are shown 

in Figure 7.1. As catechol, vanillin and their esters are solids; it is necessary to dissolve them 

in a solvent before mixing with diesel.   

The solid compounds were dissolved in ethyl ether before further mixing with diesel. 2-

methoxyphenol (guaiacol) was mixed directly with diesel for testing purposes. Pure diesel 

fuel was used as both the benchmark and the primary fuel. Since ethyl ether was used as a 

solvent for the solid compounds, it became essential to conduct a separate experiment for a 

diesel - ethyl ether blend in order to investigate any effect ethyl ether might have on the solid 

compounds. Table 7.1 provides the nomenclature used for the compound blends.  

For every 500 milliliter of diesel 0.6 grams of compound was used. 0.6 grams of the solid 

compounds were first dissolved in 3.0 grams of ethyl ether before being mixed with diesel, 

for this reason, the diesel - ethyl ether blend experiment 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 and the solvent on diesel engine performance 

are shown in Figures 7.2 and 7.3. Figure 7.2 shows that for each of the samples tested, the  
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brake work was kept the same. Figure 7.3a is a plot of the indicated work for each of the 

samples tested including the solvent (ethyl ether). From this figure, it can be observed that all 

the blends tested have lower indicated work when compared to pure diesel. A difference in 

indicated work of about 6% is also noted between diesel with the highest indicated work and 

vanillin ester- ethyl ether blend with the lowest. The lower indicated work observed for the 

vanillin ester-ethyl ether blend is believed to be as a result of its higher mechanical efficiency 

when compared to all the other samples tested. As a result of this, it has a lower peak in-

cylinder pressure. Considering the similarity in the combustion profile of all the other fuels 

(Figures 7.4 - 7.6), we would expect to see a smaller percent difference between each sample. 

This is shown to be the case since the percent difference between pure diesel fuel and diesel-

guaiacol blend is only 4.2%. Vanillin ester ethyl ether blend has the highest mechanical 

efficiency of about 52% as shown in Figure 7.3b. This is an increase of about 6.5% over pure 

diesel fuel; assuming the combustion results observed for vanillin ester ethyl ether blend play 

some roles in its higher mechanical efficiency, it should be noted that guaiacol still has a 

higher mechanical efficiency of about 4.4% over diesel. 

Brake specific fuel consumption (BSFC) is a measure of how efficiently the engine uses 

the available fuel to do work [9]. From Figure 7.3c, the fuel blends are observed to have 

higher BSFC values when compared to pure diesel with the exception of vanillin ester ethyl 

ether blend which at this point will be considered an outlier. The vanillin ester ethyl ether 

blend has the lowest BSFC a difference of about 14% from diesel. Interestingly, guaiacol,  
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catechol and its ester all have approximately the same BSFC values. The lower BSFC of 

vanillin ester ethyl ether blend is believed to be as a result of an overall decrease in the 

heating value of the blend as a result of the introduction of the ester with oxygenates in the 

fuel. 

Brake thermal efficiency is a measure of how efficiently the energy in the fuel is used to 

generate work. Vanillin ester ethyl ether blend has the highest brake thermal efficiency 

(BTE) as shown in Figure 7.3d. In general, however, all the tested sample blends have lower 

BTE when compared to pure diesel fuel. The higher brake thermal efficiency of vanillin ester 

ethyl ether blend may be attributed to the proximity of the peak in-cylinder pressure to TDC 

as seen in Figure 7.4. The closer the peak in-cylinder pressure is to TDC, the more positive 

work is generated. From Figures 7.4 and 7.5, we also observe that vanillin ester ethyl ether 

blend has a lower peak in-cylinder pressure as well as a lower peak heat release rate. Both of 

them help reduce the gas temperature with reduced heat loss to the wall. In addition, the 

lower soot emission (see in Section 7.4.3) for the condition also contributes to the lower 

radiative heat loss during the power stroke with increased thermal efficiency.  

7.4.2 Combustion    

 The data of in-cylinder combustion pressure was obtained from the in-cylinder pressure 

sensor installed in the engine cylinder head. Figures 7.4 – 7.7 show an overview of the 

combustion process in this diesel engine. Figure 7.4 is a plot comparing the in-cylinder 

pressure for pure diesel and all the sample blends tested. From this figure, it is apparent that 

the vanillin ester ethyl ether blend behaves in a rather different manner compared to the other  
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tested fuels. It starts to split off from the rest at about 348°CA and reaches a lower peak 

pressure of 5.0 MPa much later than all other fuels before rejoining the trend at about 

375°CA.  This behavior is believed to be as a result of the much longer ignition delay for this 

blend. Considering that the vanillin ethyl ether blend did not behave in the same manner as 

vanillin ester ethyl ether blend, the amide group associated with this ester is believed to be 

the culprit responsible for the longer ignition delay observed. The carbon nitrogen bond in 

the amide group is a strong triple bond that is believed to reduce the ignition quality of the 

blend by reducing the cetane number hence resulting in a longer ignition delay.  

Figure 7.5 shows the heat release rate of the different fuel blends. As is observed in 

earlier figures, the vanillin ester ethyl ether blend stands out again as a result of its much 

longer ignition delay compared to the other fuels. As vanillin ethyl ether blend does not 

exhibit this same property, it is believed that the amide group that replaced the hydrogen 

atom in vanillin is responsible for the much lower heat release rate observed.  The 

introduction of a triple bond in place of a single bond tends to reduce the cetane number of a 

fuel. By reducing the cetane number of the vanillin ester ethyl ether blend, longer ignition 

delay is observed which in turn results in a lower peak heat release rate.  Figure 7.6 shows 

the cumulative heat release comparison for the different samples. It is again noted that 

vanillin ester ethyl ether blend stands out. A more significant heat loss just after TDC for 

vanillin ester ethyl ether blend when compared to the other test blends is also noticed. This is 

again believed as a result of this blends poorer ignition quality as was observed in all the 

other pressure profiles discussed. Figures 7.7a and 7.7d are plots of the peak in-cylinder  
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pressure and ignition delay respectively. From these figures, we notice an inverse relation 

between the engines peak in-cylinder pressure and ignition delay. The longer the ignition 

delay, the lower the peak pressure, a result of combustion taking place just after TDC when 

the in-cylinder pressure is no longer at its maximum. This slight offset also leads to loss of 

power in the engine and consequently a lower peak heat release rate as can be seen in Figure 

7.5. Figure 7.7b is a comparison of the peak heat release rates for the different blends. From 

this figure, catechol ethyl ether blend has the highest peak heat release rate followed closely 

by vanillin ethyl ether blend. The high peak heat release rate is as a result of less heat been 

needed for the overall dissociation of catechol bonds when compared to vanillin and the other 

compounds. From Figure 7.7c, which shows a comparison between the peak cumulative heat 

releases, pure diesel fuel has the highest cumulative heat release an increase of 0.4% over 

vanillin ethyl ether blend which has the highest cumulative heat release of the blends. The 

vanillin ester ethyl ether blend had the lowest cumulative 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 out this experiment was to study the 

effect of the lignin derived compounds on diesel engine emissions. The exhaust gases were 

collected and quantified by using a FGA 4000 XDS exhaust gas analyzer and a smoke 

opacity meter. Figure 7.8a shows the hydrocarbon emissions for the samples tested. It is seen 

from this figure that vanillin ethyl ether blend has the highest hydrocarbon emissions with 

vanillin ester ethyl ether blend having the lowest. With the exception of vanillin ethyl ether  
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blend, all the blends have lower or similar (catechol ester ethyl ether blend) hydrocarbon 

emissions than diesel. The higher hydrocarbon emission of vanillin ethyl ether blend could be 

as a result of it having a higher hydrocarbon content compared to the other compound blends.  

The high oxygen content of these blends could also be responsible for better and more 

complete combustion which would in turn result in lower hydrocarbon content in the exhaust. 

In Figure 7.8b, carbon monoxide emissions for the different blends are compared. With 

the exception of vanillin ester ethyl ether blend, all the sample blends had lower carbon 

monoxide emissions than diesel. This could be attributed to the high oxygen content of the 

samples resulting in more complete combustion. In Figure 7.8c, carbon dioxide emissions are 

observed to be lower when compared to diesel. This could be as a result of the formation of 

poly cyclic aromatic hydrocarbons (PAH) and other radicals which react with excess oxygen 

and carbon atoms. At much higher temperatures, an abundance of Carbon monoxide and 

carbon dioxide could be expected as the PAHs further decompose to form mostly CO2 and 

CO. Figure 7.8d shows a comparison of oxides of nitrogen in the exhaust for the different 

samples. It is observed that all the tested blend samples have lower NOx emissions when 

compared to pure diesel. The absence of a higher NOx content in the exhaust gas of vanillin 

ester ethyl ether blend suggest that the carbon nitrogen bond may not have dissociated 

successfully or as shown in the heat release figures the temperature inside the cylinder was 

not high enough to support the formation of oxides of  nitrogen. 

Smoke opacity comparison is shown in Figure 7.9a. In general, smoke opacity is an 

effective measure of measuring the soot content in the exhaust. The higher the opacity, the  
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more soot is present in the exhaust and vice versa. From this figure, all the tested sample 

blends have lower opacity and as such lower soot content than pure diesel fuel. This may be 

attributed to the high oxygen content of the sample blends resulting in more complete 

combustion and lower soot content. In Figure 7.9b, exhaust gas temperature for the tested 

blends is shown. Vanillin ester ethyl ether blend had the highest exhaust gas temperature 

with vanillin ethyl ether blend having the lowest. The high temperature observed for vanillin 

ester ethyl ether blend is due to its longer ignition delay which results in combustion 

occurring at a later time and thus higher exhaust gas temperatures when compared to the 

other test samples.  

7.5 Conclusion 

An experiment was conducted to study the effect on diesel fuel of five lignin derived 

compounds and a solvent in a compression-ignition diesel engine. Engine performance, fuel 

combustion and emissions were measured. Based on the results obtained from this 

preliminary experiment, some important finding can be summarized in the following:  

1. The five compounds and solvent used as additives for this experiment have 

significant effects on the engine performance. The mechanical efficiency for the 

tested samples are higher than that of diesel mostly as a result of slightly higher fuel 

consumption with the exception of the vanillin ester ethyl ether blend which had both 

lower fuel consumption rates and higher mechanical efficiency. The compounds had 

lower brake thermal efficiency when compared to diesel with the exception of 

vanillin ester ethyl ether blend which had a higher brake thermal efficiency. 
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2. The maximum difference in ignition delay between the tested compounds and diesel 

fuel was 0.3º CA for all the tested samples with the exception of vanillin ester ethyl 

ether blend. As a result, the combustion profiles of the tested samples were all very 

similar. The outlier with the longer ignition delay had a lower peak in-cylinder 

pressure, lower heat release rate and a lower cumulative heat release rate.  

3. The results of the lignin derived compounds on the engines emissions are 

outstanding. For all the tested exhaust gas samples, the compounds and solvent blend 

had overall lower emissions. Lower hydrocarbon, carbon monoxide, carbon dioxide, 

NOx and soot were observed. The only deviation was observed for vanillin ethyl 

ether blend and vanillin ester ethyl ether blend which had higher hydrocarbon and 

carbon monoxide emissions respectively when compared to pure diesel. 

 

4. Based on the results obtained from this experiment, the compound of choice would be 

vanillin ester dissolved in ethyl ether. From the results obtained, it improved engine 

performance and generally had lower emissions when compared to pure diesel. The 

only drawback is that it had a much longer ignition delay which resulted in some 

power loss. It also had a higher carbon monoxide emission when compared to pure 

diesel. Any of the other tested blends will also work as additives especially with 

regards to emissions considering their combustion profiles did not vary significantly 

from diesel.  

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

single cylinder engine. The main fuel used was commercially available ultra-low  
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sulfur diesel (ULSD) which already had some fuel additives in it. It would be most 

interesting to perform this experiment again using un-altered diesel fuel, nevertheless, 

marked improvements were observed with ULSD. It is possible that the results 

obtained could differ for other engine speeds and loads in multi-cylinder diesel 

engines. Further investigation is necessary before application in practical engines. 
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Table 7.1: Fuel Nomenclature 
Fuel Name Acronym 

Diesel guaiacol blend D + O 

Diesel ethyl ether blend D + EE 

Diesel ethyl ether catechol ester 
blend 

D + EE + CE 

Diesel ethyl ether catechol blend D + EE + CA 

Diesel ethyl ether vanillin blend D + EE + VA 

Diesel ethyl ether vanillin ester 
blend 

D + EE + VE 
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Figure 7.1: Lignin [99] and tested compounds 
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Figure 7.2: Brake work per cycle under the given engine speed and load 
�

�

�

Figure 7.3: (a) Indicated Work (b) Mechanical Efficiency (c) BSFC (d) Brake Thermal 
Efficiency at 2000 rpm and 1.26 bar BMEP 
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Figure 7.4: In-cylinder pressure at 2000 rpm and 1.26 bar BMEP 
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Figure 7.5: Heat release rate at 2000 rpm and 1.26 bar BMEP 
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Figure 7.6: Cumulative heat release at 2000 rpm and 1.26 bar BMEP 
�
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Figure 7.7: (a) Peak in-cylinder pressure (b) Peak heat release rate (c) Peak cumulative heat 
release (d) Ignition delay at 2000 rpm and 1.26 bar BMEP 
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Figure 7.8: (a) Hydrocarbon (b) Carbon Monoxide (c) Carbon Dioxide (d) NOx emissions at 
2000 rpm and 25% load 
�
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Figure 7.9: (a) Smoke opacity (b) Exhaust gas temperature at 2000 rpm and 25% load 
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CHAPTER 8 

CONCLUSION 

The works discussed here were performed in a compression-ignition engine. The 

main objective was to test the viability of emerging alternative fuels and additives in a diesel 

engine. Four sets of experiments based on two second generation biofuels, a fuel emulsion 

using a renewable surfactant, and renewable additives were investigated in this work.  

 In the first set of experiments, the performance, combustion and emissions from an 

engine running renewable diesel was investigated. From this experiment, it was determined 

that diesel engines running renewable diesel had lower mechanical efficiency and lower 

brake specific fuel consumptions when compared to conventional diesel. The engine running 

these fuels also had similar brake thermal efficiencies to when fossil diesel was used as such 

the overall performance of the engine on green diesel was roughly the same as when used 

with conventional diesel. Combustion wise, renewable diesel fuels had shorter ignition 

delays, lower in-cylinder pressures and lower peak heat release rates when compared with 

conventional diesel. Engine emissions when running renewable diesel were also observed to 

be lower for most of the renewable diesel fuels when compared to fossil diesel with the 

exception of HC emissions. Based on this study, it can be concluded that renewable diesel 

can be used as viable fuel alternatives to oil diesel. 

The second set of experiments involved the use of a different second generation 

biofuel called biofuel called biomass to liquid fuel (BTL). This fuel was compared to diesel  
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fuel and a first generation biodiesel. It was determined from the result of this experiment that 

running the diesel engine on BTL resulted in lower brake specific fuel consumption and 

higher brake thermal efficiency. The use of BTL also resulted in a slight increase in indicated 

work as engine load increased but a slightly lower engine mechanical efficiency. BTL was 

found to have shorter ignition delays when compared to oil diesel but longer ignition delays 

when compared to biodiesel. Overall, the diesel engine running on BTL had lower engine 

emissions with the exception of NOx when compared to oil diesel. It can be concluded then 

that BTL is a feasible substitute for conventional diesel fuel. 

The third set of experiment involved the use of oil in water emulsion made with a 

renewable surfactant (carboxymethylated Kraft Lignin) as a fuel source for the diesel engine. 

Three different oils, diesel, biodiesel and jet fuel were used in making the fuel emulsion. The 

use of fuel emulsion in the engine led to a decrease in indicated work, an increase in brake 

thermal efficiency and brake specific fuel consumption when compared to the oils used. By 

factoring only the quantity of oil used in the emulsion, the brake thermal efficiency of the 

engine increases significantly while the brake specific fuel consumption decreases 

significantly. Fuel emulsions were also observed to generally have higher peak cylinder 

pressure, heat release rates and cumulative heat release when compared to their base oil. 

They also had longer ignition delays in general. The effect of fuel emulsions on engine 

emissions was determined to be affected by the base fuel and the engine operating 

conditions. Based on this study, it may be concluded that for specific engine parameters, oil 

in water emulsions can be used as fuels in diesel engines. 
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The final experiment focused on the use of renewable fuel additives. These additives, 

catechol, vanillin, guaiacol, vanillin ester, catechol ester were obtained from the pyrolysis of 

lignin a renewable compound. The compounds were dissolved in ethyl ether before blending 

with diesel fuel for use as a fuel additive. The use of these additives resulted in slightly 

higher brake specific fuel consumption, an increase in mechanical efficiency but a decrease 

in brake thermal efficiency. The only exception was vanillin ester blend which had a higher 

brake thermal efficiency than pure diesel oil. The combustion profile for all the compounds 

looked very similar to diesel fuel with the exception of the vanillin ester blend which had a 

longer ignition delay, lower cylinder pressure and lower peak heat release rate when 

compared to diesel oil. Engine emissions when using these additives proved to be lower than 

when diesel oil alone is used. The only instances that differed were vanillin blend which had 

higher hydrocarbon emissions and vanillin ester blend which had a higher CO emission. 

While the pure diesel oil used in this experiment contained some other additives, positive 

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

The results of these experiments are promising seeing as not only do the fuels and 

additives reduce in one form or another dependency on fossil oil, they for the most part also 

result in lower exhaust emissions than conventional diesel fuel. For all of these fuels and 

additives, further research in passenger and heavy duty vehicles would be needed for 

validating their effectiveness in practical transportation applications. 
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CHAPTER 9 

FUTURE WORK 

Several experiments were discussed in this dissertation. In the first two experiments, 

second generation biofuels were discussed. The two fuels were shown to have a positive 

impact by reducing engine emissions without significant performance differences compared 

with conventional fuels and in some cases offered better engine performance. Oil in water 

emulsions were examined as a means of reducing engine emissions which they did to an 

extent. Finally, in the last study, lignin derived compounds were used as fuel additives to 

successfully reduce engine emissions and performance. 

Two future experiments have been planned for lignin based compounds. The first 

experiment involves the use of blended phenolic compounds derived from lignin as additives 

to help tackle engine emissions. The second experiment involves a study on the engine 

characteristic differences from the use of carboxymethylated Kraft lignin as a surfactant 

compared to more commercially available surfactants. Additional work is being considered 

to test some of this alternative fuels in an optical engine so as to better understand the 

combustion properties of these fuels. 

It would be interesting to study the effect of changing the concentration of additives 

used in this study as well as proper testing of all the fuels and additives under more 

comprehensive engine operating conditions or in vehicles over practical operating conditions. 
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