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Çellek and Yusufcan Tezel for their support and friendship. Also, I would like to express

the deepest appreciation to “my dear” Fatma Defne Çalık for her endless support and
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ABSTRACT

EXPERIMENTAL SPRAY INVESTIGATION OF METHYL ESTER AND ETHYL
ESTER TYPE BIODIESEL FUELS IN A CONSTANT VOLUME COMBUSTION

CHAMBER

Biodiesel fuels are promising fuels that can reduce pollutant emissions from diesel

engines. Therefore, they are still being investigated in every aspect. In this study, it was

aimed at comparing the spray characteristics of methyl ester and ethyl ester type biodiesel

fuels with those of fossil diesel fuel. Besides, this study aimed to investigate the spray

characteristics of ethyl esters on which few studies have been done, and to help eliminate

this gap in the literature.

For these purposes, 4 different methyl esters from corn, sunflower, canola and cot-

ton oils, and 2 different ethyl esters from corn and sunflower oils were produced. Com-

mercial diesel fuel was used to compare the characteristics of these fuels. Firstly, physical

properties of the fuels produced were investigated to better understand the spray investi-

gation, and it was observed that biodiesel fuels had bigger density and viscosity values

than fossil diesel fuel. Additionally, it was found that methyl esters had larger density and

smaller viscosity values than ethyl esters. After that, spray characteristics of all fuels were

investigated in a constant volume combustion chamber under ambient pressures of 0, 5

and 10 bar, and injection pressures of 600 and 800 bar. Then, these fuels were compared

to each other.

After the experiments, biodiesel fuels were found to have longer spray penetration

lengths and narrower spray angles than diesel fuel, although there were no significant

differences between them. This may be due to higher density and viscosity values of

biodiesel fuels. Furthermore, no significant distinctions were found between the spray

characteristics of ethyl esters and methyl esters. In addition, it was observed that ambient

and injection pressures were important parameters affecting the spray pattern.

As a result, it was obtained that biodiesel-air mixing was slightly worse than

diesel-air mixing. However, their potential to reduce pollutant emissions may cause this

difference to be ignored. Moreover, it was found that ethyl esters had similar spray char-

acteristics as methyl esters. Hence, ethyl esters are promising to replace methyl esters.

Keywords: Biodiesel, Methyl Ester, Ethyl Ester, Spray Investigation.
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ÖZET

METİL ESTER VE ETİL ESTER TÜRÜ BİYODİZEL YAKITLARIN
PÜSKÜRMELERİNİN SABİT HACİMLİ YANMA ODASINDA DENEYSEL

İNCELENMESİ

Biyodizel yakıtlar dizel motorların zararlı gaz salınımını azaltabilecek umut verici

yakıtlardır. Bu nedenle, çeşitli yönlerden biyodizel araştırması devam etmektedir. Bu

çalışmada metil ester ve etil ester türlerinde biyodizellerin püskürme özelliklerinin fosil

dizel yakıtın püskürme özellikleriyle karşılaştırılması amaçlanmıştır. Ayrıca bu çalışma,

üzerinde az sayıda çalışma yapılmış olan etil esterlerin püskürme özelliklerini araştırmayı

ve literatürdeki bu boşluğu gidermeye yardımcı olmayı amaçlamıştır.

Bu hedefler doğrultusunda mısır, ayçiçeği, kanola ve pamuk yağlarından 4 farklı

metil ester ve mısır ve ayçiçeği yağlarından 2 farklı etil ester üretilmiştir. Bu yakıtların

özellliklerini karşılaştırmak için dizel yakıtı kullanılmıştır. Öncelikle, püskürme araştırma-

sının daha iyi anlaşılabilmesi için üretilen yakıtların fiziksel özellikleri incelenmiştir ve

biyodizellerin dizele göre daha fazla özkütleye ve viskoziteye sahip olduğu görülmüştür.

Ayrıca, metil esterlerin etil esterlere göre daha yüksek özkütle ve daha düşük viskozite

değerlerine sahip oldukları bulunmuştur. Sonrasında bütün yakıtların püskürme özellikleri

0, 5 ve 10 barlık ortam basınçlarında ve 600 ve 800 barlık enjeksiyon basınçlarında sabit

hacimli yanma odasında incelenmiştir ve yakıtlar birbirleriyle karşılaştırılmıştır.

Yapılan deneyler sonrasında arada ciddi farklar olmamasına rağmen biyodizel

yakıtların dizel yakıta göre daha fazla püskürme uzunluğuna ve daha dar püskürme açıları-

na sahip olduğu bulunmuştur. Bu sonuç biyodizellerin daha yüksek viskozite ve özkütle

değerlerine sahip olmalarına bağlanmıştır. Ayrıca etil esterler ve metil esterler karşılaştırıl-

dığında iki tür yakıtın birbirlerine püskürme özellikleri bakımından önemli üstünlükleri

olmadığı gözlemlenmiştir. Ek olarak, ortam ve enjeksiyon basınçlarının püskürme özellik-

leri üzerinde önemli etkenler olduğu görülmüştür.

Sonuç olarak, biyodizel yakıtların hava ile karışımı dizel ile hava karışımına göre

biraz daha kötü olduğu görülmüştür. Ancak, zararlı gaz salınımını düşürme potansiyeline

sahip olmaları aradaki bu farkın göz ardı edilmesini sağlayabilir. Bunun ötesinde, etil

esterlerin metil esterler ile benzer püskürme özelliklerine sahip olduğu bulunmuştur. Bu

nedenle etil esterler metil esterlerin yerine geçebilme konusunda umut verici olabilirler.

Anahtar Sözcükler: Biyodizel, Metil Ester, Etil Ester, Püskürme Araştırması.
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CHAPTER 1

INTRODUCTION

1.1. Basic Concepts

Diesel engines have been very important devices for power generation so far.

Firstly, diesel engines were widely utilized in industrial applications. However, higher

thermal efficiency over gasoline engines led engineers and researchers to focus on these

engines. Then, they became one of the prominent power generation devices in different

areas such as the automotive industry [1]. Also, advances in fuel economy and drivability

increased their demands [2]. Thus, diesel engines are nowadays very important devices

for producing power in automobiles, trucks, marine vehicles, lightweight aircrafts, etc.

For a long time, diesel engines have been subject of criticism in the automotive

industry due to the use of fossil fuels which have several drawbacks. Firstly, the need for

energy is increasing day by day in the world, and fossil fuel resources are not sustain-

able [3]. Secondly, prices of fossil fuels are getting increased [4, 5]. Thirdly, pollutant

emission levels from diesel engines are critical. Important organizations like European

Union (EU) and Environmental Protection Agency (EPA) in the United States of Amer-

ica (USA) brought strict regulations to pollutant levels from automobiles (see Table 2.1).

These regulations have been obligating researchers to find ways of decreasing emissions

since 1990s [2]. Therefore, investigation of pollutant emissions in every aspect has had

an important place in engine research up to now.

Diesel emissions are one of the most affecting sources of air pollution. Thus,

comprehension of pollutant formation mechanisms is very critical to solve the pollution

problem of diesel engines. The pollutants that need attention are nitric oxides (NOx),

particulate emissions (PM) and unburned hydrocarbons (HC). NOx forms at high temper-

atures at which nitrogen and excess oxygen react. Particulate matter originates in the core

of spray which contains unburned fuel [6]. Formation of hydrocarbons is related with the

fuel which is remained without burning on the chamber walls.

Pollutants from diesel engines as a result of using fossil fuels have a greenhouse

effect in the atmosphere leading climate change. Hence, alternative energy sources need

1



to be developed to decrease the share of fossil fuels. One of the promising energy sources

is biodiesel fuel which is derived from biological resources. Biodiesel fuels can be ideal

sources of power generation for diesel engines owing to following advantages: being re-

newable and biodegradable, having higher flash points resulting in ease of storage, and

reduced pollutant emissions [4, 5, 7]. Also, some biodiesel fuels can show compara-

ble spray pattern and combustion properties with those of conventional diesel fuels [8].

Besides, biodiesel fuels can be directly utilized in diesel engines with no or little modifi-

cations [9]. Hence, biodiesel fuels deserve more attention to be investigated in depth.

Biodiesel fuels are liquid biofuels that can be obtained from various feed stocks.

Mostly used feed stocks are animal fats [10] and vegetable oils such as corn oil, canola oil

[1], soybean oil [4], etc. Several processes are available for biodiesel production, which

are gasification followed by Fischer-Tropsch synthesis, transesterification of vegetable

oils or animal fats, fast pyrolysis and micro-emulsions [8, 11]. However, technology to be

preferred to produce biodiesel depends on desired quality of biodiesel, type of resources,

economic situation and scope of the project. Among these techniques Fischer-Tropsch

synthesis following gasification is the most developed technique but it is the least com-

mercialized method due to its complexity and cost [8]. The most commercial technique

for biodiesel production is transesterification of animal fats or vegetable oils [5, 11, 12]

with alcohols in the presence of catalysts such as KOH, NaOH, etc. [13].

In transesterification technique, the most widespread used alcohol is methanol

owing to its wide availability and low cost [4]. Biodiesel derived as a result of trans-

esterification of any animal fat or vegetable oil with methanol is called as methyl ester.

Besides, ethanol can also be utilized for biodiesel production. Biodiesel produced through

transesterification of the resources with ethanol is named as ethyl ester. The utilization

of ethanol in transesterification process has some advantages over the usage of methanol.

First of all, methanol is obtained from fossil sources such as natural gas and coal while

ethanol can be obtained from vegetable sources like potatoes, sugar cane, corn, sugar

beet through fermentation which is a biochemical process [5, 14]. Secondly, ethyl esters

have better oxidation stability and lubrication properties than biodiesels produced with

methanol [4, 15]. Thirdly, ethyl esters have lower cloud and pour points than methyl es-

ters [4, 5]. Namely, cold flow properties of ethyl esters are better than those of methyl

esters thus ethyl esters can have better performances in cold weathers. Additionally, some

studies [16, 17] showed that higher alcohols like propanol and butanol can also be utilized

to produce biodiesel fuel.
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To reduce the pollutant emissions, the combustion process must be improved in

addition to fuel replacement. In this context, mixture formation has a critical role in com-

bustion process. The injection quantity, fuel atomization and spray pattern specify the

development of combustion process thus the output performance, fuel consumption and

emission levels. Control of the fuel injection system is very crucial to obtain a good com-

bustion leading to good performance and low emission levels. Behaviour of the injection

system must be adjusted by considering in-cylinder flow field, the design of combustion

chamber and piston bowl. Hence, it is critical to investigate the spray pattern of the fuels

to understand how these fuels behave in the cylinder.

Spray analysis is generally performed in order to investigate the spray character-

istics of fuels. Key parameters for a spray analysis are spray break-up length or time,

spray tip penetration length, spray cone angle and droplet size. These parameters can

help researchers predict how fuel mixes with surrounding air. Several techniques can be

employed for spray measurement. Among available techniques, constant volume com-

bustion chambers (CVCC) which are covered with transparent windows are globally used

owing to wide range of gas pressures and temperatures [18]. Transparent windows allow

the light to pass the chamber for spray visualization. A high-speed camera is utilized

to record the spray images which are then processed by image processing algorithms to

obtain the desired key parameters.

1.2. Purpose of the Study

In this study, it was aimed at investigating the spray characteristics of various

biodiesel fuels developed by transesterification of vegetable oils in comparison with min-

eral diesel fuel. Besides, studies investigating the characteristics of ethyl esters are very

limited compared to methyl esters, and these studies have mostly focused on the com-

bustion, performance and emission characteristics. Therefore, the main purpose of this

study was to fill this gap in the literature by investigating the spray characteristics of ethyl

esters.

The primary objectives of this study were:

• Optimizing the existing constant volume combustion chamber for spray analysis,

• Developing the optical system for spray visualization,
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• Producing the biodiesel fuels,

• Measuring the spray characteristics of fuels in terms of spray cone angle and spray

penetration length,

• Comparing the results of biodiesel fuels with those of the fossil diesel fuel,

• Comparing the spray behaviours of methyl esters and ethyl esters.

1.3. Outline of the Thesis

After a short introduction is given in Chapter 1, Chapter 2 gives a detailed expla-

nation from the literature. Firstly, a brief review on diesel engines including the fuel types

is given. Secondly, biofuels are reviewed in terms of types, classification and production

methods. Then, basics of diesel engines including features of combustion process, pollu-

tant formation mechanisms and spray formation are explained. After that, spray measure-

ment techniques and optical diagnostics related with spray analysis are presented. Finally,

studies on biodiesel fuels from the literature are expressed.

Chapter 3 introduces the experimental system in every aspect. It explains the

production method of biodiesel fuels employed in this study and the experimental setup

for spray analysis. Also, spray visualization system is described as well as the image

processing algorithm. Furthermore, fuel properties and test conditions are given.

Chapter 4 presents the experimental investigation of spray characteristics of methyl

esters and ethyl esters employed in this study under variable chamber and injection pres-

sures. The data obtained from spray visualization is presented and discussed. The effects

of biodiesel properties are expressed.

Chapter 5 gives a brief conclusion about the present work then makes suggestions

for possible future works which can advance the research.
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CHAPTER 2

LITERATURE SURVEY

2.1. An Overview of Diesel Engines

Diesel engines are compression-ignition type of internal combustion engines that

utilize the chemical energy contained in a fuel to obtain mechanical energy. They were

invented by Rudolph Diesel in 1892 [6]. When diesel engines first developed, they were

used in industrial applications. Then, they were evolved to be utilized in automobiles

owing to their high thermal efficiency, fuel economy and high torque generation. Also,

advances in noise problem and drivability were achieved. These improvements strength-

ened the position of diesel engines in automotive industry. In 2017, around 16.7 million

cars were produced in European Union and 44.8% of these cars were installed with diesel

engines [19, 20].

In the 1940s, air pollution problem of automobiles was begun to be discussed in

Los Angeles [6]. Since then, pollutant emissions from automobiles have been considered

so much. One of the sources of air pollution is diesel engines emitting hydrocarbons, nitric

oxides and particulate matters. Because of environmental concerns, some foundations

around the world brought regulations to emission levels from vehicles. For instance, the

California Air Resources Board (CARB) introduced the Low Emission Vehicle (LEV)

legislation. In EU, Euro 6 legislations were implemented in 2014. Before that, Euro 1

regulations was first introduced in 1993 followed by Euro 2, 3, 4 and 5. For the future,

Euro 7 legislations are expected to come into force in 2020 [21]. Regulations based on

EU are shown in Table 2.1.

Table 2.1. EU regulations on emission levels of cars having spark-ignition (SI) or
compression-ignition (CI) engine [2, 21].

Euro Standart Year Engine Type CO (mg/km) THC (mg/km) NOx (mg/km) THC+NOx (mg/km) PM (mg/km)
Euro 4 2004 CI 500 - 250 300 25

SI 1000 100 80 - -
Euro 5 2009 CI 500 - 180 230 5

SI 1000 100 60 - 5
Euro 6 2014 CI 500 - 80 170 5

SI 1000 100 60 - 5
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These constraints force researchers to discover new ways and produce alternative

fuels to overcome the pollution problem of diesel engines. In the followings, fuel types

utilized in diesel engines will be explained briefly.

2.1.1. Fuel Types for Diesel Engines

The most widely used fuel in diesel engines is mineral diesel fuel which is ob-

tained from petroleum. Diesel fuel is a mixture of hydrocarbons which contain three ma-

jor classes as paraffinic, naphthenic and aromatic hydrocarbons. Normally, conventional

diesel fuels contain large amount of energy. Therefore, they are still in use. However,

limited resources for fossil fuels, and pollutant emission levels due to the use of mineral

diesel fuel have been obligating researchers to develop alternative fuels such as water-in-

diesel emulsion and biodiesel fuel.

Water-in-diesel emulsion is a fuel-based solution. The existence of water in diesel

engines reduces the maximum in-cylinder temperature because water vaporizes by taking

some amount of heat available inside the cylinder. Thus, NOx decreases owing to decrease

in cylinder temperature. Moreover, the presence of water inside the cylinder increases the

oxidation of soot particles which results in a decrease in particulate emissions. Many

researchers [22, 23, 24, 25, 26, 27] discussed the effects of water-in-diesel emulsions on

engine performance and emissions.

Another alternative fuel for diesel engines is biodiesel fuel which can be derived

from vegetable oils, some seed crops, algae, etc. Biodiesel fuels have potential to decrease

the demand for fossil fuels. In the following section, detailed information about biodiesel

fuels will be given by starting from the general knowledge about biofuels.

2.2. Biofuels

Exhaust gases such as nitric oxides, carbon monoxide, etc. from fossil fuels have

a greenhouse effect in the atmosphere leading climate change. Hence, it is necessary to

develop renewable energy sources such as hydro-power, solar power, wind power and

biofuels [28, 29]. Biofuels can be suitable choice to replace traditional fuels owing to

following advantages: being renewable and biodegradable, reducing dependence on fos-
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sil resources and decreasing pollutant emissions [7, 30, 31]. Moreover, biofuels can be

solid, liquid or gaseous. Liquid biofuels can be alternative fuels to be used in internal

combustion engines. Some liquid biofuels such as ethanol and biodiesel show analogous

combustion characteristics like conventional fuels [8]. In addition, liquid biofuels can

easily take place of fossil fuels in internal combustion engines with little or no changes.

Therefore, biofuels have an important issue for both development of new kind of energy

resources and engine research.

Liquid fuels are widely used around the world despite being somehow harmful

to environment, and they may still be one of the important energy sources in the near

future. In 2019, International Energy Outlook (IEA) estimated that liquid fuel consump-

tion would rise from 2018 to 2050 with an average rate of 0.6% annually [32]. Figure 2.1

presents the increase in demand for energy with time by indicating the values in the recent

history and the predictions in the near future. Among the solid, liquid and gaseous fuel

types, liquid fuels are predicted as primary source of energy up to 2050. For this reason,

the use of liquid biofuels needs to be increased in order to reduce the usage of fossil liquid

fuels.

Figure 2.1. Energy consumption around the World from 2010 to now, and projections
for 2050 [32].

Considering all types of renewable energy sources, biofuels possess the highest

market potential [8]. Therefore, significant number of developing and developed countries

have underlined the biofuel production in order to supply energy. In 2018, European
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Union aimed at obtaining 32% of their total energy consumption from renewable energy

sources up to 2030, and 14% of this 32% of renewable energy will be supplied by biofuels

[33, 34]. Alongside, European Union have made several attempts to accomplish the target:

investing in infrastructure for biofuel generation, lowering taxes, allowing increase in the

percentage of biofuel to be mixed with traditional fuel, etc. [8, 35].

After a brief introduction to biofuels, types and classification of liquid biofuels

will be introduced in the followings. After that, the production methods including both

conventional and advanced technologies will be briefly stated. After liquid biofuels will

be explained in details, a summary on biodiesel fuels which are one of the liquid biofuels

will be given.

2.2.1. Types and Classification of Liquid Biofuels

The most important liquid biofuels are primarily biodiesel fuel, bio-jet fuel and

bio-alcohols such as ethanol, propanol and butanol [8, 36]. Ethanol, biodiesel, and bio-

jet fuels are alternative fuels for gasoline, diesel and jet engines, respectively. Liquid

biofuels can be divided into three different generations in which there are different fuels.

The difference between these generations is the feedstock used for the production of a

specific type of fuel. In the followings, different kinds of liquid biofuels will be explained

regarding to their generations as well as feedstocks for these fuels.

2.2.1.1. First Generation Biofuels

The first generation biofuels are produced from food crops like animal fats, veg-

etable oils, starch, etc. [37]. Wheat, corn, soybeans and sugarcane are the most common

resources for the production of first generation biofuels [8]. But, these feed stocks are not

sustainable and green due to the competition with food and land uses for food crops.

The most widely used feed stock for producing first generation biofuels, especially

ethanol, is corn [38]. There are some advantages of corn as a feed stock for generating

biofuel [8]. It is a simple process to obtain ethanol from corn crops. Besides, all parts

of the corn can be utilized for the production of ethanol. Also, land use costs are cheap.

Furthermore, corn can decrease the demand for gasoline. Conversely, there are some
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serious drawbacks of using corn as a source for biofuel production [8]. Corn farming

needs fertilizer and pesticides which are expensive and pollutant for the soil and water.

Also, corn production rate and the energy generated from the cultivated corn is at very

low levels. In addition, the use of corn in biofuel production disturbs the food chain thus

increases the food prices around the world. Due to these limitations, corn is not a stable

source for the biofuel generation.

Sugar cane is the second important feed stock for generating first generation bio-

fuels especially ethanol [8, 39]. Sugar cane has several advantages as well as drawbacks

like corn [8]. Firstly, more ethanol can be obtained by using sugar cane instead of corn.

Also, carbon dioxide (CO2) emission level reduces up to 90% when the biofuel derived

from sugar cane is used as fuel instead of gasoline in case land use is not changed [8, 40].

In contrast, cultivation region of sugar cane is very limited, and it is a very important

food source for people living in Central and South America [8, 41]. Because of these

disadvantages, sugar cane is not a stable source for biofuel production as the situation in

corn.

Soybean is the third largest source for first generation biofuel production [8, 42].

Unlike ethanol production from sugar cane and corn, soybean is utilized to produce

biodiesel. Although soybean is available in many regions around the world, having severe

drawbacks makes soybean the worst feed stock for first generation biofuel production

[8, 40, 43]. These drawbacks are: having higher prices and lower energy densities in

comparison to corn and sugar cane.

Vegetable oil which can be used for cooking is another resource for first generation

biofuel production especially biodiesel [8]. Edible oils have some benefits for production

of first generation biofuels as follows: they are widely available all over the world [44],

obtaining biofuel from vegetable oils is easy, and these kinds of fuels can be used in

compression-ignition engines with little or no changes in these engines. On the other

hand, incomplete combustion can be a critical problem when biodiesel fuel derived from

any vegetable oil is directly used in a diesel engine [45]. This is the main limitation of

vegetable oils.

Lastly, other remarkable feed stocks for first generation biofuels are peanuts [46],

rapeseed [47] and sugar beets [48]. Nevertheless, they also have several limitations de-

spite their low usage than main feed stocks. Firstly, food chain is negatively affected when

these sources are used as feed stocks for biofuel production. In addition, carbon emission

increases when biofuels derived from these sources are utilized [8].
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2.2.1.2. Second Generation Biofuels

Since the feed stocks used for the first generation biofuels constitute food, the

need to utilize second generation biofuels arose. The primary distinction between the

first and second generation biofuels is the source. The food crops which are sources

of first generation biofuels are not normally sources of second generation biofuels. For

instance, vegetable oil is a source for first generation biofuels. However, waste vegetable

oil (WVO) is utilized to produce second generation biofuels. The only situation that food

crops are resources of second generation biofuels is when a food is not desired to meet

human’s need [49]. Some of the most common feed stocks for second generation biofuels

are grasses, lignocellulosic biomass, waste vegetable oil and some seed crops especially

jatropha [8].

Lignocellulosic biomass, which is the biggest source of second generation biofuels

mainly ethanol [50], is obtained from plant biomass consisting of cellulose and lignin.

Cellulose is one kind of a sugar, and it is found in walls of plants as a main segment.

Lignin improves hardness of plant walls by filling the spaces between cellulose molecules.

Carbon, hydrogen and oxygen are found in lignocellulose that can be utilized to produce

biofuel especially ethanol [8]. There are some positive sides of lignocellulosic biomass

as a source for biofuel production. Primarily, lignocellulose cannot be eaten hence it is an

insignificant part of the plants for humans’ need. As another advantage, producing ethanol

from lignocellulose has positive effects on the environment. Because, huge amounts of

lignocellulosic biomass is produced and wasted every year in the USA. This quantity is

sufficient to meet the need for oil in the USA annually. In cases which this lignocellulose

is not converted into biofuel, it can decompose into methane which is 21 times harmful

for the environment than CO2 [8]. Furthermore, ethanol generated from lignocellulosic

biomass can produce more energy up to 5 times than ethanol generated from corn, and

this kind of ethanol can decrease greenhouse gas emissions up to 115% [8].

Jatropha is the second important feed stock for second generation biofuels [8]. Oil

extraction from seeds of jatropha is high, and this amount is around 50% [51]. Besides,

different biofuels can be obtained by using different parts of jatropha. Usually, biodiesel is

derived from seeds. The remaining parts of jatropha can be used to obtain solid biofuels

and syngas [8]. The most important advantage is that jatropha can be grown up in all

kinds of terrain, and it can be cultivated in lands where most of the food crops cannot

be cultivated. This emphasizes that biofuel production from jatropha which is non-edible
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oil does not threaten the food supply of the world [52]. However, oil extraction amount

reduces fairly as the quality of the land decreases. Additionally, greenhouse gas emissions

rise when the biofuel derived from jatropha is used [8].

Like jatropha, camelina which is a seed crop can be used to obtain second gener-

ation biofuel mostly biodiesel and jet fuel [53]. Nevertheless, there are some limitations

about camelina. Greenhouse gas emissions raises when the biofuel derived from camelina

is utilized. Besides, double lands are needed for camelina to get the same amount of bio-

fuel as the amount of biofuel from jatropha [8].

Some other seed crops like rapeseed and palm oil can be used to produce second

generation biofuel. Yet, they have almost the same problems like camelina and jatropha

[8]. However, these disadvantages can be equilibrated by the demand to use crop area to

get acceptable yields.

For a while, biofuels derived from waste vegetable oils have been utilized in diesel

engines. They are also second generation biofuels. Because, they do not damage the

humans’ food chain as a result of already completing the utility as a source for food.

Besides, the main advantages of WVOs are easy conversion to biodiesel, availability in

all regions in the world and easy adaptability to diesel engines [54, 55]. Even, they can

be directly utilized in diesel engines. Contrarily, the need for filtering which increases the

cost is a disadvantage for WVOs. If they are properly refined and perfectly blended with

conventional diesel fuel, these kind of fuels can be the most promising biofuels in order

to meet the need for fuel [8].

2.2.1.3. Third Generation Biofuels

Some important disadvantages of first generation and second generation biofuels

such as breaking the food chain, large amount of water usage and raising the pollutant

emissions led researchers to develop new kinds of biofuels [8]. In this way, the third

generation biofuels emerged. Algae and microbes such as yeast, microalgae and fungi

can be utilized to produce third generation biofuels [30]. However, the majority of third

generation fuels are produced from algae.

Algae has a lot of advantages as a resource for biofuel generation. Firstly, algae

can cultivated in different systems such as open ponds, closed-loop systems, photobiore-

actors and algae scrubbers. In open ponds, cultivation of algae is realized in open air.
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This process is simple and cheap [8]. However, it takes long time to grow algae with this

method [56]. Other drawback of this technique is the probability of algae being damaged

by other organisms which can contaminate the ponds [57]. Closed-loop systems are sim-

ilar to open ponds. The main distinction is that closed-loop systems have no interaction

with the open atmosphere as open ponds [8]. These kinds of systems use barren carbon

dioxide sources. The primary advantage of closed-loop systems over open ponds is that

they have a direct connection with the source of CO2, and they are able to use the gas

before releasing it to the environment [58]. Like closed-loop systems, photobioreactors

(PBR) are closed systems. A PBR is a bioreactor which uses a light source to cultivate al-

gae. These organisms utilize photosynthesis to produce biomass from the light and CO2.

Although running a PBR is difficult and expensive, productivity of this process is higher

than open ponds and closed-loop systems [59, 60]. Besides, algae can be grown in an

algae scrabber which is a system designed mainly to remove contaminants and nutrients

from water by utilizing algal turfs. Algae can be harvested in 5-15 days with this method

[61], and 18000 kg of algal biomass (dry weight) can be cultivated in a hectare per year

[62]. Besides, the cost can be very low for algae scrubbers [62]. These processes show

that algae cultivation is possible at nearly everywhere. The only condition to produce

algae is warm temperature [8]. Also, there is no threat for farm lands because of the pro-

duction of algae. Algae can be cultivated by closed-loop systems and photobioreactors in

deserts [63]. Even, they can be produced in waste water [64].

Secondly, energy density of biofuel derived from algae is high. For example,

energy density of third generation biofuels can achieve up values to 123 MJ/kg while first

and second generation biofuels can have values up to 48 MJ/kg and 38 MJ/kg, respectively

[8]. Thirdly, algae can catch carbon dioxide emitted from power plants, industry or other

carbon dioxide resources [30].

On the other hand, algae have some drawbacks to be overcome in order to fully

make use of. First of all, algae cultivation requires high amount of nitrogen, waste water

and fertilizer [65]. Also, greenhouse gas emissions rise when producing this large amount

of fertilizer above the levels recovered by algae. However, this situation normally happens

for large scale operation. For instance, in order to obtain 38 billion liters of third gener-

ation biofuel from algal resources, 6 million metric tonnes of nitrogen and around 125

billion liters of water are required [8]. Therefore, huge amounts of fertilizer production

are required to cultivate algae well. Producing huge amounts of fertilizer would eventu-

ally rise the pollutant emissions which algae cannot recover. Namely, energy needed to
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grow algae is more than the energy obtained from them. In case of small scale operation,

the situation is opposite. Nitrogen can be obtained from the waste water with recycling

that can provide major portion of the nitrogen required [8]. This reduces the increase in

greenhouse gas emissions. In addition to this disadvantage, biofuel derived from algae is

less stable when compared the first and second generation biofuels. When compression-

ignition and sprak-ignition engines are operated with algal biofuels, some engine parts

may be damaged [8].

2.2.2. Production Methods of Liquid Biofuels

All kinds of liquid biofuels are derived from biomass feed stocks. In the follow-

ings of this section, first generation biofuels will be named as conventional biofuels while

second and third generation biofuels will be named as advanced biofuels regarding to

resource type used and variations in production methods. Conventional liquid biofuels

cover biodiesel obtained from vegetable oils and even waste cooking oils, which are pro-

duced for commercial purposes in many countries, and bioethanol derived from plants

having sugar and starch. On the other hand, advanced biofuels include biofuels obtained

from lignocellulosic biomass or algae. Below, both conventional and advanced biofuel

production technologies will be explained.

2.2.2.1. Traditional Technologies for Biofuel Production

Ethanol and biodiesel are the most well-known conventional biofuels. Ethanol

is alternative for gasoline, and biodiesel is alternative for diesel fuel. Figure 2.2 shows

conventional biofuel production techniques.

Ethanol is produced via three consecutive processes which are respectively pre-

treatment, fermentation and distillation [8]. First process is pre-treatment process which

commonly consists of wet and dry milling. In wet milling, crops are chemically sub-

divided into starchy parts. In dry milling, granules are obtained by grinding the unpro-

cessed seeds. Then, fermentation process takes place, and ethanol-water mixture is ob-

tained. Following the fermentation process, distillation process is applied to remove the

water from ethanol. Thence, ethanol is made ready to be blended with gasoline.
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Figure 2.2. Processes for conventional biofuel production [8].

Biodiesel production method is transesterification process. In this process, feed

stock such as vegetable oil or animal fat is combined with alcohol to produce biodiesel

fuel in the presence of catalysts such as KOH, NaOH, etc. Mostly, methanol is utilized

to produce biodiesel. Other alcohols such as ethanol, propanol and butanol can also be

utilized [16, 17]. Detailed information about transesterification process, which is the

method applied in this study, will be given in Section 3.1.

2.2.2.2. Advanced Technologies for Biofuel Production

Feedstocks for advanced biodiesel fuels are non-food feedstocks. There are sev-

eral processes to convert these feed stocks into fuel. These processes can be grouped

as bio-chemical and thermo-chemical processes [66]. Figure 2.3 shows the summary of

advanced technologies for biofuel production.

Two methods which are fermentation and anaerobic digestion are bio-chemical

conversion processes [66]. In anaerobic digestion, bacteria is utilized to convert the feed

stock into gaseous fuels. In fermentation process, cellulose of lignocellulosic feed stock
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Figure 2.3. Advanced technologies for biofuel production [8].

is firstly converted into sugars which are then transformed into ethanol by using yeasts.

As it is seen in Figure 2.3, pre-treatment is required before the fermentation process in

order to remove lignin. However, this lignin is not a waste, but a by-product that can be

utilized in power generation [8].

In thermo-chemical conversion processes, pyrolysis, gasification and liquefaction

can be applied to produce biofuels [66, 67]. Different biofuels can be produced with

different techniques from various biomass feedstocks. Besides, all processes require

different pre-treatment steps for the feedstocks and varied operating conditions. Also,

some methods can have various upgrading processes to obtain biofuels. Gasification pro-

cess can be used to produce liquid biofuels. Firstly, syngas is obtained in this process.
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However, syngas must be upgraded. Fischer-Tropsch (FT) synthesis is a well-established

method to convert the syngas into biofuels such as diesel, gasoline and jet fuel [8]. Low

temperature FT process is used in order to obtain jet fuel and diesel fuel while high tem-

perature FT process is utilized to obtain gasoline. Also, different products such as hydro-

gen, ethanol or methanol can also be obtained from syngas. Besides that, it is possible

to produce bio-oil in the gasification stage. When temperature reaches to 300 °C in the

gasification stage, process can be stopped then bio-oil can be obtained [8]. An alternative

method to produce biofuels is liquefaction. Algae can be feed stock for hydrothermal

liquefaction [68]. Wet algae is processed in this process, and crude oil is obtained from

algae. After refining this crude oil, different biofuels can be obtained including diesel,

gasoline and jet fuel. Pyrolysis method is another process to produce biofuels. It is a

thermal decomposition of biomass feedstocks in the absence of oxygen. Liquid, solid

and gaseous products can be obtained with different chemical reactions. These products

in three different phases are every time produced yet their proportions can be different

from process to process depending on the operating conditions [66]. Different pyrolysis

technologies are available, such as fast, slow, intermediate, flash, vacuum and ablative

pyrolysis [69, 70, 71, 72]. Fast pyrolysis process is nowadays of attention because the

liquids obtained as a result of fast pyrolysis could be stored, transported and utilized for

different purposes such as being fuels for transportation, carrying energy or becoming

chemicals [66]. In this process, biomass decomposes into vapour, gas and charcoal. Af-

ter condensation of this gas, bio-oil is obtained. Then, this bio-oil can be converted into

biodiesel fuel by refining it.

2.2.3. Summary on Biodiesel Fuels

Biodiesel is an alternative fuel for diesel engines. Biodiesel fuels can be origi-

nated from first, second, and/or third generation feedstocks. Plenty of vegetable or animal

resources can be used as feedstocks for biodiesel production. Some of the feed stocks are

vegetable oils like corn oil and canola oil, animal fats, lignocellulosic biomass, jatropha,

camelina, waste vegetable oils, algae, etc.

Several different processes can be employed for biodiesel production as explained

in Subsection 2.2.2. Among the available techniques, transesterification is the most com-

mon method owing to being cheap and simple.
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In transesterification, ester bonds occur as a result of esterification of vegetable oil

or animal fat with alcohols in the presence of a catalyst. Although different alcohols can

be utilized for biodiesel production, methanol is the most common alcohol for biodiesel

production. Also, ethanol can be a good alternative instead of methanol. Biodiesel fuels

derived from methanol and ethanol are called as methyl ester and ethyl ester, respectively.

Moreover, higher alcohols such as propanol and butanol can also be used to generate

biodiesel fuel.

The generation does not depend on the production method of biodiesel fuel. For

example, first, second and third generation biodiesel fuels can be produced through trans-

esterification. Biodiesel fuel derived from edible oil is first generation biofuel while

biodiesel fuel derived from waste vegetable oil is second generation biofuel. Besides,

biodiesel fuel can be obtained by transesterification of algal oil. This type of fuel is an

example for third generation biofuels.

2.3. Essential Features of Combustion Process in Diesel Engines

In a diesel engine’s cylinder, fuel is directly injected by an injector to combustion

chamber which is filled with air towards the end of the compression stroke. Then, fuel

vaporizes and mixes with the air. Load control is provided by injection quantity per each

cycle. During the compression stroke, pressure and temperature of air rises beyond the

fuel’s ignition point. Once this point is reached, sudden combustion starts, and it continues

up to early stages of expansion stroke. Heat is released as a consequence of combustion

process, and pressure inside the cylinder increases. Sharp increase can be observed in

heat release rate and in-cylinder pressure. Afterwards, flame quenches and combustion

event is completed. Figure 2.4 shows the pressure variation in the cylinder against the

crank angle [6].

Combustion in a diesel engine is a complex process. It is heterogeneous, three-

dimensional and unsteady combustion. Fuel properties, characteristics of injection system

and combustion chamber design affect the process. Therefore, complete explanation of

the diesel combustion cannot be expressed although understanding at a good level has

been reached [6].

However, compression-ignition engines have some advantages over spark-ignition

engines to make them desirable. These advantages are as follows:
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Figure 2.4. Events in the compression and expansion strokes. Injection rate of fuel
ṁfi, in-cylinder pressure P (dashed line: motored cycle, solid line: fir-
ing cycle) diagrams are plotted versus crank angle degree. SOI: start-of-
injection, EOI: end-of-injection, IVC: intake valve closing, EVO: exhaust
valve opening, SOC: start-of-combustion, EOC: end-of-combustion [6].

• Knock can not occur in a diesel engine because combustion starts as soon as the

fuel is injected into the cylinder. Thence, higher compression ratios can be utilized

in CI engines resulting in higher thermal efficiencies than those of spark-ignition

engines.

• The load thus the torque output of diesel engines is determined by the injection

quantity. Therefore, throttles which lead pumping work are not needed.

• Normally, diesel engines operate with lean mixtures of fuel-air [6]. Therefore, the

effective value of specific heat ratio γ (cp/cv) is higher than as it is in a spark-

ignition engine. This is another reason why CI engines have higher fuel conversion

efficiencies than SI engines.

2.3.1. Combustion Phases

Combustion phases are defined in order to better explain the combustion process.

These phases can be shown in a typical heat-release-rate diagram versus crank angle de-

gree as it is seen in Figure 2.5. Combustion phases in a diesel engine are divided into 4

groups which are ignition delay period, premixed combustion phase, mixing-controlled

combustion phase and late combustion phase.
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Figure 2.5. General heat-release-rate diagram indicating the combustion phases in a
CI engine [6].

• Ignition delay period: It is the period between the first droplet of fuel enters the

cylinder and the first flame is seen. Namely, it is the duration between start of

injection and start of combustion.

• Premixed combustion phase: When the temperature inside the cylinder reaches the

fuel’s ignition point, the fuel-air mixture prepared in the ignition delay period is

burned in a few crank angle degrees. Rapid increase in heat release rate is achieved.

Most of the power is produced in this phase.

• Mixing-controlled combustion phase: After bulk of fuel-air mixture is burned, heat

release rate is controlled by the mixture available for burning. Mainly, the fuel

vapor-air mixture controls the burning rate [6]. Heat-release-rate might have a sec-

ond peak which is lower than the peak in the premixed combustion phase or any

second peak might not be observed.

• Late combustion phase: During the expansion stroke, heat release may continue

lowly because of the following reasons: there may be still unburned fuel available

for combustion, and/or fuel-rich combustion may have a fraction of energy and may

release this energy [6].
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2.4. Emissions from Diesel Engines

Compression-ignition engines are one of the significant sources of air pollution.

Important pollutants are nitric oxides, unburned hydrocarbons and soot. Formation of

these pollutants depends on different parameters such as engine design, fuel properties,

operation parameters, etc. This section explains the pollutant emissions from diesel en-

gines in terms of formation mechanisms.

2.4.1. NOx

Nitric oxides (NOx) are referred to both nitric oxide (NO) and nitric dioxide

(NO2). However, NO is the dominating one [73, 74]. Three different reasons cause the

NO formation. The first and the most dominant one is the thermal formation of NO. Ni-

trogen does not normally react with oxygen yet it oxidizes at higher temperatures (above

1800 K) [75]. NO formation mechanisms were explained by Zeldovich [74] (Equations

2.1 and 2.2) and Lavoie [6] (Equation 2.3) as follows:

O +N2 = NO +N (2.1)

N +O2 = NO +O (2.2)

N +OH = NO +H (2.3)

Secondly, prompt formation of NO is also important mechanism in fuel-rich

combustion processes at low temperatures this once. Prompt mechanism which is shown

in Equations 2.4 and 2.5 is also known as Fenimore mechanism [73, 76]. Fenimore states

that free radicals in flame front cause the formation of NO in a rapid way. Prompt NO is

less significant compared to thermal formation of NO. However, major quantities of NO

are occured by prompt mechanism when biodiesel is used [73]. Prompt mechanism is as

follows:

C2 +N2 = 2CN (2.4)

CN +O2 = NO + CO (2.5)
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Thirdly, NO can be formed from N2O pathway [73]. This mechanism is observed

at elevated pressure when lean fuel-air mixtures are used. The mechanism begins with

Equation 2.6:

O +N2 +M = N2O +M (2.6)

where M is any molecule that is needed to accomplish the reaction. Then, N2O is con-

verted to NO by the following reaction (Equation 2.7):

N2O +O = NO +NO (2.7)

Although NO is the dominant pollutant among nitric oxides, NO2 is also impor-

tant for diesel engines [6]. Nitric oxide can be converted to nitric dioxide during the

combustion as it is seen in Equation 2.8.

NO +HO2 = NO2 +OH (2.8)

If NO2 formed within the flame is not extinguished with a cooler fluid, this NO2 is subse-

quently converted to NO through:

NO2 +O = NO +O2 (2.9)

This expression is coherent with the biggest NO2/NO ratio happening in diesel engines

operating with higher loads, when cooler regions that can lead the conversion of NO2 to

NO are widely present.

2.4.2. Particulate Matters

Particulate matters (PM) are very critical for diesel combustion. Particulates are

divided into three groups which are soluble organic materials, sulphate particles and most

widely soot [2].
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Soot forms in the core of fuel spray in combustion environment at temperatures

varying between 1000 and 2800 K [6]. Several stages are involved for soot generation,

and they can be explained as follows:

• The first step is particle formation. Oxidation of fuel molecules constitute the first

condensed material. Also, pyrolysis products which are unsaturated hydrocarbons

can lead the formation of the first condensed material. These first particles are very

small in diameter (d<2 nm) [6]. Nonetheless, they are grown-up in the later stages.

• Particle growth consists of surface growth, coagulation and aggregation [6, 77].

Gas-phase species attached to the surface of particulates, which is known as surface

growth. Increase in the amount of soot is observed by the surface growth reactions

while the number of particles are constant. Reverse is valid for growth by coagu-

lation in which particles collide and coalesce. In this once, the amount of soot is

constant while the number of particles decreases.

Total amount of soot emission depends on the balance between formation and

burnout. Then, further mass addition to the emitted soot takes place in the exhaust system,

and new particles occur by the adsorption into soot particle surface.

2.4.3. Unburned Hydrocarbons

Unburned hydrocarbons (HC) form in places where flame quenches on piston

bowl or combustion chamber walls [6]. Namely, incomplete combustion causes hydro-

carbon emissions. Different hydrocarbons can be emitted from a CI engine, which are

paraffins, olefins, acetylene, aromatics, etc. [6]. Fuel composition directly affects com-

position of HC emissions. Two different significant reasons also cause HC emissions: (1)

leaner mixtures than the diesel operating mixtures, (2) some portions of fuel may leave

the nozzle after bulk of the fuel has burned. As a consequence of first reason, over lean

mixtures decrease the possibility of autoignition resulting in incomplete combustion.

2.4.4. Carbon Monoxide

Carbon monoxide (CO) emissions are related with fuel/air equivalence ratio. Gaso-

line engines often operates with rich mixtures at full load. Whereas, diesel engines operate
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with lean mixtures. Therefore, CO emissions are significant for gasoline engines while

diesel engines emit low levels of CO [6]. Hence, formation of CO emissions in diesel

engines will not be explained further.

2.5. Spray Formation in Diesel Engines

Spray investigation is crucial for diesel engines. Because, spray directly affects

the performance, fuel consumption and emissions. Measuring spray parameters can help

researchers understand how any fuel propagates in the cylinder, and how it mixes with air

depending on the physical properties of that fuel. Therefore, researchers have focused on

this topic while developing new fuels. In this section, fundamentals of diesel sprays are

explained.

2.5.1. Injection System

The purpose of an injection system is to vaporize fuel in a higher degree in or-

der to achieve a good fuel-air mixture thus the combustion. Nowadays, two different

high-pressure injection systems are available for diesel engines. These are common rail

injection system and unit injection system. Among them, common rail injection system

is more widespread [78].

For common rail injection systems, injection system consists of a fuel tank, low

and high pressure pumps, delivery pipes, a common rail and fuel injectors as it is seen

in Figure 2.6. Number of the injectors depends on design of the engine. In general

terms, fuel tank stores the fuel to be used. Then, fuel goes through low pressure pump

connecting with high pressure pump via delivery pipes. The reason why two pumps are

utilized is to prevent vaporization of fuel in injection system. Namely, fuel can vaporize

when pressure suddenly changes. It needs to be increased step by step. Low pressure

pump increases the pressure of the fuel to a level. Then, fuel goes through the high

pressure pump which supplies the fuel to common rail. The common rail distributes the

fuel to different injectors at the desired pressure level. Consequently, injector releases the

fuel into the cylinder. Moreover, excess fuel from both the injector and the common rail

goes to the fuel tank via return lines.
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Figure 2.6. Schematic sketch of a common rail injection system [78].

Two different injector types are available for diesel engines that have a common

rail system, which are solenoid injector and piezoelectric injector. Schematic sketches

of solenoid and piezoelectric injectors are given in Figures 2.7, 2.8 and 2.9. Both of

them have advantages and disadvantages. The technology behind solenoid injectors are

traditionally reliable, cost-effective, and the physical unit of a solenoid injector is smaller

than the physical unit of a piezoelectric injector [79]. Against, piezoelectric injectors

vibrate less than solenoid injectors thence creating less noise [80]. Less power is required

to operate a piezoelectric injector [79]. Moreover, the dynamic response of a piezoelectric

injector is better than a solenoid injector [81].

For a solenoid injector (see Figure 2.7), injection event takes place by a needle

inside the injector. Needle movement of the injector is hydraulically controlled by a

solenoid valve [78]. The needle of injector is kept close by the spring force (Fspring) and

the hydraulic force (F1) of fuel located at control chamber. The summation of Fspring and

F1 is bigger than the hydraulic force (F2) caused by fuel located in the circular ring area

above the needle. When the valve is opened, the pressure above the control rod thus F1

gets smaller resulting in opening of the needle. Then, fuel leaves the injector from its

nozzle, and injection event starts. Excess fuel inside the injector to be recirculated goes to

fuel tank through the return of the injector. After the required amount of fuel is injected,

valve closes the needle. In addition, the opening and the closing speeds of the needle are

influenced by the size of throttle [78].
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Figure 2.7. Schematic sketch of a typical solenoid injector [78].

For piezoelectric injectors, two different concepts can be applicable, which are

indirect and direct needle control [78]. First type is the piezoelectric injector with indirect

needle control (see Figure 2.8). The injector consists of four main components that are

piezo stack, hydraulic coupling device, control valve and the nozzle module. Firstly,

common rail system continuously delivers fuel at high pressures to the injector tip which

is closed by a needle. Also, this high pressure fuel is delivered to top of the needle,

causing a force that keeps this needle closed. Next, the elongation of the piezo stack is

amplified, and piezo stack is then transferred to the control valve by the hydraulic coupling

device. Then, control valve opens, and high pressure fuel at top of the needle goes to fuel

tank through return line. As the pressure above the needle decreases, the needle moves

upwards, opens the injector tip, and fuel is injected into the cylinder. After the required

amount of fuel is injected, the piezo stack is de-energized, and the control valve closes.

Then, pressurized fuel pushes the needle to its initial position. Additionally, this injection

technique can achieve up to five injections in one cycle with variable timings, and very

small amounts of fuel can be injected [78].

Piezoelectric injectors with direct needle control can achieve more flexibility, be-

cause it is easy to realize partial needle lifts [78]. Such an injector is presented in Figure
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Figure 2.8. A piezoelectric injector with indirect needle control [78].

2.9. In these types of injectors, piezo stack is directly connected to injector needle with

a connecting rod. Therefore, the needle lift can be directly proportional to the voltage,

and partial lift can be achieved by adjusting the voltage between zero and a maximum

value. This maximum value is determined by the maximum elongation of the piezo stack.

Besides, different injection rate shapes can be realized by controlling the voltage accord-

ingly [78].

Figure 2.9. A piezoelectric injector having direct needle control [78].
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2.5.2. Break-up Regimes of Liquid Jets

Break-up length is the length between the nozzle tip and the point where the first

droplet forms. Different mechanisms cause a liquid jet to disintegrate depending on the

properties of the fuel and air. Reitz and Bracco stated that break-up regimes could be di-

vided into the Rayleigh regime, the first wind-induced regime, the second-wind induced

regime and the atomization regime [82]. Figure 2.10 shows these regimes on Ohne-

sorge diagram which is derived from Reynolds number (Re) and Ohnesorge number (Z).

Reynolds number is

Re =
ulDρl
µl

(2.10)

where u is the jet velocity, D is the characteristic length (which is nozzle hole diameter

in this case), ρ is the fuel density, µ is the fuel viscosity, and l indicates the liquid phase.

Ohnesorge number is

Z =
µl√
σρlD

(2.11)

where σ is the surface tension at the interface (liquid-gas). On the Ohnesorge diagram,

regime changes from the Rayleigh regime to the atomization regime when Re increases.

Figure 2.10. Ohnesorge diagram indicating the break-up regimes of liquid jets [78].
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Firstly, drip flow is observed at very low velocities, and no jet is observed. As the

velocity of liquid fuel increases, jet is formed. Then, some droplets are disintegrated from

the unbroken jet. This break-up is called as Rayleigh break-up [78]. Rayleigh regime is

observed at low velocities. Surface tension forces and fuel inertia causes the axisymmetric

oscillations in the liquid jet resulting in break-up. The droplets are larger than the diameter

of the nozzle.

As the jet velocity increases more, break-up length decreases but it is still larger

than diameter of the nozzle. On the other hand, droplet sizes are comparable to nozzle

diameter. This regime is called as the first wind-induced regime. The forces acting in the

Rayleigh regime are amplified by aerodynamic effects [82].

A further increase in flow velocity makes the liquid jet turbulent. Surface waves

are initiated unstably by turbulence and amplified by aerodynamic forces [78]. Then, jet

break-up occurs as a consequence of surface waves. This regime is named as the second

wind-induced break-up regime [82]. In this regime, droplet sizes are smaller than the

nozzle diameter. Besides, a raise in Reynolds number shortens the break-up length.

The last regime is the atomization regime [78] in which the break-up length ap-

proaches to zero. A conical spray occurs, and this spray is initiated when the fuel jet

leaves the nozzle. Fuel mixes with air then vaporizes. Droplets developed in this regime

are much smaller than the nozzle diameter. Furthermore, liquid phase may still be in the

spray core.

Figure 2.11. Jet break-up regimes [83].
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All regimes are shown in Figure 2.11. The atomization regime is the regime in

which the fuel most propagates inside the cylinder. Therefore, the atomization regime is

the most proper regime for a diesel spray to achieve a good fuel-air mixture.

2.5.3. Break-up Regimes of Liquid Drops

Break-up of liquid drops occurs by friction and pressure [78]. Relative velocity

between droplet and the gas, urel, causes these aerodynamic forces resulting in develop-

ing of waves on the interface. Consequently, disintegration takes place to form smaller

droplets which are then again induced break-up by aerodynamic forces. Conversely, sur-

face tension forces try to prevent the droplets being deformed. The surface tension force

has a relationship between the curvature of droplet surface. When the size of droplet is

small, the surface tension effect gets larger thus the relative velocity that causes to disin-

tegration. Weber number in the gas phase describes this behaviour. This number depends

on the droplet diameter (d) and the gas density (ρg). Equation 2.12 [78] shows the gas

phase Weber number:

We =
(ρgu

2
reld)

σ
(2.12)

where σ is the surface tension between the liquid and surrounding gas. In other words, the

Weber number symbolizes the ratio of aerodynamic forces to the surface tension effects.

Figure 2.12. Break-up regimes of liquid drops [78].
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Experimental investigations showed different break-up mechanisms [78, 84, 85],

and Figure 2.12 gives a summary about these drop break-up regimes. All of these mech-

anisms are observed in a diesel spray. Disintegration process is mostly observed near the

nozzle tip at large Weber numbers, on the other hand, Weber number decreases away from

the nozzle. Because, evaporation, previous break-up and drag forces negatively affect the

Weber number.

2.5.4. Structure of a Full-Cone Spray

An example of a full-cone diesel spray is shown in Figure 2.13. As it is seen in

the figure, the maximum length between the injector nozzle, and the farthest point on the

spray axis is called as spray penetration length, and the angle between the nozzle and two

farthest apart points on the outer spray boundary is called as spray cone angle. These two

parameters are so important to observe how much spray spreads in the cylinder.

Figure 2.13. Structure of a full-cone spray [78].

When the fuel spray enters into the combustion chamber, it begins to break-up

and forms a conical shape. This first formation of the liquid break-up is called as primary

break-up. Turbulence characteristics of flow and cavitation are the main-break up mecha-

nisms for primary break-up. Then, new droplets occur from the existing ones because of
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Figure 2.14. Example spray development where rail pressure and back pressure are re-
spectively 70 and 5 MPa, and air temperature is 890 K [78].

the aerodynamic forces. This break-up is called as secondary break-up. The droplets of

secondary break-up are smaller than the primary one.

Droplets are decelerated by aerodynamic forces. The strongest drag force thus the

largest deceleration is experienced at the spray tip. Therefore, new droplets are replaced

with the new droplets at the spray tip, and spray penetration length (S) continuously in-

creases as it is seen in Figure 2.14 [78]. The outer spray region is formed by droplets

having low kinetic energy because they are pushed aside. Then, a conical spray is formed,

which has an angle called as spray cone angle (φ). Besides, most of the fuel vapour is

concentrated at the outer region while the inner region contains more amount of liquid

mass and less fuel vapour, see Figure 2.15.

Figure 2.15. Vapor (gray) and liquid (black) phases of a spray [78].
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Furthermore, boundary conditions affect the spray propagation. These boundary

conditions are gas density and temperature, gas flow (swirl and tumble) and the distance

between the nozzle tip and piston bowl [78]. Spray can impinge on the spray bowl,

which can negatively affect the engine’s performance output and emissions in the case

of higher injection pressures or longer injection duration. Additionally, low densities of

surrounding gas due to early injection may lead the spray to impinge on the wall.

Finally, many researchers have investigated the spray parameters. According to

Hiroyasu and Arai [86], important parameters of a full-cone diesel spray are spray pen-

etration length, spray cone angle, break-up length and average droplet size. And, these

parameters are dependent on boundary conditions.

2.5.4.1. Disintegration of a Full-cone Spray

Here, disintegration mechanisms of a full-cone diesel spray is explained, including

the primary and secondary break-up. Possible primary break-up mechanisms are growth

of surface waves due to aerodynamic forces, turbulence, cavitation and relaxation of the

velocity profile [78]. Figure 2.16 shows these mechanisms.

Figure 2.16. Primary break-up mechanisms [78].
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The first primary break-up mechanism is the formation of surface waves due to

aerodynamic shear forces which is generated at the liquid jet and gas interface due to

relative velocity [78]. Turbulence inside the nozzle generates surface waves which are

then amplified by the aerodynamic shear forces. Afterwards, these surface waves become

unstable and are separated from the jet. By this way, first droplets are formed. In addition,

aerodynamic forces can not affect the inner structure of the spray, can only influence the

outer regions.

Secondly, turbulence-induced disintegration is also possible [78]. Inside the noz-

zle turbulent eddies can be generated, and can overcome the surface tension to form

droplets in case they are strong enough. This is one of the primary break-up mechanisms

for a high-pressure full-cone spray.

Thirdly, the relaxation of the velocity profile can be a primary break-up mecha-

nism. By assuming fully developed pipe flow (in case of turbulent flow without cavitation,

and large length/diameter ratios), the velocity profile may relax when the jet is presented

into the cylinder [78], and no slip boundary condition expires due to the absence of wall

no more. Also, an acceleration is observed at the outer region of the spray. After gaining

acceleration, velocity profile turns into a block profile from a parabolic profile. This sit-

uation may cause instabilities thence break-up at the outer region of the liquid jet. This

break-up mechanism is only valid for the given assumptions above. In case of high injec-

tion pressures, cavitation can occur, and the possibility of development of velocity profile

explained above is unlikely.

Lastly, another important possible primary break-up mechanism is the cavitation

induced break-up of the spray [78]. Cavitation can occur as a result of reduced static

pressure due to a raise in the acceleration and the velocity of the fuel [78]. In addition,

cavitation depends on the nozzle geometry and the pressure inside the cylinder. Further-

more, experimental studies showed that spray cone angle increased as the flow moves on

the cavitating flow inside the nozzle from the turbulent flow [87, 88, 89]. Cavitation bub-

bles implode inside the nozzle hole resulting in an increase in the turbulence level there-

fore the spray disintegration. Cavitation and turbulence are the most important break-up

mechanisms for diesel sprays, and clear separation of these mechanisms from each other

is difficult [78].

Moreover, aerodynamic effects induce the secondary break-up of the liquid droplets.

Break-up mechanisms which were described in Section 2.5.3 are valid for secondary

break-up of a diesel spray.
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2.5.4.2. Phases of Injection Event

Typical development of a diesel spray can be explained in three phases [78]. The

first phase is needle opening. Fuel mass flow rate is controlled by the needle movement.

Namely, the main throttle is determined by the small cross-sectional area inside the injec-

tor. Spray structure near the nozzle is dependent on the needle speed. Larger spray angles

are occured when the needle opening is very slow, or vice versa [78].

When the cross-sectional area at the needle seat is bigger than the total areas of

nozzle holes, the main throttle is now the holes of the nozzle, and spray disintegration

as a consequence of cavitating flow depends on the nozzle geometry [78]. The stronger

cavitating flow in the nozzle, the bigger the spray cone angle. Injection duration is also

important because spray penetration length gets longer with time owing to presenting new

droplets having high kinetic energy into the cylinder.

At the end, the needle closes and the injection event comes to an end. Injection

velocity reaches to zero. As the flow velocity decreases, droplet sizes get bigger, and

atomization reduces. In order to prevent this situation, rapid closing of the needle is

required [78].

2.5.5. Spray Impingement on Walls

Spray can impact combustion chamber wall or piston bowl in case of high injec-

tion pressures or low gas densities resulting in increased spray penetration. Two primary

processes can be observed, which are wall-spray evolution and wall film development

[78]. Both of them affects the performance, fuel consumption and emission levels.

Positive and negative effects can be observed as a result of spray-wall interaction.

For example, wall temperature is relatively lower than normal operating conditions under

cold starting conditions, which causes slow evaporation resulting in a rise in the hydro-

carbon and soot emission levels [78]. This is the negative effect of spray impingement on

wall. On the other hand, evaporation can be improved in the case of hot wall interaction.

For instance, MAN developed a technique called as M-combustion [78, 90]. In this tech-

nique, the aim is to obtain a liquid film on the hot piston bowl by injecting the fuel on the

bowl. Then, fuel vaporizes and combustion starts. Control of the combustion is provided

by the amount of fuel on the piston bowl.
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2.6. Spray Measurement Techniques

It is important to study mixture formation in order to understand the combustion

phenomena. To conduct these kinds of studies, several test rigs have been utilized. These

are optical research engine (ORE), rapid compression and expansion machine (RCEM),

constant pressure flow rig (CPFR), and constant volume combustion chamber (CVCC)

[18]. Oren et al. [91] and Baert et al. [92] gave summaries about the advantages and

disadvantages of these test rigs. Among these techniques, CVCC has a very wide range

of gas temperatures and pressures [18]. An example for a CVCC is given in Figure 2.17.

A CVCC can be used for spray measurement or combustion simulation.

Figure 2.17. An example for a constant volume combustion chamber (CVCC) [18].

In order to measure the spray characteristics, the chamber is filled up with a non-

flammable gas, usually nitrogen. Chamber pressure can be adjusted by the amount of

gas presented in the chamber. Then, fuel is directly injected into the chamber. Spray is

viewed by an optical setup which is explained in Section 2.6.1.

Secondly, CVCC can also be used to simulate the combustion of a fuel with a pre-

combustion technique. Figure 2.18 represents the pre-combustion technique for a CVCC

in order to simulate a real engine. A gaseous mixture which consists of e.g. C2H2, O2,

Ar and N2 is presented into the chamber. This mixture is then ignited by a spark plug

in order to rise the temperature and pressure inside the chamber. Afterwards, test fuel is
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Figure 2.18. Principle of the pre-combustion technique for a constant volume combus-
tion chamber [18].

injected by an injection system when pressure inside the chamber decreases to the target

values. Because the temperature inside the chamber is higher than the fuel’s ignition

point, spontaneous combustion starts. However, this pre-combustion technique is used

when the combustion simulation of the tested fuel is required. It is not suitable to be used

when the spray characteristics are required.

2.6.1. Optical Diagnostics

The injection process consists of 4 different stages which are fuel injection, at-

omization, vaporization and mixing with air. Performance of an engine is influenced by

these stages. Thence, researchers need to visualize the injection for a better understand-

ing of the effects of injection on engine performance and emissions. Visualization can be

possible by optical diagnostics. Some of the methods are explained below.

• Schlieren Technique: Schlieren system is an optical system which “projects line-of

sight information onto a viewing screen or camera focal plane” [93]. Figure 2.19

shows an example of a simple Schlieren technique. This system needs a light source

and lens. Lens is required to focus the light which passes through the test region to

a high-speed camera.
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Figure 2.19. Schematic sketch of a simple Schlieren technique [2].

• Shadowgraph Technique: It is a simpler technique of Schlieren technique. It is not a

focused technique thus is less sensitive. Figure 2.20 represents the schematic sketch

of the shadowgraph technique.

Figure 2.20. Shadowgraph technique [2].

• Laser Rayleigh Scattering: This method is an elastic process in which the wave-

lengths of the scattered light and the incident light are the same. The main drawback

of this technique is that the scattered light from the chamber walls can interfere with

the light scattered from the gas [2]. Also, this technique allows only detection of

vapour phase in the absence of liquid drops [2].

• Mie Scattering: Mie scattering is another elastic process of scattered light as the

laser Rayleigh scattering technique [2]. This technique allows researchers to de-

tect liquid drops of a fuel. It depends on the particle size and requires no energy

exchange, hence the scattered light is a good signal.
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2.7. Biodiesel Fuel Application in Diesel Engines

There are many research concerning about the application of biodiesel fuels in

diesel engines. Researchers have investigated the combustion characteristics, perfor-

mance, emission levels and spray characteristics of biodiesel fuels in comparison with

conventional diesel fuel. In this section, a review on the application of biodiesel fuels will

be given, see Tables 2.3 and 2.4. (Note that biodiesel fuels which will be reviewed in this

section are produced through transesterification process). Before explaining these param-

eters, it is required to compare some of the physical and chemical properties of biodiesel

fuels with those of fossil diesel fuel, including density, viscosity, surface tension, calorific

value and cetane number. Table 2.2 shows some important specifications for biodiesel fu-

els according to the USA and the EU standards. ASTM D6751 and EN 14214 standards

are applied for biodiesel fuels in the USA and the EU, respectively. ASTM D6751 speci-

fies biodiesel fuel as mono-alkyl esters of long chain fatty acids obtained from vegetable

oils and animal fats, and the type of alcohol utilized to produce biodiesel is not specified.

It can be methanol, ethanol, etc. However, EN 14214 applies only to mono-alkyl esters

derived with methanol, i.e. fatty acid methyl esters (FAME).

Table 2.2. Biodiesel specifications in the USA and the EU.

Region→ United States European Union

Specification Type→ ASTM D975-14 ASTM D6751-12 EN 590:2013 EN 14214:2012

Diesel Test Method Biodiesel Test Method Diesel Test Method Biodiesel Test Method

Density @ 15 oC, kg/m3, min-max 820 - 845
EN ISO 3675

EN ISO 12185
860 - 900

EN ISO 3675

EN ISO 12185

Viscosity @ 40 oC, mm2/s, min-max 2.0 - 4.1 D445 1.9 - 6 D445 2 - 4.5 EN ISO 3104 3.5 - 5.0 EN ISO 3104

Cetane Number, min 40 D613 47 D613 51 EN ISO 5165 51 EN ISO 5165

Ester Content 5 vol.% (max) 7 vol.% max EN 14078 96.5 wt.% (min) EN 14103

Data source: [94, 95, 96, 97, 98].

Besides, Table 2.3 gives a review about the studies which investigate the combus-

tion characteristics, performance and emission levels of biodiesel fuels. Table 2.4 shows

a summary about the studies that examine the spray characteristics of biodiesel fuels in

terms of spray penetration length, spray cone angle and break-up length. Both tables com-

pare the characteristics with those of fossil diesel fuels. Also, some important physical

and chemical properties are included to make a better understanding. Additionally, test

equipment is explained.
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2.7.1. Physical and Chemical Properties of Biodiesel Fuels

Although physical and chemical properties of biodiesel fuels vary from feedstock

to feedstock, a general inference may be made according to Table 2.2 and studies available

in the literature.

Firstly, many research studies show that density values of biodiesel fuels are

higher than the density of conventional diesel fuel [99, 100, 101, 102, 103, 104, 105, 106].

For example, Qi et al. [99] produced biodiesel from soybean oil, and found that density

of biodiesel fuel was 6.1% higher than the conventional diesel fuel. Next, Nirmala et al.

[102] produced biodiesel fuel from algal oil, and showed that biodiesel fuel had 7.93%

higher density than diesel. Besides, Patel et al. [103] produced biodiesel fuel from jat-

ropha, and this biodiesel fuel had 3% higher density than the reference diesel fuel.

Secondly, viscosity of biodiesel fuels is larger than the viscosity of diesel fuels

[106, 107, 108, 109, 110, 111]. For instance, Das et al. [106] used castor oil biodiesel in

their experiments, and this biodiesel fuel had 5.7 times larger viscosity than the reference

diesel fuel. Next, Mistri et al. [109] used karanja biodiesel having 2.3 times bigger

viscosity than fossil diesel fuel.

Thirdly, biodiesel fuels have bigger surface tension values than fossil diesel fuel

[112, 113, 114]. For example, Patel et al. [112] used jatropha biodiesel having approx-

imately 15% higher surface tension than fossil diesel fuel. Moreover, Kuti et al. [114]

utilized biodiesel from palm oil in their studies, and this biodiesel fuel had 6.5% larger

surface tension than reference diesel fuel.

Next, calorific value of biodiesel fuels are lower than conventional diesel fuels

[101, 103, 104, 105, 106, 115]. For instance, Shrivastava et al. [101] produced biodiesel

fuel from roselle oil, and calorific value of this biodiesel fuel was 8.75% lower than stan-

dard diesel. Furthermore, Soto et al. [105] used sugarcane biodiesel having 14.8% lower

calorific value than the calorific value of conventional diesel fuel.

Finally, cetane number is larger for biodiesel fuels than standard diesel fuels [100,

101, 104, 105, 107, 109, 112, 115]. For example, Raman et al. [107] produced biodiesel

fuel from rapeseed oil, and cetane number of this biodiesel fuel was approximately 5.9%

higher than conventional diesel fuel. Next, Nabi and Rasul [104] used biodiesel derived

from waste cooking oil, and this biodiesel fuel had approximately 9.94% higher cetane

number than reference diesel fuel.
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2.7.2. Combustion Characteristics of Biodiesel Fuels

Many researchers have investigated the combustion characteristics in terms of ig-

nition delay, in-cylinder pressure and heat release rate. As it is seen in Table 2.3, differ-

ent researchers used different test equipment with different diesel-biodiesel blend ratios.

Some of them found similar results while some of them found different results.

2.7.2.1. Ignition delay

Several factors affect the ignition delay, such as injection timing, load, injection

rate, engine speed, intake air temperature and pressure, cetane number of the fuel, etc.

[6]. Among these parameters, cetane number is the only parameter affecting the ignition

delay related with the fuel properties. Cetane number specifies the ignition quality of the

fuel.

According to many researchers [99, 100, 101, 103, 104, 109, 111, 120, 122], ig-

nition delay decreases with the use of biodiesel fuel. Most researchers agreed that the

decrease of ignition delay depends on the high cetane number of biodiesel fuels than con-

ventional diesel fuel [100, 101, 103, 104, 109, 111, 122]. Also, Lee et al. [122] concluded

that higher oxygen content of biodiesel fuel results in reduced ignition delay. Addition-

ally, Qi et al. [99], and El-Kasaby et al. [120] agreed that higher viscosity thus lower

volatility of biodiesel fuel reduces the ignition delay period. This may be possible due

to a rapid pre-flame chemical reactions that take place at relatively higher temperatures.

Because of the high cylinder temperature during injection, thermal cracking of biodiesel

fuel may occur. As a result of thermal cracking, lighter compunds are produced in the

cylinder, which may ignite earlier.

2.7.2.2. In-cylinder Pressure

In-cylinder pressure is an important parameter for engines. It is necessary to know

the peak pressure, and when this peak pressure occurs. In a diesel engine, the peak pres-

sure is dependent on the fuel mass fraction which is burned in the premixed combustion

phase, and in-cylinder pressure qualifies the ability of a fuel to mix with air, and to burn.
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Many researchers [100, 101, 107, 109, 115, 116] found reductions in peak in-

cylinder pressures for biodiesel fuels than reference diesel fuels. This can be explained

by higher cetane numbers of biodiesel fuels resulting in shorter ignition delay thus re-

duced fuel-air mixing [100, 109]. Also, higher calorific value of diesel fuel plays an

important role because diesel fuel releases more heat during combustion leading to higher

pressure values under the same experimental conditions [115]. However, considerable

number of researchers [99, 103, 106, 111] reported increase in peak cylinder pressures

when biodiesel fuel was utilized. Qi et al. [99] and Agarwal et al. [111] concluded that

increase in pressure may be related with the higher cetane numbers of biodiesel fuels.

Ignition delays of biodiesel fuels are shorter, and combustion starts earlier. The peak

cylinder pressure attains a larger value as it is closer to top dead center (TDC) in the

power stroke. Also, higher density of biodiesel fuel can affect the peak pressure because

more mass is injected under the condition of same injection duration [103]. Moreover,

few researchers [104, 108] observed similar pressure values for both biodiesel and diesel

fuels.

2.7.2.3. Heat Release Rate

Most researchers concluded that heat release rate (HRR) decreases when biodiesel

used instead of conventional diesel fuel [99, 100, 101, 107, 109, 115, 116]. The main

reason for this is the shorter ignition delay of biodiesel fuels compared to diesel fuel

[99, 100, 101, 107, 109, 115, 116]. Shorter ignition delay causes accumulation of a lower

quantity of fuel in the premixed combustion phase thus reduced peak heat release rate. In

addition to this, higher volatility thus better mixing of traditional diesel fuel with air re-

sults in larger HRR [99]. Withal, lower calorific value of biodiesel fuels than that of diesel

leads to decrease in HRR [107, 116]. On the other hand, several researchers concluded

raise in HRR [103, 111]. For example, Agarwal and Dhar [111] used a biodiesel-diesel

blend (20%-80%, respectively) at low engine loads, they observed significant increase in

HRR. Additionally, Patel et al. [103] used a biodiesel having relatively low cetane number

and viscosity compared to other biodiesel fuels. This fuel performed good mixing with

air, and they observed higher peak HRR value than reference diesel fuel. Furthermore,

Das et al. [106] and Özçelik et al. [108] found approximate heat release rate values for

both biodiesel and traditional diesel fuels.
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2.7.3. Performance of Biodiesel Fuels

Performance indicators for engines are brake specific fuel consumption (BSFC),

brake thermal efficiency (BTE) and brake power (BP). Below, the effects of biodiesel

fuels on performance indicators will be reviewed according to Table 2.3.

2.7.3.1. Brake Specific Fuel Consumption

Many researchers [99, 100, 101, 102, 103, 104, 105, 107, 108, 109, 110, 111, 115,

116] found that BSFC increases when biodiesel percentage increases in diesel-biodiesel

blends as they are used in diesel engines. For example, Qi et al. [99] investigated the ef-

fects of different percentages of diesel-biodiesel blends on a diesel engine’s performance.

They found 6.91%, 8.01%, 9.71% and 12.4% increases for B30, B50, B80, and B100, re-

spectively. Shrivastava [101] found 5.40%, 6.48% and 13.42% increases for B10, B20 and

B100, respectively. Nirmala et al. [102] found 4.17% higher BSFC for 100% biodiesel

fuel. Researchers [99, 100, 101, 102, 103, 104] provided several reasons for the increment

of BSFC when using neat biodiesel or biodiesel-diesel blend in CI engines, such as higher

density, larger viscosity and lower calorific value of biodiesel fuel than diesel. Whereas,

few researchers [117, 118, 119] observed decrease in BSFC for biodiesel-diesel blends.

Gümüş and Kaşifoğlu [117] found 0.48%, and 4.7% decrease in BSFC for B5, and B20,

respectively. Ong et al. [119] used jatropha curcas biodiesel in a compression-ignition

engine. They observed reduced BSFC values when B10 is used as a fuel.

2.7.3.2. Brake Thermal Efficiency

Slightly decreased or similar BTE values are obtained for biodiesel-diesel blends

by many researchers [99, 100, 101, 102, 103, 104, 105, 106, 107, 115, 116]. For instance,

Chauhan et al. [100] researched the performance, combustion and emission character-

istics of Jatropha biodiesel, traditional diesel and their blends in the ratio of 5%, 10%,

20% and 30% in a single-cylinder, four-stroke, air-cooled, direct-injection compression-

ignition engine with different loadings. As a result of this study, it was observed that

increasing the biodiesel percentage in blended fuels lowered the BTE. Soto et al. [105]
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used neat sugar cane biodiesel in a four cylinder, turbocharged, direct injection diesel

engine. They found 1.3% loss in BTE. Qi et al. [99] utilized diesel, pure biodiesel and

diesel-biodiesel blends in the ratio of 30%, 50% and 80%. Maximum BTE of diesel fuel

was 0.35, and maximum brake thermal efficiencies of biodiesel and its blends were lower

than diesel fuel with a very small margin. Researchers explained some reasons for lower

BTE values, such as higher viscosity [101, 102, 116], higher density [99, 104], lower

heating value [100, 103, 105, 107] and higher lubricity [8]. On the other hand, several

studies showed higher BTE for biodiesel fuels compared to reference diesel [109, 111,

117, 118, 119]. Mistri et al. [109] used Jatropha and Karanja biodiesel fuels and their

blends with diesel in the ratio of 30%. B100 and B30 performed 10.9% and 7.6% higher

BTE, respectively. Next, Panwar et al. [118] utilized castor seed oil biodiesel with dif-

ferent blend ratios (5%, 10% and 20%). The maximum BTE was for B10, and this value

was 14.14% higher than that of fossil diesel fuel. According to the opinions of researchers

[117, 118, 119], higher BTE could be obtained owing to following reasons: higher oxy-

gen content of biodiesel leading to improved combustion and higher lubricity resulting in

reduced friction loss.

2.7.3.3. Brake Power

Smaller or greater reductions in brake power (BP) were found when pure biodiesel

or biodiesel-diesel blends were utilized in diesel engines [101, 102, 105, 108, 110]. For

instance, Chokri et al. [110] used biodiesel derived from waste vegetable oil in a 8-

cylinder, air cooled, turbocharged, direct-injection diesel engine. They observed around

5% reduction in power for each 10% of biodiesel blend added comparatively to neat

diesel. Özçelik et al. [108] found 4.97% and 14.39% decrease in BP for B7 and B100,

respectively. Researchers explained several causes for the decrease of brake power, such

as lower heating value [101, 108] and higher density [102]. However, few researchers

found increase in BP when using biodiesel-diesel blends with biodiesel fuels of different

origins [117, 118, 119]. For example, Gümüş and Kaşifoğlu [117] used apricot seed

kernel oil biodiesel and its blends with traditional diesel. They found an increase in brake

power with the raise in biodiesel content in blended fuels until the B20 blend. They

argued two reasons for this increase: higher oxygen content leading to better combustion

and higher density resulting in larger mass pumped to the combustion chamber for the
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same fuel volume. Besides, Ong et al. [119] investigated the effects of jatropha curcas

biodiesel fuel on performance and emission parameters in a single-cylinder, water-cooled,

four-stroke, direct-injection compression-ignition engine under different engine speeds.

They observed maximum brake power for B10 at 1900 rpm, and this value was 4.5%

bigger than that of reference diesel fuel. They explained this higher BP value with higher

oxygen content of the biodiesel fuel.

2.7.4. Emission Levels of Biodiesel Fuels

Emissions from diesel engines tend to decrease with the use of biodiesel-diesel

blends [8]. But, emission levels vary from one cylinder to another cylinder and from

one operating condition to another. Also, fuel quality and engine design are the other

parameters which affect the emission levels. Below, a review of emission characteristics

of biodiesel fuels are given. Table 2.3 documents the comparative results of different

studies related with the emission investigation in the literature.

2.7.4.1. Hydrocarbons

The dominant point of view is that HC emissions from diesel engines reduce when

diesel-biodiesel blends are used as fuel [100, 102, 103, 104, 106, 107, 108, 109, 111, 116].

For example, Asokan et al. [116] used juliflora biodiesel in a single-cylinder, water

cooled, direct-injection compression-ignition engine with different blend ratios like 20%,

30%, 40% and 100%. They found approximately 6.6%, 9.1%, 13.2% and 17.4% reduc-

tions in HC emissions compared to fossil diesel fuel. Raman et al. [107] used rape-

seed oil biodiesel, and found greater reductions in HC emissions at maximum brake

power. These reductions were 15.4%, 26.7%, 32.2% and 42.1% for B25, B50, B75 and

B100. Researchers found some important reasons for the decrease in HC emission lev-

els, such as high oxygen content of biodiesel fuels leading to more complete combustion

[100, 102, 106, 107, 108, 116], absence of aromatics in some biodiesel fuels [104, 105]

and higher cetane number resulting in decreased ignition delay thus promoted reaction

timing [8]. Yet, reverse result was observed by Seraç et al. [115]. In the study, different

blends of soybean oil biodiesel and diesel (5% and 20%) were used, and more HC emis-

46



sions were produced with biodiesel compared to diesel fuel in the same power output of

the tested engine. The researchers concluded that the introduction of rich fuel-air mixture

into the engine caused higher HC emissions. Also, Ong et al. [119] found similar re-

sults. Although B10 emitted lower hydrocarbons than diesel, B20, B30 and B50 emitted

higher hydrocarbons than diesel fuel at higher engine speeds. The authors explained this

increase in HC emission levels with the higher viscosity of biodiesel fuel resulting in poor

atomization and combustion at higher speeds.

2.7.4.2. Carbon Monoxide

Greater or smaller decreases in CO emissions were observed for the use of biodiesel

fuels in diesel engines by many researchers [99, 100, 102, 104, 107, 109, 115, 116]. For

example, Raman et al. [107] found 7.6%, 22.7%, 30.4% and 35.4% decrease in CO emis-

sion levels at maximum engine load for B25, B50, B75 and B100, respectively. Authors

concluded that CO emissions decreased due to the higher oxygen content of biodiesel fu-

els. Next, Nabi and Rasul [104] observed 85%, 84% and 87% reduction in CO emissions

for macadamia biodiesel-diesel blend, waste cooking oil biodiesel-diesel blend, and their

triple blend. These researchers also explained the decrease in CO emissions with higher

oxygen content of biodiesel fuels. In addition to this, they explained that the similarity

of decrease levels for 3 different blended fuels were due to the similar oxygen content

of these fuels. Researchers who found similar results with these two studies also agreed

with the importance of oxygen content of biodiesel fuels leading to more complete com-

bustion [100, 102, 115, 117]. Furthermore, Qi et al. [99] argued that less C\H ratio of

biodiesel fuel than diesel fuel might lead to decrease in CO emission. In contrast, several

researchers found no change [106, 111] or increase [103, 105] in CO emission levels.

Patel et al. [103] used three different neat biodiesel fuels derived from waste cooking

oil, jatropha oil and karanja oil. They observed increase in CO emissions, and explained

that higher viscosity of biodiesel fuel led to poorer atomization thus less efficient com-

bustion. Also, they explained that presence of long chain unsaturated fatty acid molecules

in biodiesel fuels negatively affected the atomization hence combustion. Also, Soto et al.

[105] observed rise in CO emissions from biodiesel fuels. They concluded that higher

levels of CO may have been caused by different boiling characteristics of biodiesel fuels

from reference diesel fuel.
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2.7.4.3. Particulate Matters

It is a common conclusion that particulate emissions decrease with the use of

biodiesel fuels in diesel engines instead of traditional diesel fuels [99, 100, 101, 102,

104, 105, 109, 110, 111, 115, 116, 117, 119]. For example, Shrivastava [101] used 2

different biodiesel fuels which are roselle and karanja biodiesel fuels, and their 10% and

20% blends with reference diesel fuel. A reduction in particulate emissions in the range

of 7.9% to 15.8% was observed starting from a lower percentage of biodiesel content in

the blended fuels to neat biodiesel. Namely, increasing the biodiesel percentage in the

fuels decreased the smoke emissions. Next, Ong et al. [119] measured the smoke opacity

for jatropha curcas, ceiba pentandra and calophyllum inophyllum biodiesel fuels. The

most reduction in particulate emissions obtained for 50% biodiesel-diesel blends. The

smoke opacity was found to be 22.88%, 21.46% and 20.57% for calophyllum inophyllum,

ceiba pentandra and jatropha curcas biodiesel blends, respectively while smoke opacity

of diesel was found to be 30.19%. Most researchers agreed that inbuilt oxygen content of

biodiesel fuels decreased the particulate emissions by enhancing the combustion process

[100, 102, 104, 105, 115, 117, 119]. Also, absence of aromatics in biodiesel fuels can

reduce particulate emissions [101, 109]. However, Raman et al. [107] found 5.6% raise

in particulate emissions when 20% biodiesel-diesel blend was used as a fuel, and this

increase grew by up to 10.3% when neat biodiesel was used. Also, Patel et al. [103]

observed increase in smoke emissions with the use of biodiesel fuels. Researchers [103,

107] agreed that inferior atomization as a result of higher viscosity of biodiesel fuels led

to higher particulate emissions.

2.7.4.4. NOx

Many studies showed that NOx emission increases when biodiesel fuels are used

instead of neat diesel fuel [99, 100, 102, 104, 105, 107, 108, 109, 115, 117, 119]. As an

example, Nabi and Rasul [104] reported around 27% higher NOx emission for blended

fuels than neat diesel. Additionally, Raman et al. [107] used rapeseed oil biodiesel and

its blends with fossil diesel in the ratio of 25%, 50% and 75% in a single-cylinder, water-

cooled, four stroke, direct-injection diesel engine. They found higher NOx emissions, and

increase in NOx emissions were found as 14.4%, 21.6%, 28.5% and 32.9% for B25, B50,
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B75 and B100, respectively. Several reasons can be explained for higher NOx emissions

with the use of biodiesel fuels. Firstly, the most dominating one is the oxygen content of

biodiesel fuels leading to two important consequences which are better combustion result-

ing in higher in-cylinder temperatures [99, 107, 108, 109, 115], and presence of excess

oxygen that may react with nitrogen to form NOx [108, 115, 117]. For example, Nirmala

et al. [102] compared diesel fuel and two different biodiesel fuels derived from algal oil

and waste cooking oil. In the study, NOx emission from diesel fuel was the lowest, and

algal oil biodiesel emitted more NOx compared to waste cooking oil biodiesel. They con-

cluded that oxygen content of algal oil biodiesel fuel may have been higher than the other

biodiesel fuel. Next, authors of [104, 109] explained that the presence of long chain fatty

acid molecules increases the level of unsaturation of biodiesel fuels which causes higher

in-cylinder temperatures thus higher NOx emissions. In addition, Ong et al. [119] re-

ported that higher viscosity of biodiesel fuels reduced the injection timings thus increased

the NOx emissions. On the other hand, several researchers [101, 103, 110, 118] found de-

crease in NOx levels with the use of biodiesel fuels, and few researchers [106, 111, 116]

reported comparable NOx levels of biodiesel fuels with traditional diesel fuels. According

to Patel et al. [103] lower calorific value of biodiesel fuels led to lower heat release rates

during pre-mixed combustion phase that decreased the in-cylinder temperatures resulting

in reduction in NOx levels. Also, Shrivastava et al. [101] observed lower in-cylinder tem-

peratures for roselle and karanja biodiesel fuels, and they reported that NOx levels were

lower than reference diesel fuel by around 3.83%, 11.61% and 22.42% for the blends,

B20, B10 and B100, respectively, at maximum load condition.

2.7.5. Spray Characteristics of Biodiesel Fuels

Biodiesel fuels are further investigated in terms of spray characteristics. Spray

tip penetration length, spray cone angle and break-up length are important parameters.

As it is seen in Figure 2.13, spray penetration length is the length between the nozzle

and the farthest point of the spray boundary on the spray axis, and spray cone angle

is the angle between the nozzle tip and two farthest apart points on the spray outline.

Break-up length is the length between the nozzle exit and the point where first droplet

occurs. Many researchers reported the spray tip penetration length by treating the spray as

a whole structure without considering the vapour and liquid phases separately. Also, few
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researchers investigated the penetration lengths of liquid and vapour phases, separately.

Additionally, some researchers measured the break-up lengths of penetrating sprays.

In the followings, the effects of fuel properties on the spray characteristics will

be explained. Besides the fuel properties, fuel injection pressure (FIP), ambient pressure

and ambient temperatures are important parameters that affect the spray behaviour. The

effects of FIP and ambient pressure on spray characteristics can be found in the follow-

ing references [112, 113, 122, 123, 128, 133, 135]. In addition, references [132, 134]

explained the effects of ambient temperature on spray characteristics.

2.7.5.1. Spray Penetration Length

Firstly, according to most researchers [113, 122, 123, 124, 126, 128, 129, 131,

135], spray penetration length increases with the use of biodiesel fuel instead of tradi-

tional diesel fuel. For instance, Lee et al. [122] investigated the effects of various blend

ratios (40%, 60% and 100%) of biodiesel fuel derived from karanja oil on spray character-

istics in a constant volume combustion chamber (CVCC). They reported increased spray

penetration lengths for biodiesel fuels compared to traditional diesel fuel. Also, rising the

biodiesel percentage in blended fuels extended the spray penetration lengths. Next, Agar-

wal et al. [126] studied the spray characteristics of karanja and jatropha biodiesel fuels,

and their blends with diesel fuel in the ratio of 5%, 20% and 100% in a CVCC. They

measured the spray tip penetration length for reference diesel fuel as 9.91 cm. Spray pen-

etration lengths of karanja biodiesel and its blends were 10.15 cm, 10.87 cm and 12.19 cm

for B5, B20 and B100, respectively. And, spray penetration lengths of jatropha biodiesel

and its blends were 9.98 cm, 10.37 cm and 11.11 cm for B5, B20 and B100, respectively.

Namely, biodiesel fuels penetrated longer than diesel fuel. Again, increasing the biodiesel

percentage in blended fuels raised the spray penetration lengths. Next, Subramanian and

Lahane [124] numerically predicted the spray characteristics by several models. First,

they produced karanja biodiesel, and blended with conventional diesel fuel in the ratio

of 10% and 20%. Then, they measured the injection and combustion characteristics in

a four-stroke, air-cooled, single-cylinder, direct-injection diesel engine. Measured injec-

tion and combustion characteristics which were injection duration, in-line fuel pressure

and in-cylinder pressure were used as inputs to the models. The numerical study was

performed to obtain the spray characteristics of the biodiesel fuel against crank angle of
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the engine for partial (75%) load and full load. As a result of the numerical study, they

found that spray penetration lengths of blended fuels were respectively 4.3% and 2.64%

higher for B10, and B20 than that of the reference diesel fuel. Various reasons can be

shown for the increase in spray penetration lengths with biodiesel fuels, such as larger

density [122, 128, 131], greater viscosity [113, 123, 126, 128] and higher surface tension

[113, 123, 128] values of biodiesel fuels. Higher surface tension and viscosity of biodiesel

fuels can help spray resist deformation thus retard the spray break-up, leading to increased

penetration lengths [113, 128]. Also, droplets of biodiesel fuels can have bigger kinetic

energies due to their bigger densities, leading to longer penetrations [128]. In addition,

lower viscosity of diesel fuel compared to biodiesel fuel results in increased exit veloc-

ity from the injector nozzle which enhances fuel atomization thence reduces penetration

lengths [123, 126].

Secondly, several researchers found similar spray penetration lengths for biodiesel

and diesel fuels [112, 125, 127, 130]. For example, Patel et al. [125] investigated the

spray characteristics of different biodiesel fuels derived from waste cooking oil, jatropha

oil and karanja oil in an optical single-cylinder diesel engine. They found no significant

differences in spray penetration lengths of all fuels at FIPs of 40, 80 and 120 MPa. Similar

result was found by Y. Lin and H. Lin [130] for waste cooking oil biodiesel in a constant

volume combustion chamber.

On the other hand, Xie et al. [133] found decrease in spray penetration length of

biodiesel fuel compared to reference diesel fuel. They used drainage oil biodiesel with

different blend ratios (20%, 50%, 80% and 100%), and examined the spray characteristics

of these fuels in a CVCC. They found that increasing the blend ratio of biodiesel fuel

decreased the spray tip penetration length compared to that of conventional diesel fuel.

They explained short penetration lengths of neat biodiesel and blended fuels with the

higher viscosity and surface tension of biodiesel fuel than those of diesel fuel, which

enhanced the friction between the fuel and the injector nozzle thence reduce the exit

velocity.

Furthermore, several studies investigated the liquid and vapour penetration lengths

separately [114, 121, 132, 134]. For example, Mancaruso et al. [121] investigated pure

rapeseed oil biodiesel and its blend (50%) with diesel in an optical single-cylinder diesel

engine. They observed higher liquid penetrations for biodiesel fuels. Even in low speeds

wall impingement was observed when using biodiesel fuel. They explained this situation

with lower volatility of biodiesel fuel than diesel fuel leading to late start of vaporization
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process. However, they found no significant differences in vapour phase penetration for

all fuels. Similar results were found by Nerva et al. [134]. They compared the spray char-

acteristics of soy biodiesel fuel with conventional diesel fuel in a CVCC. They observed

faster liquid penetrations for biodiesel fuel, similar vapour penetration lengths for both

fuels. They explained that higher liquid penetrations for biodiesel fuels were possible by

having higher spray momentums. Besides, Kuti et al. [114] and Hwang et al. [132] also

observed higher liquid penetration lengths for biodiesel fuels.

2.7.5.2. Spray Cone Angle

Many researchers [113, 121, 122, 123, 128, 129, 132, 133, 135, 136] observed

significant or slight reductions in spray cone angle for biodiesel fuel sprays. For example,

Mohan et al. [123] investigated the spray characteristics of waste cooking oil biodiesel

and its blend with conventional diesel fuel in the ratio of 20% in a CVCC. They observed

narrower spray shapes thus smaller spray cone angles for biodiesel fuels. Also, they

explained that pure biodiesel fuel showed darker spray images than those of diesel fuel

due to weak light scattering from neat biodiesel spray. This was because of the poor

atomization of biodiesel fuel. Next, Yu et al. [113] experimentally studied the diesel and

biodiesl spray characteristics emerging from equilateral triangular orifice. They found

significantly smaller spray angles for biodiesel fuel under all experimental conditions.

Particularly, they found that average spray cone angle for biodiesel fuel was 20.8% smaller

than that of diesel fuel at 1 ms after SOI, under the backpressure of 3 MPa, and the

injection pressure of 90 MPa. Researchers, who have conducted different studies and

concluded that the spray angle for biodiesel is reduced, brought several reasons for this

situation such as greater viscosity [113, 123, 128, 132, 133, 135, 136], higher surface

tension [113, 128, 133, 135, 136] and bigger density [121, 132, 136] values of biodiesel

fuels resulting in poor atomization, and higher evaporating temperature leading to reduced

evaporation of biodiesel fuel spray [132].

Secondly, several researchers found similar values for spray cone angles of both

biodiesel and diesel fuels [112, 127, 130, 131]. For example, Patel et al. [112] examined

the spray characteristis of jatropha biodiesel fuel in a CVCC. They found no distinct

difference in spray cone angles of biodiesel and reference diesel fuels, particularly at

higher ambient pressures (10 bar and 20 bar).
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However, few researchers found increase in spray cone angle when using biodiesel

fuel instead of traditional diesel fuel [124, 125, 126]. For instance, Subramanian and La-

hane [124] numerically predicted the spray cone angle for the blends of karanja biodiesel

and diesel in the ratio of 10% and 20% under engine-like simulations. Although spray

cone angle for the blended fuels was smaller than that of reference diesel fuel before

TDC, it was larger than reference diesel at TDC. They explained that the possible reason

for this was charge density which was directly related with the in-cylinder pressure. They

showed that the increasing and reducing trend of spray angle followed as in-cylinder pres-

sure pattern. Next, Agarwal et al. [126] investigated the spray angles of karanja biodiesel

fuel in comparison with fossil diesel fuel. They found that spray angles were 19.30°and

20.98°for diesel and biodiesel fuel, respectively. They explained that this incrase might

be basically due to the resistance of air to the incoming fuel droplets.

2.7.5.3. Spray Break-up Length

Few researchers measured the break-up length for biodiesel fuels in comparison

to that of traditional diesel fuel [124, 131, 136]. For example, Lahane and Subramanian

[136] calculated the spray break-up lengths for karanja biodiesel fuel and their blends

(for blend ratios of 5%, 10%, 15%, 20%, 25% and 50%) with diesel fuel. They found

that break-up lengths of neat biodiesel and diesel fuels were 13.9 mm, and 13.5 mm at

the rated load. Also, increasing the biodiesel percentage in the blended fuels increased

the break-up length. They explained that this increase caused by the higher density of

biodiesel fuel. In addition, Mancaruso et al. [131] calculated the break-up times for

diesel and biodiesel fuels from Hiroyasu, and Siebers correlations at 1500 rpm engine

speed. Break-up times were calculated by Hiroyasu model as 143.7 µs and 146 µs for

diesel and neat biodiesel, respectively. Namely, break-up occured later for biodiesel fuel.

In addition, they compared the calculations with the experimental data by examining the

spray images in detail, and reported that the data obtained from experiments showed a

good agreement with the data obtained from theoretical calculations. That means the

experiments also showed that spray break-up occured later for biodiesel fuel. As a result

of the study, they explained that the increase in break-up time for biodiesel fuel was

related with the higher boiling point of biodiesel than that of diesel fuel, which affected

the evaporation process.
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2.7.6. Comparison of Methyl Ester and Ethyl Ester

Limited amount of studies are available for ethyl ester type biodiesel fuels com-

pared to methyl ester type biodiesel fuels in terms of combustion, performance and emis-

sion characteristics. According to many researchers [137, 138, 139, 140, 141, 142, 143,

144], combustion, performance and emission characteristics of ethyl esters are compara-

ble with those of methyl esters. Namely, researchers found similar results or very little

differences for both ethyl esters and methyl esters based on the same feed stock. Table

2.5 shows the studies which investigate the performance, emission and combustion char-

acteristics of ethyl esters, and compares these characteristics with those of methyl esters.

Furthermore, physical and chemical properties of both fuels are compared in the table to

create a better understanding.

For example, Sanli et al. [137] investigated the performance, combustion and

emission characteristics of methyl ester and ethyl ester derived from waste frying oil in

a six-cylinder, four stroke, water cooled, turbocharged, direct injection diesel engine.

Firstly, when the physical and chemical properties of fuels are compared, it would be

seen that these properties are very similar with small differences. Density of ethyl ester

is 0.1% smaller than that of methyl ester. Viscosity, calorific value and cetane number of

ethyl ester are 8.8%, 0.58% and 2.5% are higher than those of methyl ester, respectively.

Secondly, they compared the performance characteristics of these fuels in terms of BSFC

and BTE. On average, ethyl ester performed 2.38% decrease in BSFC, and 1.98% increase

in BTE. They explained that this difference was caused by the relatively higher calorific

value of ethyl ester. Next, they investigated the combustion characteristics of ethyl ester

in terms of in-cylinder pressure in comparison with that of methyl ester. They found very

close values for both types of fuels. They realized that combustion of methyl ester started

slightly earlier than that of ethyl ester. Authors of the article explained that this situation

might be a result of relatively high cetane number of methyl ester over ethyl ester. Finally,

they compared these fuels in terms of exhaust emission characteristics. On average, ethyl

ester emitted 8% less CO and 12.74% less HC than methyl ester. NOx emissions were

very close to each other for both fuels. Authors explained that less CO emissions of ethyl

ester caused by more calorific value of ethyl ester resulted in higher air-fuel ratios for

ethyl ester type of biodiesel fuel. As a conslusion to this study, ethyl ester had slightly

better results in terms of performance and combustion characteristics when compared to

those of methyl ester.
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Besides, Alptekin et al. [138] compared the performance and combustion charac-

teristics of ethyl ester and methyl ester derived from waste frying oil. Fuels had similar

physical and chemical properties with small distinctions. They found comparable BSFC

and BTE values for both fuels. The average difference between ethyl ester and methyl

ester in terms of BTE and BSFC was lower than 1.2% and 1%, respectively. Besides,

they found comparable maximum cylinder pressures for ethyl ester and methyl ester. Nu-

merically, maximum cylinder pressures of ethyl ester and methyl ester were 3.6% and 3%

higher than that of reference diesel fuel. Additionally, there was a relative difference in

heat release rates of these fuels, and this difference was around 2%.

Moreover, Gautam et al. [139] investigated the combustion, performance, emis-

sion characteristics of methyl ester and ethyl ester derived from jatropha oil and their

blends with traditional diesel fuel in the ratio of 5%, 10%, 20% and 30% in a single-

cylinder, direct injection compression ignition engine under variable loads. First of all,

ethyl ester had 1% less density, 5.3% more viscosity and 0.8% more calorific value com-

pared to methyl ester. They found that ethyl ester and methyl ester performed comparable

combustion property, and that the optimum blend ratio was 20%. BSFC values of B20 of

methyl ester and ethyl ester were 9.8% and 8.6% lower than that of diesel fuel, respec-

tively. BTE values of B20 of methyl ester and ethyl ester were 11% and 9.3% higher than

that of diesel fuel, respectively. Besides, NOx, CO, HC and PM emissions were very close

to each other for both ethyl and methyl esters.

These three studies and references [140, 141, 142, 143, 144] showed that there

were no significant differences in combustion, performance and emission characteristics

of ethyl esters and methyl esters. Researchers suggested that both ethyl ester and methyl

ester can be alternative fuels for fossil diesel fuel.

Moreover, there is no published research available in the literature while this study

is being conducted, which compares the spray characteristics of ethyl ester type biodiesel

fuels with those of methyl ester type biodiesel fuels. Considering the importance of spray

investigation, this gap in the literature is a necessary topic to be pointed out.
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CHAPTER 3

EXPERIMENTAL DESIGN AND METHODOLOGY

3.1. Biodiesel Production

In this study, biodiesel fuels were produced through transesterification process.

Biodiesel production will be explained in two steps. Firstly, theory of transesterification

will be explained briefly. Then, methodology of biodiesel production utilized in the study

will be expressed.

3.1.1. Theory of Transesterification

Transesterification is the process of converting a carboxylic acid ester into a differ-

ent carboxylic acid ester. In the most common method, the reaction of ester occurs with

an alcohol such as methanol, ethanol, etc. in the presence of a catalyst such as alkaline

metal hydroxides, acids, carbonates, etc. For the production of biodiesel, relevant lipids

from vegetable oil are triacylglycerols (TAGs) and free fatty acids (FFAs) [145]. In the

stoichiometric reaction, 1 mol of a TAG reacts with 3 mol of alcohol. Whereas, excess

amount of alcohol is generally used in order to increase the biodiesel yield [146]. Figure

3.1 shows the stoichiometric reaction of transesterification of vegetable oils for biodiesel

production. As a result of the reaction, biodiesel is obtained as the main product, and

glycerol is obtained as a by-product.

Figure 3.1. Transesterification of vegetable oils [145].
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Figure 3.2. Mechanism of the base-catalyzed transesterification of vegetable oils
[146]. (B indicates the base catalyst.)

In the production process of biodiesel fuels used in this study, KOH, which is

base, was used as the catalyst. Therefore, the reaction mechanism of the base-catalyzed

transesterification of vegetable oils is explained in the followings, see Figure 3.2. This

reaction mechanism is valid for any alcohol to be used.

In the first step (Figure 3.2a), base catalyst reacts with the alcohol, and protonated

catalyst and an alkoxide are produced. In the second step (Figure 3.2b), a tetrahedral

intermediate occurs by the nucleophilic attack of the alkoxide at the carbonyl group of the

triglyceride, where the corresponding anion of the diglyceride and alkyl ester are formed

(Figure 3.2c). The latter cleans the catalyst from the proton, producing active species that

can now react with a second alcohol molecule (Figure 3.2d), thereby initiating another

catalytic cycle. Diglycerides and monoglycerides which are obtained before are converted

into a mixture of alkyl esters and glycerol by the same mechanism [146].

At the end of the transesterification process, the by-product glycerol must be re-

moved from the biodiesel-glycerol mixture. Additionally, biodiesel must be purified to

improve its quality by removing excess contaminants such as alcohol, catalyst etc., and

impurities such as soap, wax etc. [147]. In conventional transesterification process, purifi-

cation method is called as washing process. Wet washing is the most widespread method
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for purification of biodiesel fuels [148]. In wet washing, water which has a potential to

supply a means for addition of acid in order to neutralize the unreacted alkali catalyst

is used. Wet washing process can simply remove the salt products formed during the

transesterification process.

3.1.2. Procedures for Biodiesel Production

Biodiesel fuels were produced in Renewable Energy and Hydrogen Research Lab-

oratory of the Department of Chemical Engineering in Izmir Institute of Technology.

In this section, procedures utilized in the study to produce biodiesel fuels will be

explained. Before the production of biodiesel, some calculations were needed to obtain

the required amount of alcohol and catalyst to be used. These calculations and some

important properties like chemical formula, density, molecular weight of alcohols and

vegetable oils used in the study are given in Appendix A.

First of all, it is needed to provide some information regarding the process condi-

tions for the production of biodiesel. For methyl ester production, molar ratio of methanol

to lipid was 6, and 1 wt% KOH was used as the catalyst. For ethyl ester production, molar

ratio of ethanol to lipid was 24, and 0.1 wt% KOH was used as the catalyst. The reaction

time was 240 minutes. The reaction temperature was 50 °C. Besides, all reactions were

carried out using a magnetic stirrer with a thermometer as shown in Figure 3.3.

Apart from the alcohol and catalyst ratios used, the method used for the production

of both methyl ester and ethyl ester was not changed. Therefore, both methanol and

ethanol will basically be referred to as alcohol during explaining the biodiesel production

method. Firstly, catalyst which was KOH was added to alcohol at room conditions. Then,

the solution started to be stirred at 1100 rpm, and its temperature was increased to 50

°C. At the same time, vegetable oil was heated up to 50 °C. After the temperature of

alcohol-catalyst solution reached 50 °C, this solution was stirred at 1100 rpm for a further

10 minutes. In the next step, vegetable oil at 50 °C was added into the alcohol-catalyst

solution at 50 °C, and this mixture was stirred at 1100 rpm for 240 minutes. After the

reaction, the mixture was waited until formed glycerol precipitation completed. Then,

biodiesel was separated from the glycerol.

After obtaining the biodiesel, washing step was applied to improve the biodiesel

quality. 5 vol% acetic acid solution in water was prepared, and pH of acetic acid solution
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Figure 3.3. Biodiesel production process in the laboratory.

was measured. Then, 1/3 vol% acetic acid solution was added into the biodiesel so that the

ratio of acetic acid solution and biodiesel to be washed was 1/3 in volume. Next, this mix-

ture was stirred at 500 rpm for 60 minutes. After 60 minutes, water was separated from

biodiesel. These steps were repeated until pH of acetic acid solution in water removed

from biodiesel washed was the same as the bulk acetic acid solution. After reaching the

required pH value, the washing process was finished. In the next step, samples were dried

at 75 °C at vacuum for 24 hours in order to remove remaining water molecules. Finally,

biodiesel fuel was prepared for use.

3.2. Fuel Properties

Four methyl ester samples were prepared from corn oil, canola oil, sunflower oil

and cotton oil; two ethyl ester samples were prepared from corn oil and sunflower oil; and

fossil diesel fuel was used as a reference fuel. Methyl esters are referred to as CORME,

CANME, SUNME and COTME due to their feed stocks which were corn oil, canola oil,
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sunflower oil and cotton oil, respectively. Ethyl esters are named as COREE and SUNEE

due to their feed stocks which were corn oil and sunflower oil, respectively. Before giving

the properties of the fuels, density, viscosity and contact angle measurement methods

utilized will be explained.

The densities of fuels were measured by using a calibrated pycnometer. The full

volume of the pycnometer is 25.066 ml, and it is calibrated with 0.001 ml sensitivity with

its lid. Now, it will be explained how the densities of the fuels were measured. Firstly,

temperature of fuels brought to room temperature. Secondly, the mass of the empty py-

cnometer was weighed on a precision scales. Thirdly, first fuel was added into the py-

cnometer. After that, the lid of the pycnometer was closed, and excess fuel overflowed.

Then, the outer surface of the pycnometer was cleaned with acetone from excess fuel.

Next, the mass of the pycnometer which was filled with a fuel was weighed 10 times,

and the mass of empty pycnometer was subtracted from the average mass of fuelled py-

cnometer thus the mass of the fuel in the pycnometer was found. Finally, the density of

the first fuel was found by dividing the mass of the fuel by the volume of the pycnometer.

After calculating the density of first fuel, pycnometer was drained, and was cleaned with

acetone in order to ensure that the density of another fuel could be measured accurately.

These steps were repeated for all fuels.

Besides, the viscosities of the fuels were measured using AR 2000ex rheometer,

which is developed by TA Instruments. Table 3.1 shows some properties of the rheome-

ter. The rheometer was used in controlled rate mode. The angular velocity of the rotating

plate in the rheometer was given to the system as 10.5 rad/s, and the temperatures of the

plates were adjusted so that the temperature of the fuel was 40 °C. Additionally, 1 data

was received in 5 seconds, and 60 data were obtained for each experiment in total.

Table 3.1. Properties of the rheometer used in this study. (Data source: [149]).

Property Value
Minimum Torque Oscillation 0.03 µN.m

Minimum Torque Steady 0.05 µN.m
Maximum Torque 200 mN.m
Torque Resolution 1 nN.m

Angular Velocity Range 0 to 300 rad/s
Step Change in Velocity 25 ms

Concentric Cylinder -20 to 150 °C
Upper Heated Plate -30 to 150 °C

Electrically Heated Plate -80 to 400 °C
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Table 3.2. Properties of the optical tensiometer used in this study. (Data source: [150]).

Property Value
Contact Angle Measurement Range 0°-180°

Contact Angle Measurement Sensitivity ± 0.1°
Surface Tension Measurement Range 0.01 - 2000 mN/m

Surface Tension Measurement Accuracy ± 0.01 mN/m
Maximum Resolution 1984 x 1264 pixels

Maximum Measurement Speed 3009 fps

Moreover, the contact angles of all fuels were measured to predict the surface

tension effects. They were measured by using Theta Optical Tensiometer that is developed

by Attension. Table 3.2 shows some properties of the optical tensiometer. In addition,

glass was used as the solid material to obtain the contact angles. Each fuel were tested

three times at 25°, and values were calculated by taking the average of 3 experiments.

Table 3.3 shows the viscosity, density and contact angle values of the tested fu-

els. Diesel fuel has the lowest viscosity, density and contact angle values. Although

all biodiesel fuels have higher density, viscosity and contact angle values than the fossil

diesel fuel, they differ among themselves. When the biodiesel fuels produced from the

same feed stocks are compared, the densities and contact angles of the ethyl esters are

lower, and their viscosities are higher compared to those of methyl esters. For example,

SUNEE has 1.7% lower density, 2.8% reduced contact angle and 13.2% higher viscosity

than those of SUNME. Density, contact angle and viscosity values of COREE are 1.1%

and 2.3% lower and 14.4% higher than those of CORME, respectively.

Table 3.3. Properties of the fuels tested in this study.

Test Fuel Viscosity (mm2/s) Density (kg/m3) Contact Angle (°)
Diesel 3.07 829.55 14.71

Corn Oil Methyl Ester (CORME) 5.83 883.26 20.46
Sunflower Oil Methyl Ester (SUNME) 5.17 880.83 20.34

Canola Oil Methyl Ester (CANME) 5.12 873.50 20.16
Cotton Oil Methyl Ester (COTME) 4.24 884.01 20.23

Corn Oil Ethyl Ester (COREE) 6.67 873.69 19.98
Sunflower Oil Ethyl Ester (SUNEE) 5.85 865.71 19.78

Note: Viscosity values were obtained at 40 °C. Density and contact angle values were
measured at 25 °C. Contact angle of all fuels were with glass.
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3.3. Experimental Setup

Spray measurement of biodiesel fuels were performed in a constant volume com-

bustion chamber allowing optical visualization. In this test rig, spray properties and flame

lift-off length of fuels can be obtained. However, only spray measurement was performed

with the fuels. The test rig is located in Internal Combustion Engines Research Laboratory

in the Department of Mechanical Engineering at Izmir Institute of Technology.

A picture of the test rig is shown in Figure 3.4, and a schematic sketch of the ex-

perimental setup is shown in Figure 3.5. The experimental setup consists of eight different

subsystems with different functions. These eight subsystems are constant volume com-

bustion chamber, gas filling system, fuel injection system, optical system, control system,

ignition system, heating system and exhaust system. But, two subsystems are not used

for spray measurement. Ignition system is not utilized because there is no combustion in

the experiments. Heating system is not employed because experiments were performed

at room temperature. In the followings, each subsystem will be explained briefly.

Figure 3.4. Test rig.

63



Fi
gu

re
3.

5.
Sc

he
m

at
ic

sk
et

ch
of

th
e

ex
pe

ri
m

en
ta

ls
et

up
.

64



3.3.1. Constant Volume Combustion Chamber

Constant volume combustion chamber (CVCC) is a useful tool to simulate an

engine-like environment in order to obtain the spray characteristics of any fuel or flame

lift-off length with any injector. Chamber can be filled with different gases to simulate an

engine-like condition. Besides, CVCC has optical windows allowing the spray or flame

visualization via various optical techniques.

Figure 3.6. (a) Side view of CVCC and (b) its connection slots. (2, 8: spark plugs, 5:
thermocouple, 6, 7: pressure sensors, 1, 4: substitute connection slots).

Figure 3.6 shows a side view of CVCC utilized in the experiments and its connec-

tion slots. 6 gaps with their lids are available on each surface of the chamber. Each one has

diameter of 105 mm. 1 gap is used for gas filling and discharging. 2 of them have optical

windows for spray visualization. 1 of the gaps are utilized to insert injectors to the cham-

ber. The remaining 2 gaps are not in use, and they are reserved for future use if needed.

Furthermore, main body of the chamber has 8 threaded connection slots which are lo-

cated on corners, see Figure 3.6b. NPT type threads were threaded for these connection

slots thus the connection of auxiliary equipment to the main body can be provided with

swagelok fittings and stainless pipes. Thermocouples, spark plugs and pressure sensors

can be mounted on these slots.

The chamber was designed to perform tests with up to beginning pressure of 20 bar

and beginning temperature of 450 K. It was made of single piece stainless steel. The main

goal of using stainless steel is its hardness, durability and tending not to react chemically
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with chemicals to be used. It was produced by casting. Thus, weaknesses that may arise

due to welding and improper assembling were prevented. Moreover, the chamber is cube

shaped. Each edge of the chamber is length of 250 mm, and total internal volume is 2.05

liters.

2 quartz windows whose diameters and thicknesses are respectively 120 mm and

30 mm are located on two opposing surfaces of the chamber by using flanges. Windows

have high light transmittance in the visible spectrum. Besides, it is not proper for a quartz

window to contact with metal surfaces at high temperatures due to its physical properties.

Therefore, viton gaskets are placed between quartz windows and metal surfaces, and be-

tween windows and flanges thus any possibility for cracking on windows. Additionally,

flanges were made of stainless steel, and they are used to fasten the windows on the main

body. Also, they compress the gaskets between windows and the main body. Figure 3.7

shows a flange which is utilized in the test rig.

Figure 3.7. Flange and quartz window.

Furthermore, Figure 3.8 shows the schematic sketch of the constant volume com-

bustion chamber as open shape. In this figure, all components of the CVCC are shown in

assembly order.
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Figure 3.8. CVCC as open shape.

3.3.2. Fuel Injection System

Fuel injection system consists of fuel tank, low pressure pump, high pressure

pump, common rail, injector, fuel pipes and hoses. Working principle of a common

rail injection system were already explained in Section 2.5.1. In the followings, some

information about the equipment used in the injection system will be given.

Fuel pump, which is shown in Figure 3.9, is run by an electric motor whose power

is 2.2 kW. Fuel pump gets fuel from the fuel tank, and transfers it to the injector through

a common rail whose pressure can achieve up to 2200 bar. Fuel pressure is controlled by

two different valves which are volume control valve (VCV) and pressure control valve

(PCV). VCV is at the inlet of the fuel pump, and PCV is located at the left side of the

common rail. These valves are controlled by pulse-width modulation (PWM), signal

amplifier and a data acquisition card.
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Figure 3.9. Fuel pump and electric motor.

PCV is used to keep the pressure of the fuel in required pressure range. The main

reason for focusing on PCV more than VCV is that only one spray is done for each test.

Namely, serial sprays are not performed. Therefore, required pressure is adjusted with the

PCV while the VCV is run to supply the minimum fuel volume flow rate. The pressure

of fuel in the common rail is measured with the pressure sensor which is located at the

right side of the common rail. Figure 3.10 shows the common rail with pressure sensor

and pressure control valve.

Figure 3.10. Common rail.
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Figure 3.11. Motor drivers.

Pulse-width modulated signal is transmitted to valves on the fuel pump from a

data acquisition (DAQ) card. Working frequencies of the valves are specified as 400 Hz.

There are two valves on the fuel pump, and each one is run by a motor driver which can

be able to amplify signal coming from a DAQ card. Thanks to these devices, the signal

can be amplified to the required levels with minimal distortion. These motor drives are

shown in Figure 3.11.

Moreover, temperatures of the fuels used in the experimental system reach high

values. For this reason the fuel tank was built to have a volume of 10 liters, and it was

made of stainless steel. Thus, cooling of the fuels between the tests was provided quickly

during the experiments. When necessary, a heat exchanger and a cooling fan can be uti-

lized. Besides, all pipes and hoses are selected to withstand long-term fuel transportation,

high pressure and high temperature so that the fuel injection system can withstand these

factors. Figure 3.12 shows the fuel tank and fuel hoses connected to the fuel tank. All

hoses are connected to the fuel tank with the help of clamps which provide sealing. The

clamps are tightened in such a way that fuel does not leak from the hoses, and at the same

time slits do not form on the hoses.

In the experiments, a piezoelectric injector was used. Figure 3.13 demonstrates

the injector that was utilized during the tests. Injector had eight holes for injection on

its tip. However, seven holes were closed by laser welding. One hole was left open so

69



Figure 3.12. Fuel tank and fuel hoses.

that only one required spray formation could be observed. Besides, the injector is run

with an injector driver which is shown in Figure 3.14a. A vibration signal is sent to the

injector driver from DAQ card then injector is triggered, and fuel injection takes place. In

tests, a DC 5 V signal was sent to the injector driver for 1 ms. Injection duration can be

adjusted to different periods. However, the injection duration was kept constant at 1 ms

in the experiments. Figure 3.14b demonstrates the signal coming from the DAQ card to

the injector driver.

Figure 3.13. Piezoelectric injector used in the study.
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Figure 3.14. (a) Injector driver and (b) signal to the injector.

The gap on the left-hand side of the combustion chamber is reserved for inserting

the injector. The tip of the injector is placed inside the combustion chamber at a 45° angle

with the horizontal axis of the chamber. Thus, a longer area is provided for penetration of

the spray. Figure 3.15 demonstrates how injector is connected to the combustion chamber.

A metal plate through which 2 screws pass is used to fix the injector. Also, in this way,

the gas inlet and outlet is prevented from the hole the injector enters.

Figure 3.15. Connection of injector to the chamber
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3.3.3. Gas Filling System

The purpose of the gas filling system is to supply necessary gases for experiments.

For pre-combustion process, four different gases are used to be sent into the combustion

chamber, which are acetylene, oxygen, argon and nitrogen. Pre-combustion technique

was already explained in Section 2.6. However, there was no combustion experiment in

this study. Thus, three gases which were oxygen, argon and nitrogen could be utilized. Of

these gases, only nitrogen was used. Because the aim was just to adjust the room pressure,

and nitrogen was unlikely to react with fuel. Also, it was easier to control the valve of

nitrogen than controlling the valves of other gases, and not dealing with the adjustment of

different gases saved time.

Figure 3.16. Schematic sketch of gas filling system.

Gas filling system is demonstrated schematically in Figure 3.16. In this system,

each gas is supplied to the system from industrial pressurized gas cylinders which are

shown in Figure 3.17. Pressure regulators were connected to each cylinder to adjust the

pressure. As acetylene is flammable, and oxygen is burner, double stage flame arresters

were placed after pressure regulators of acetylene and oxygen cylinders. When it comes

to a situation such as flame recoil, these valves are used as an explosion preventer by

preventing this flame from reaching these gas cylinders. Next, all gases are sent to pro-

portional valves through flexible hoses after pressure regulators. After each proportional
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Figure 3.17. Gas cylinders.

Figure 3.18. Proportional valves.
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valve, check valves were mounted to the system to prevent gases from returning from the

combustion chamber. Then, gas paths from the four different cylinders were connected to

a single pipe, which goes to the combustion chamber, through various fittings. After this

connection, a check valve which can overcome high pressures was mounted to prevent

the gas from entering the feed line with high pressures that might occur during the ex-

periments. Then, a piezoresistive pressure sensor (Kistler 4075A50V200S, up to 50 bar)

was assembled to control the proportional valves during gas filling process. As a last step,

after this pressure sensor, an on-off valve was connected to seal the combustion chamber

before the experiments when the gas filling process was completed. In addition, all pipes

assembled in the gas filling system are 316 stainless steel pipes of Swagelok Company,

which have outer diameter of 6 mm and thickness of 1.5 mm.

2 different proportional valves are utilized in the gas filling system, see Figure

3.18. Bürkert Type 2873 direct acting solenoid control valve (capable of operating at

pressure differences up to 16 bar) is used for acetylene, argon and oxygen gases while

Bürkert Type 2875 direct acting solenoid control valve (capable of operating at pressure

differences up to 20 bar) is used for nitrogen gas. These valves are controlled by Bürkert

Digital Control Electronics Type 8605. These controllers help control system control the

valves by creating pulse width modulation according to the incoming control signal from

DAQ card in order to open the gate of proportional valves at the desired rate. The control

signals generated from the proportional-integral-derivative (PID) control code prepared

in the Labview software are sent to these controllers, and the desired amount of gas can

be filled into the combustion chamber.

3.3.4. Heating System

Heating system keeps temperature of the body of the combustion chamber con-

stant. The main reason is to create similar engine-like conditions inside the combustion

chamber, and to reduce the heat transfer from the combustion chamber to the environment

during the experiments. Besides, another reason for the installation of the heating system

is to prevent the possible condensation of water that may occur after the pre-combustion

process on the interior surfaces and windows.

Heating system consists of 12 cartridge heater, a type K thermocouple and a tem-

perature control device. Each heater has a power of 125 W and a diameter of 9 mm.
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Besides, the heaters were mounted in holes drilled with equal intervals on the body of the

combustion chamber.

Temperature control device utilizes a PID control system which provides a more

balanced and efficient control compared to on-off temperature control systems. The main

reasons for choosing a PID control in the test system are to reach the target temperature

without exceeding it, to keep the temperature at the desired value with minimal fluctua-

tion, and to consume less electricity. PID coefficients are mainly related with power of

heaters, beginning temperature of the combustion chamber, ambient temperature, mate-

rial of the chamber and weight of the chamber. It is so hard to find correct coefficients by

calculating them under specified conditions hence the ability of the temperature controller

device to automatically determine the PID coefficients is used.

3.3.5. Ignition System

The purpose of the ignition system is to start the pre-combustion process by ignit-

ing air-acetylene mixture. Although ignition system is not employed during spray mea-

surements, very little information will be given in the followings in order to explain what

this system does in the test rig, and how it works.

Spark plugs are the main components of the ignition system. Figure 3.19 shows

a spark plug which is used in the test rig. The system has M12 x 1.25 iridium BOSCH

spark plugs, and these spark plugs are triggered by Magnet-Marelli ignition coils. The

spark plugs start the combustion process of the acetylene-air mixture inside the com-

bustion chamber. The system has two spark plugs, and these spark plugs are located at

opposite corners in the combustion chamber. The reason for using two spark plugs is that

combustion is tried to be provided homogeneously.

Figure 3.19. Spark plug mounted in the test rig.
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Normally, injection timing is determined by engine control unit in automobiles.

In this experimental setup, the delay time of the start of spray process, which follows the

pre-combustion process, is determined according to the moment of ignition. Like other

subsystems, the ignition system is controlled by the DAQ device.

3.3.6. Exhaust System

An exhaust system was installed to expel the excess gas and fuel vapor remaining

in the combustion chamber at the end of the experiments. A schematic sketch of the

exhaust system is demonstrated in Figure 3.20a.

(a) Schematic sketch of exhaust system. (b) Vacuum pump.

Figure 3.20. Exhaust system.

A high pressure resistant needle valve was installed at the outlet of the combustion

chamber. This valve is opened to empty the combustion chamber, and waste gases and fuel

vapour are drawn out of the combustion chamber by using a vacuum pump with a power

of 0.75 kW. The vacuum pump is shown in Figure 3.20b. Besides, a piezoresistive static

pressure sensor mounted before the vacuum pump is used to measure vacuum pressure.

3.3.7. Optical System

Optical system, which is used to visualize the spray process, is so important that

spray data is obtained by it. The optical system was installed according to the shadow-
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Figure 3.21. Optical system.

graph method. Because, this method can directly detect liquid phase of the spray, and it

is simple. A schematic sketch of the optical system and installed system are shown in

Figures 3.5 and 3.21, respectively.

Briefly speaking of the shadowgraph technique used in this experimental system,

this method needs mainly a light source, an off-axis parabolic mirror, lens and a high-

speed camera. The reason for using a high speed camera is to capture the events that

cannot be captured by standard cameras, which have standard frame rate, with instant

details. Firstly, light is produced from a point light source, and goes to the mirror through

a diaphragm. Diaphragm is used to adjust the intensity of light from the light source.

In other words, the diaphragm determines the conical angle of the incoming light beam.

In addition, an off-axis parabolic mirror is able to send the light beam coming in one

direction to another direction. Next, the light reflected from the mirror passes through the

combustion chamber, and focuses on a point with the help of a convex lens. Then, camera

captures the image. The successive images are recorded in the camera as a video.

In optical system of the experimental setup, there are 7 components which are

light source, diaphragm, off-axis parabolic mirror, mirror mount, convex lens, high-speed

camera and an optical table. Detailed information about the equipment is given in Table

3.4. In addition to these information, the high-speed camera is utilized to record an in-

jection event at 20,000 fps, shutter speed of 1/62,000 with a resolution of 512x512 pixels

during the experiments.
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Table 3.4. Equipment in the optical system.

Component Model

Light source
Edmund Optics MI-150 Fiber Light Source,
150 W quartz halogen

Diaphragm diameter of 30.8 mm, aperture: 0.8 - 12 mm
Off-axis parabolic mirror 101.6 x 152.4 mm PFL 45° off-axis parabolic mirror
Mirror mount parabolic mirror mount with a diameter of 101.6 mm
Convex lens diameter: 125 mm, focal length: 250 mm
High-speed camera Photron SA 1.1
Optical table 600 x 1200 mm metric optical table

3.3.8. Control System

Control system can:

• measure the pressure inside the CVCC,

• amplify the signal going to the motor of the fuel pump via motor drivers,

• adjust the pressure inside the common rail,

• adjust the injection time and duration,

• start the injection event,

• control the proportional valves for gas filling,

• measure the temperature of combustion chamber body, and control it,

• control the ignition time and duration,

• measure the vacuum pressure,

• adjust the properties of the successive images to be recorded,

• start, and stop the recording of spray process via high-speed camera.

In the control system, two DAQ cards and a computer are employed in addition

to pressure sensors, motor drivers, injector driver, etc. The components of the control

system embedded in other systems have already been explained while explaining these
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systems. In the followings, some information about the DAQ cards and the computer will

be given.

Control of other systems is done with the help of DAQ cards and a computer,

which are part of the control system. As DAQ devices, 2 National Instruments (NI) USB

6353 DAQ cards are used. These cards are shown in Figure 3.22, and their properties are

given in Appendix B according to the reference [151].

Figure 3.22. NI USB 6353 DAQ cards used in the study.

Processing of the data coming to the control system and giving the necessary

commands are done by the programs prepared in Labview software. The computer inside

the control system ensures that the data read through the prepared programs are seen, and

gives the necessary commands to the required systems through the DAQ cards. These

programs will be explained in Section 3.5.

3.4. Test Conditions

During the experiments, two different injection pressures were utilized, which

were 600 and 800 bar. Ambient pressure was adjusted from 0 bar to 10 bar by increasing

the pressure 5 bar. Operating conditions are presented in Table 3.5. Besides, experiments

were repeated three times to ensure the accuracy of the experiments.
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Table 3.5. Test conditions in the study.

Injector Type Piezo CRDI injector
Number of the nozzle holes 1

Injection angle 45°
Injection duration (ms) 1
Injection pressure (bar) 600, 800
Ambient pressure (bar) 0, 5, 10

Repetition 3

3.5. Procedure of Spray Analysis

In this section, the way followed to conduct the experiments will be explained,

including the programs prepared in Labview to transfer and process the data and to control

the hardware in the experimental setup. Firstly, gas filling process will be explained with

the control of the valves and the program prepared in Labview for this purpose. Then,

spray process and Labview program prepared for this process will be explained. After

that, the process of recording spray images will be explained briefly.

The first step is gas filling to the combustion chamber. Gas filling to combustion

chamber is performed by electronic proportional valves as explained in Section 3.3.3.

Correct control of these valves is so important for all experiments. Because, improper

control of these valves can cause wrong results. In literature, it is stated that the gas filling

process to a combustion chamber can be carried out in two different ways [92, 152, 153].

In the first method, the desired amount of gas is determined outside the combustion cham-

ber with a mass flow meter, and gases are drawn from the supply to the combustion cham-

ber with this device. In the second method, gases are filled in an order to the combustion

chamber with electronic proportional valves by considering the feedback data coming

from a static pressure sensor. The first method is more accurate compared to the second

method however it is more expensive. Therefore, the second method was installed to the

experimental setup, and it has been used in the experiments.

To control the electronic valves, a PID controller is utilized. PID controllers are

widely used in industrial process control, and can also be used in processes using feed-

back mechanisms [154]. The PID controller of this system has two variables which are

the input and output variables, and PID controller controls the system according to the
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difference between the input and output variables. The input variable specifies the value

of required quantity to be reached while the output variable specifies the value of mea-

surable quantity during the process. The difference between these two values is named as

error (e), Equation 3.1.

e = input value− output value (3.1)

And, the controller has a transfer function [154]:

GC (s) = KP +
KI

s
+KDs (3.2)

where Gc (s) indicates the transfer function, KP, KI and KD, all non-negative, indicate the

coefficients for proportional, integral and derivative terms, respectively. The equation for

the output in the time domain, y (t) is [154]

y (t) = KP e (t) +KI

∫
e (t) dt+KD

de (t)

dt
(3.3)

where e(t) indicates the error function. According to Equation 3.3, Equations 3.4, 3.5 and

3.6 show proportional, integral and derivative control processes, respectively.

KP e (t) (3.4)

KI

∫
e (t) dt (3.5)

KD
de (t)

dt
(3.6)

It is important to determine the coefficients of proportional, integral and derivative

terms in a PID controller. Several methods to determine these coefficients are available

in literature. In this study, PID Tuner app of MATLAB, which benefits from system

identification method, is used to determine these PID coefficients. The response values

of the system to the step function sent to each gas valve are entered to this app. Then,

system is identified according to these values, and KP , KI and KD are found.
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Figure 3.23. Flow chart of gas filling program.

PID coefficients found are written in a Labview program, which is called as gas

filling program. This program is responsible to fill the combustion chamber with gases

by adjusting the amounts of them. Gas filling program reads and produces analog data

with NI USB 6353 DAQ card. Acetylene, argon, nitrogen and oxygen gases can be sent

to the chamber by this program. However, only nitrogen gas is sent to the chamber for

spray experiments because of the reasons explained before. Before starting the program,

gases available in the chamber is vacuumed until pressure inside the chamber reaches to

0. Then, program is started, and control of the proportional valve of nitrogen begins to

operate. In the meantime, other three valves do not operate. After the program starts,

pressure inside the combustion chamber starts to be read by pressure sensor in the gas

filling line of the chamber. Then, feedback is sent to the PID controller prepared in the

program, and required analog voltage signal for the control of this valve is produced

and sent to the valve. When required amount of nitrogen is filled to the chamber, valve of

nitrogen is closed, and the program ends. Figure 3.23 shows the flow chart of the program.

Besides, at the end of the program, deviation of the amount of gas filled from a set value

is calculated as a percentage. This error is guaranteed to be below 1%.

Second step is the spray process. Before starting the spray process, existing fuel

is drained from fuel tank. In order to completely drain existing fuel from the injection
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system, the fuel pump is operated while the drain line of the fuel tank is open so that fuel

is drained from the fuel lines. Besides, injector is also operated to expel the remaining

fuel droplets. After the old fuel is completely drained from the fuel injection system, new

fuel to be researched is added to the fuel tank.

Then, pre-combustion and spray program starts. This program can perform both

pre-combustion and spray processes by controlling spark plugs, VCV valve, injector and

motor drivers. In addition, this program controls these equipment via NI USB 6353 DAQ

card. When the program starts, necessary adjustments are done manually in the program

to drive the valves. Then, PWM signals start to be sent to PCV and VCV valves, and fuel

is brought to the required pressure level. After that, injector is triggered by the injector

driver with the incoming signal from the program through DAQ card. Thus, spray of the

fuel begins then ends.

After spray process is completed, the gas and fuel vapor inside the combustion

chamber must be discharged. Therefore, the discharge valve opens, and vacuum pump

is started. The vacuum pump runs until the chamber pressure drops to 0. When there is

no gas inside the chamber, the discharge valve and then the vacuum pump turns off. In

this manner, the combustion chamber is ready for another test. Meanwhile, if necessary,

windows of the chamber must be cleaned before the tests.

The last step is the recording of the spray images. Before starting the spray pro-

cess, high-speed camera is set up to record the spray event. Then, properties of images

to be captured are adjusted. Injection event are shot at 20,000 fps with a shutter speed

of 1/62,000 and a resolution of 512x512 pixels. Camera must start recording at the same

time with start of injection. For this purpose, a cable is connected between the injector

driver and the camera to provide communication between them. When the injector driver

sends a signal to the injector in order to trigger it, a signal goes to the camera at the same

time, and the camera starts recording. In this way, the entire spray process can be recorded

without any loss of spray frame. The time required to stop recording is predefined to the

camera. After this time elapses while recording, the camera stops recording.

3.6. Image Processing

Spray images obtained from experiments are processed in computer environment

then required data are revealed. Necessary parameters are spray penetration length and
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spray cone angle. These parameters were already explained in Section 2.5.4. In this

section, processing the spray images obtained and revealing the data will be explained.

Two different algorithms were created to measure the required parameters. The

reason for the creation of two different algorithms was to examine the two parameters in-

dependently. These algorithms are shown in Appendix C. In the light of these algorithms,

two different Matlab programs were written. These programs are given in Appendix D.

Firstly, measurement of the spray penetration length will be explained. During

the experiments, video is obtained by taking four images of the respective sequence be-

fore fuel injection. These images are used for correction of the raw images taken from

each complete injection. When the program starts, video is opened, and the number of

frames of the video are obtained. Then, a for loop starts. In this loop, each frame is

read, and these frames are converted into grayscale from colored scale. After that, each

frame is substracted from the first frame. Hence, only the spray images remains without

background. Next, a threshold value is calculated, and each frame is converted to binary

scale from grayscale. Thus, the image becomes completely black and white. In these

images, white indicates the spray. Then, the last pixels of spray images are defined, and

the point where the nozzle is located is also defined. Eventually, spray penetration lengths

are calculated between these points.

Secondly, measurement of spray angles will be mentioned. The program for spray

angles consists of three parts that are frame extracting, creating angle measurement tool

and the angle measurement. The first part is the frame extraction. Some of the steps fol-

lowed for the measurement of spray penetration length also followed for the measurement

of spray angle. These steps are: getting the number of frames, converting frames from

colored scale into grayscale and background substraction. Then, each frame is separately

saved to the computer in order to measure the spray angles manually. Hence, frame ex-

traction ends, and the step of creating angle measurement tool starts. This tool is received

from the website of MathWorks [155]. In this step, necessary equipment to measure the

angle is created. 3 arbitrary points and two arbitrary lines formed by connecting the points

are placed on the picture. These lines and points can be moved manually in order to de-

termine the spray angle. Besides, the code to display the angle on the image is compiled

in the angle measurement tool. In the next step, user can manually place the points (one

of them indicating the nozzle while the other two points indicating the outermost parts of

the spray boundary) and lines on the spray image. Once the vectors are placed onto the

spray outline, the angle is shown on that figure.
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Figure 3.24 shows an example for image processing steps. In this figure, the transi-

tion from original image to binary image, the points between which the spray penetration

length is measured and the lines created for the angle measurement are shown.

(a) Original image. (b) Binary image.

(c) Penetration length measurement. (d) Angle measurement.

Figure 3.24. An example for image processing.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, results of the experiments are given in two sections. The first

section investigates the spray characteristics of methyl esters, and the second section in-

vestigates the spray characteristics of ethyl esters.

The aim of the study was to investigate the spray characteristics of various biodiesel

fuels in terms of spray penetration length and spray cone angle. For this purpose, experi-

ments were performed at chamber pressures of 0, 5 and 10 bar, and injection pressures of

600 and 800 bar, and each experiment were repeated at least three times. Images of each

experiments were processed with image processing programs, and results were obtained

by averaging three experiments for each test condition. Variations of the characteristics

corresponding to different ambient and fuel injection pressures are given in several graphs.

The data obtained at each time during the injection are not given in the charts. In order

to make the graphs simpler and more understandable, the data are marked at intervals of

approximately 0.1 ms. Besides, the first data was able to be obtained at 0.05 ms of the

injection because tip of the injector was not visible due to mechanical constraints of the

combustion chamber. In addition, the uncertainty and repeatability values were calculated

for the experiments. Uncertainty values were found to be ± 4 mm for spray tip penetra-

tion length values and ± 0.7° for spray cone angle values. These uncertainty values are

shown on the charts. As explained before, three experiments were done for each specific

test condition. Repeatability value was obtained by averaging the results from each test,

and it was found to be at most 3% for both spray penetration lengths and cone angles.

4.1. Investigation of Methyl Esters

Firstly, spray penetration lengths of the methyl esters were investigated. Figure

4.1 shows the variation of spray tip penetration lengths for corn oil, canola oil, sunflower

oil and cotton oil methyl esters at ambient pressures of 0, 5 and 10 bar in comparison with

fossil diesel fuel. Figure 4.2 demonstrates the variation of spray penetration lengths for

the methyl esters at injection pressures of 600 and 800 bar compared with diesel fuel.
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(a) Chamber pressure of 0 bar.

(b) Chamber pressure of 5 bar.

(c) Chamber pressure of 10 bar.

Figure 4.1. Variations in spray tip penetration lengths for methyl esters at different
chamber pressures in comparison with conventional diesel fuel, (uncer-
tainty: ± 4 mm, repeatability: ± 3%).
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(a) Injection pressure of 600 bar.

(b) Injection pressure of 800 bar.

Figure 4.2. Variations in spray penetration lengths for methyl esters at different fuel in-
jection pressures in comparison with conventional diesel fuel, (uncertainty:
± 4 mm, repeatability: ± 3%)
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All methyl esters and reference diesel fuel showed similar spray patterns with

small distinctions under variable injection conditions and variable chamber conditions. As

a general inference, increasing the injection pressure raised the spray penetration lengths

of all fuels while raising the chamber pressure decreased the spray penetration lengths.

Besides, ambient pressure was more effective on spray penetration than injection pressure

under these experimental conditions. For example, spray penetration lengths of diesel

at zero chamber pressure at 0.4 ms of the injection were approximately 91.2 mm and

102.4 mm for injection pressures of 600 and 800 bar, respectively. The difference was

approximately 11.2 mm. From another point of view, penetration lengths of diesel fuel

at injection pressure of 600 bar at the same instant of the injection were approximately

91.2 mm and 46.5 mm for ambient pressures of 0 and 5 bar. To be specific, the difference

was 44.7 mm. Eventually, these values showed that chamber pressure was more effective

on penetration than injection pressure in these experimental conditions. In addition, the

difference between spray penetration lengths at injection pressures of 600 bar and 800

bar decreased as the pressure inside the combustion chamber increased. For instance, this

difference was found as 32.6 mm for diesel fuel at 0.3 ms of the injection when chamber

pressure was 0. However, this difference decreased to 4.1 mm when the ambient pressure

was increased to 10 bar. Namely, increasing the chamber pressure reduced the effects of

increasing the injection pressure.

Spray penetration curves can be divided into two parts. In the first part, it can be

seen that spray penetration length increases rapidly. In the second part, penetration length

rises steadily except spray at chamber pressure of 0 bar (spray impingement to the wall

was observed early for all fuels at zero ambient pressure). The first and second parts can

be named as transient and steady regions, respectively. Because the penetration length

suddenly rises with a decreasing slope in the first part. Then, it stabilizes, and continues

to increase with an almost constant slope. An example of determining these regions is

illustrated in Figure 4.3. Also, trend lines are drawn on these curves according to the point

where transition from transient region to steady region occurs. Because, this transition can

be better shown visually with trend lines. Besides, transitions from transient regions to

steady regions of penetration curves were affected by chamber and injection pressures.

However, chamber pressure was more effective on these transition times than injection

pressure. The transition times dramatically reduced when the chamber pressure increased

while they slightly decreased as the injection pressure raised. On average, these transition

times for methyl esters at injection pressure of 600 bar were found as 0.18 ms and 0.12
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ms for ambient pressures of 5 bar and 10 bar, respectively. At injection pressure of 800

bar, they were calculated as 0.16 ms and 0.11 ms for chamber pressures of 5 bar and 10

bar, respectively. The reason why transition times of methyl esters were averaged was that

there were negligible small differences between them. In addition, the sprays of all fuels

at both injection pressures penetrated rapidly until they impinge to the chamber wall at

zero chamber pressure, and could not pass to the steady region. Average time sfor sprays

of methyl esters to impinge to the wall ware found as 0.39 ms and 0.33 ms for injection

pressures of 600 bar and 800 bar, respectively. Moreover, to compare these times with

those of diesel fuel, transition times for diesel fuel at injection pressure of 600 bar were

respectively found as 0.22 ms and 0.14 ms for ambient pressures of 5 bar and 10 bar, and

these times were respectively calculated as 0.19 ms and 0.13 ms for chamber pressures

of 5 bar and 10 bar at injection pressure of 800 bar. Besides, average times for diesel

spray to impinge to the chamber wall were computed as 0.42 ms and 0.37 ms for injection

pressures of 600 bar and 800 bar, respectively.

It was aimed at comparing the spray penetration lengths of methyl esters with

those of diesel fuel. At zero chamber pressure, considering the uncertainty and repeata-

bility values, no significant distinctions between methyl esters and diesel fuel were ob-

served. This was the case for both injection pressures. This can be explained by the

fact that sprays of all fuels penetrated very fast, and impinged to the chamber wall. There

might have been no time for the difference to occur. At chamber pressure of 5 bar, big dif-

ferences were found between the penetration lengths of methyl esters and diesel fuel for

both injection pressures. For example, spray penetration length of diesel at injection pres-

sure of 600 bar was 73.3 mm at 0.7 ms of injection while penetration length of COTME

was measured 80.9 mm under the same conditions. As another example, SUNME and

diesel fuel can be compared under injection pressure of 800 bar at 0.9 ms of the injection.

Penetration lengths were found as 92.9 mm and 99.0 mm for diesel and SUNME, respec-

tively. Additionally, all methyl ester fuels impinged to the chamber wall at the end of

injection under ambient pressure of 5 bar for both injection pressures. On the other hand,

diesel fuel impingement to the wall was not observed for both injection pressures although

sprays of diesel fuel approached the wall at the end of the injection period. At chamber

pressure of 10 bar, no wall impingement was observed for all fuels. Besides, difference

between penetration lengths of diesel and methyl esters reduced although methyl esters

had still slightly bigger values. For example, penetration lengths of diesel and COTME

for injection pressure of 600 bar at 5 bar ambient pressure were compared at 0.7 ms of
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(a) According to chamber pressure.

(b) According to injection pressure.

Figure 4.3. An example for transition of spray penetration curves from transient region
to steady region.

injection, and the difference was found as 7.6 mm. This difference decreased to 1.7 mm

when the ambient pressure was increased from 5 bar to 10 bar. Another example was to

compare diesel and SUNME at 5 bar chamber pressure. When the ambient pressure was

raised from 5 bar to 10 bar under the previously described conditions, the distinction be-

tween penetration lengths of these fuels reduced to 2.9 mm from 6.1 mm. Consequently,

it can be stated that methyl esters showed slightly or much longer penetrations than fossil

diesel fuel depending on the experimental conditions. This can be explained by having

higher density, viscosity and contact angle values than diesel fuel. Having higher density

can lead larger momentum thus spray velocity resulting in deeper penetrations. Higher

viscosity can adversely affect atomization of fuel spray resulting in increased liquid pen-
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etrations. Also, higher contact angle means that surface tension effects are larger for

biodiesel fuels resulting in poor atomization and increased liquid lengths.

Methyl esters should also be compared among themselves. Small differences in

penetration lengths were observed. However, these small distinctions have no point when

the uncertainty and repeatability rates are taken into account. Namely, it could be stated

that all methyl esters showed similar spray penetration lengths with negligible differences.

Secondly, spray cone angles of methyl esters were examined. Figure 4.5 demon-

strates the variation of spray cone angle for methyl esters and diesel fuel at ambient pres-

sures of 0, 5 and 10 bar. Figure 4.6 shows the variation of cone angle for methyl esters at

injection pressures of 600 bar and 800 bar in comparison with those of fossil diesel fuel.

As a general inference, spray cone angles increased when ambient pressure raised

while they reduced as injection pressure increased. Moreover, chamber pressure affected

spray cone angle more than injection pressure under these experimental conditions. For

example, spray cone angles of CANME at zero chamber pressure at 0.8 ms of the injection

were approximately found as 8.6° and 6.1° for injection pressures of 600 bar and 800 bar,

respectively. Namely, the difference was 1.5°. Contrarily, cone angles of CANME at

injection pressure of 600 bar at the same instant of injection were around 8.6° and 13.2°

for chamber pressures of 0 and 5 bar. The difference were 4.6°. Consequently, these

values showed that spray angles were more affected by chamber pressure than injection

pressure in these experiments. Additionally, effects of increasing injection pressure on

spray cone angle was reduced by a raise in ambient pressure. For example, the difference

between the spray angles of diesel fuel at injection pressures of 600 bar and 800 bar

for zero chamber pressure was found as 2.7° at 0.6 ms of the injection. However, this

difference was measured as 1.3° when the chamber pressure increased to 10 bar.

Like penetration curves, spray angle curves can also be divided into two regions

which are transient and steady regions as shown in Figure 4.4. In transient region spray

angle rapidly decreases to a degree then enters steady region. In steady region angle

keeps almost constant at this degree. Transition times from transient region to steady re-

gion were affected by both ambient and injection pressures. However, chamber pressure

was more effective on transition times than injection pressure. These times were sharply

decreased when the ambient pressure rose (see Figure 4.4a) while they slightly reduced

as the injection pressure increased (see Figure 4.4b). Besides, these transition times were

very similar to transition times that were observed in spray penetration curves. This may

be logical because both spray penetration length and spray cone angle are used to describe
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(a) According to chamber pressure.

(b) According to injection pressure.

Figure 4.4. An example for transition of spray cone angle curves from transient region
to steady region.

the spray shape. Spray passes from transient region to steady region as a whole. There-

fore, when one parameter passes, the other can be expected to pass. These transition times

were explained before while explaining the spray penetration curves. Therefore they will

not be mentioned here again.

When comparing the methyl esters with diesel fuel, different results were obtained

depending on the experimental conditions. At zero ambient pressure, no important differ-

ences between the spray angles of methyl esters and diesel fuel were observed for both

injection pressures when considering the uncertainty and repeatability ratios. Sprays of

all fuels impinged to the chamber wall at early stages of injection thus there might not

have been any time for any differences to occur. However, significant distinctions were

93



(a) Chamber pressure of 0 bar.

(b) Chamber pressure of 5 bar.

(c) Chamber pressure of 10 bar.

Figure 4.5. Variations in spray cone angles for methyl esters at different chamber pres-
sures in comparison with conventional diesel fuel, (uncertainty: ± 0.7°,
repeatability: ± 3%).
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(a) Injection pressure of 600 bar.

(b) Injection pressure of 800 bar.

Figure 4.6. Variations in spray cone angles for methyl esters at different fuel injec-
tion pressures in comparison with conventional diesel fuel, (uncertainty:
± 0.7°, repeatability: ± 3%)
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obtained when the chamber pressure was increased to 5 bar. For example, spray cone

angle of diesel at injection pressure of 800 bar was 13.4° at the end of the injection while

spray angle of SUNME was found as 11.2° under the same conditions. As another ex-

ample, CANME and diesel can be compared under injection pressure of 600 bar at 0.2

ms of the injection. Spray cone angles were measured as 15.5° and 12.9° for diesel and

CANME, respectively. At the chamber pressure of 10 bar, difference between the spray

angles of diesel fuel and methyl esters slightly reduced compared to the values at cham-

ber pressure of 5 bar, and methyl esters still had smaller values than reference diesel.

For instance, spray cone angles of diesel and SUNME at injection pressure of 800 bar

were respectively found as 17.3° and 15.8° at the end of the injection. Besides, diesel and

SUNME were compared at the chamber pressure of 5 bar. When the ambient pressure was

increased from 5 bar to 10 bar under pre-described conditions, the difference decreased

to 1.2° from 2.6°. As a result, it can be stated that methyl esters had slightly or much

smaller spray cone angles than conventional diesel fuel depending on the experimental

conditions. This may be due to having higher viscosity, and contact angle values (higher

surface tension effects) resulting in poor atomization. Moreover, big distinctions were not

found among the methyl esters in terms of spray cone angle. Although there were some

differences, these were insignificant when considering the uncertainty and repeatability.

4.2. Investigation of Ethyl Esters

In this section, ethyl esters will be compared with methyl esters in terms of spray

penetration length and spray cone angle. There is an important point to be explained be-

fore this comparison is made. The curves obtained for both fuels are similar in shape.

Transient and steady regions are valid and similar for both types of fuels. Besides, the

most important point is that effects of chamber pressure and injection pressure are sim-

ilar for the two kinds of fuels. This may be because methyl esters and ethyl esters are

the same in terms of the feed stock and production method thus they are not physically

completely different. Indeed, there are no huge distinctions in viscosity and density val-

ues despite differences. For these reasons, effects of injection and chamber pressures on

the parameters to be investigated will not be mentioned in this section because they were

already explained in the previous section. However, transition times from transient region

to steady region will be mentioned to show the similarity.
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(a) Chamber pressure of 0 bar.

(b) Chamber pressure of 5 bar.

(c) Chamber pressure of 10 bar.

Figure 4.7. Variations in spray penetration lengths for ethyl esters at different cham-
ber pressures in comparison with methyl esters, and traditional diesel fuel,
(uncertainty: ± 4 mm, repeatability: ± 3%).
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(a) Injection pressure of 600 bar.

(b) Injection pressure of 800 bar.

Figure 4.8. Variations in spray penetration lengths for ethyl esters at different injection
pressures in comparison with methyl esters, and traditional diesel fuel, (un-
certainty: ± 4 mm, repeatability: ± 3%).
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Figure 4.7 shows the variation of the spray tip penetration lengths for ethyl es-

ters at ambient pressures of 0, 5 and 10 bar in comparison with methyl esters. Figure

4.8 demonstrates the variation of spray tip penetration lengths for ethyl esters at injection

pressures of 600 bar and 800 bar compared to methyl esters. Moreover, Figures 4.9 and

4.10 show respectively variation of spray cone angles of ethyl esters at different cham-

ber and injection pressures. Also the curves of diesel fuel are drawn to provide a better

understanding.

Like methyl esters, transition times from transient region to steady region for ethyl

esters were very similar for both spray penetration and spray cone angle curves under all

experimental conditions. On average, transition times for ethyl esters at the injection

pressure of 600 bar were measured as 0.17 ms and 0.12 ms for the ambient pressures of

5 bar and 10 bar, respectively. When the pressure was 800 bar, the transition times were

found as 0.16 ms and 0.10 ms for the chamber pressures of 5 bar and 10 bar, respectively.

In addition, average times for sprays of ethyl esters to impinge to the chamber wall were

obtained as 0.39 ms and 0.34 ms for injection pressures of 600 and 800 bar, respectively.

These values are very similar to those of methyl esters which were previously explained

in Section 4.1.

When comparing the spray parameters of ethyl esters with methyl esters, a simi-

larity was observed. For example, spray penetration lengths at 0.6 ms of the injection for

CORME and COREE were respectively measured as 71.4 mm and 71.9 mm at injection

pressure of 600 bar under chamber pressure of 5 bar. As another example, penetration

lengths of SUNME and SUNEE were respectively found as 71.7 mm and 71.8 mm under

the same conditions. Besides, this likeness was observed for spray cone angle curves of

both types of fuels. For instance, spray angles of CORME and COREE were respectively

measured as 16.8° and 17.2° at injection pressure of 600 bar under chamber pressure of

10 bar. As another example, SUNME and SUNEE had respectively spray angles of 10.9°

and 11.2° at 0.2 ms of injection under injection pressure of 800 bar and chamber pressure

of 5 bar. These similarities can be explained with the differences in density, viscosity

and contact angle values. The ethyl esters have larger viscosity values than the methyl

esters nevertheless the methyl esters have bigger density and contact angle (and surface

tension) values than the ethyl esters. These properties may have compensated each other,

and may have prevented differences in spray properties to occur. When the ethyl esters

are compared in themselves, the similarity in spray parameters is again remarkable, as it

is seen in Figures 4.7 through 4.10.
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(a) Chamber pressure of 0 bar.

(b) Chamber pressure of 5 bar.

(c) Chamber pressure of 10 bar.

Figure 4.9. Variations in spray cone angles for ethyl esters at different chamber pres-
sures in comparison with methyl esters, and traditional diesel fuel, (uncer-
tainty: ± 0.7°, repeatability: ± 3%).
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(a) Injection pressure of 600 bar.

(b) Injection pressure of 800 bar.

Figure 4.10. Variations in spray cone angles for ethyl esters at different fuel injection
pressures in comparison with methyl esters, and traditional diesel fuel, (un-
certainty: ± 0.7°, repeatability: ± 3%).
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Figure 4.11 shows a comparison of spray parameters of a fuel under different ex-

perimental conditions. This figure can help to understand the effects of injection and

chamber pressures on spray parameters in this study. Figure 4.12 shows a comparison of

spray parameters of different fuels under an experimental condition to demonstrate dif-

ferences or similarities in spray parameters for different fuels under the same conditions.

(a) Pc=0 bar, Pi=600 bar, t=0.4 ms. (b) Pc=0 bar, Pi=800 bar, t=0.4 ms.

(c) Pc=5 bar, Pi=600 bar, t=0.4 ms. (d) Pc=5 bar, Pi=800 bar, t=0.4 ms.

(e) Pc=10 bar, Pi=600 bar, t=0.4 ms. (f) Pc=10 bar, Pi=800 bar, t=0.4 ms.

Figure 4.11. An example for comparison of spray parameters of a fuel under dif-
ferent experimental conditions. (Fuel: SUNME, Pc=chamber pressure,
Pi=injection pressure, t=time).
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(a) CANME. (b) COTME.

(c) SUNME. (d) CORME.

(e) SUNEE. (f) COREE.

(g) DIESEL.

Figure 4.12. An example for comparison of spray parameters of different fuels under
a specified experimental condition. (Chamber pressure=5 bar, injection
pressure=800 bar, time=0.6 ms).
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CHAPTER 5

CONCLUSION

5.1. Conclusions

Various studies in the literature showed that biodiesel fuels could decrease emis-

sions from diesel engines, and research studies on biodiesel are still ongoing. New fuels

from new resources are being produced by many researchers with the use of different

production methods, and different parameters of these fuels are being examined. Consid-

ering this, it is seen that biodiesel research in every aspect is still important. Based on this

importance, this study aimed at investigating the spray characteristics of several biodiesel

fuels including methyl esters and ethyl esters. Besides, studies on ethyl esters in the lit-

erature are very limited compared to methyl esters, despite their advantages over methyl

esters. Also, these studies have mostly focused on performance and emission characteris-

tics, and studies examining the spray characteristics are very rare. Given the significance

of spray research, this study intended to fill this gap in the literature.

For this purpose, 4 different methyl esters were produced from corn, canola, sun-

flower and cotton oils, and 2 ethyl esters were produced from corn and sunflower oils by

using transesterification method. In addition, fossil diesel fuel was used as the reference.

In order to better compare spray characteristics of these fuels, physical properties were

needed to be determined before. Therefore, viscosity and density values of all fuels were

measured. It was found that all biodiesel fuels had larger viscosity and density values than

diesel fuel. Besides, ethyl esters had slightly lower density and relatively higher viscosity

values than methyl esters.

Experiments were carried out by means of a constant volume combustion cham-

ber and an optical system having a high-speed camera based on shadowgraph technique.

Spray investigation was performed under injection pressures of 600 and 800 bar and

chamber pressures of 0, 5 and 10 bar. To get the required data, a high-speed camera was

employed to record the spray events. After experiments, spray images were processed by

image processing programs then spray cone angles and spray penetration lengths of all

fuels were obtained.
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The main results of this study can be summarized as follows:

• Chamber and injection pressures are both effective parameters on spray character-

istics. However, effects of chamber pressure were more significant than those of

injection pressure. Besides, increasing the injection pressure increased the spray

penetration length, and reduced the spray cone angle. Increasing the ambient pres-

sure decreased the penetration lengths, and widened the cone angles.

• Spray penetration length and cone angle curves could be divided into two parts

which were transient and steady regions. In transient part, the change of parameters

was affected by time. In steady region, the spray penetration length changed almost

steadily, and spray cone angle kept almost constant at a value. Additionally, transi-

tion times from transient region to steady region were also affected by chamber and

injection pressures. Increasing chamber pressure dramatically reduced these times

while increasing injection pressure slightly decreased these transition times.

• The physical properties of a fuel have a direct effect on spray characteristics. In this

study, biodiesel fuels showed slightly or significantly increased penetrations and

decreased spray angles in comparison to reference fuel depending on the experi-

mental conditions. For example, the penetration length of COTME under injection

pressure of 600 bar and chamber pressure of 5 bar was 10% higher than that of ref-

erence diesel fuel at 0.7 ms of injection. When these fuels were compared in terms

of spray cone angle under the same conditions, it was found that COTME had 9%

smaller spray angle than diesel. This may be due to having higher density, vis-

cosity and contact angle values resulting in poorer atomization and increased spray

momentums. Furthermore, it was found that the transitions of biodiesel fuels from

transient region to steady region were a bit later than diesel fuel.

• Ethyl esters performed similar spray penetrations and angles with methyl esters.

The difference between the fuels in terms of spray parameters were in the range

of 1-3%. When taking the uncertainty values and repeatability ratio into account,

this difference is not significant. This may be explained by considering density,

viscosity and contact angle values. Ethyl esters had higher viscosity values on

the contrary they had smaller density and contact angle values. These properties

may have compensated each other thus similar spray characteristics may have been

observed.
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As a result, it can be stated that biodiesel fuels had worse fuel-air mixing than

fossil diesel fuel in this study, however without huge differences. Therefore, it can be

concluded that biodiesel fuels can replace traditional diesel fuel without compromising

too much from fuel-air mixture quality. When environmental considerations are taken

into account, the use of biodiesel is becoming even more important in terms of decreasing

pollutant emissions and reducing dependence on fossil fuels. Moreover, the use of ethanol

instead of methanol in biodiesel production is not a big problem for diesel engines. Be-

cause it was found in the present study that the mixture of ethyl ester with air was very

similar to methyl ester-air mixture, and that ethyl esters could have a potential to be used

instead of methyl esters in diesel engines with no or small modifications. Thus, biodiesel

can be provided to be completely renewable, and vehicles can have better performances

in cold weathers with these fuels.

5.2. Recommendations for Potential Future Works

Based on this study, the following recommendations can be made for potential

future studies:

• Because of the time consuming nature of experiments, the present study was lim-

ited to certain fuel injection duration, chamber and injection pressures. It would

be useful to extend this work by including more variations in injection quantities,

ambient and injection pressures.

• Although it was found that biodiesel fuels performed longer penetrations and nar-

rower spray angles, the results can be different when applying to an engine, where

the temperature is taken into account. Hence, it would be beneficial to conduct these

experiments with a real diesel engine. Besides, ethyl esters should be investigated

in real compression-ignition engines to see the effects of temperature on spray char-

acteristics of them. Also, experiments with ethyl ester should also be carried out at

low temperatures.

• This work showed that ethyl esters can have a possibility to replace methyl esters.

Considering that limited studies have been done on ethyl esters so far, works on

this subject should be increased. Various ethyl esters should be produced from
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different feed stocks, and they should be investigated in terms of spray, combustion,

performance and emission characteristics.

• In this study, pure biodiesel fuels were studied. However, blends of ethyl esters

with diesel would give different results. Thus, it would be useful to investigate the

spray characteristics of diesel-ethyl ester blends with different blend ratios.

• Some studies in the literature showed that split injection technique can help reduce

emissions. Thus, application of the split injection technique on ethyl esters would

be a good study in terms of both combustion and spray study.

• It is too early to completely replace fossil diesel with biodiesel due to stability and

quality problems. This is also the case for ethyl esters. Therefore, studies should

be done to increase the stability of ethyl esters.

• Some studies in the literature showed that different alcohols could be used in biodiesel

production. However, these studies are limited. Thus, more studies should be done

on the use of different alcohols in biodiesel production. And, the usability of these

fuels in diesel engines should be investigated.

• Available technologies for biodiesel production are limited, and they are less effi-

cient and expensive. Thence, further researches need to be performed to develop

cost effective and more efficient biodiesel production methods.
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Aksoy, A., Ahmad, M. S. A., Eds.; Springer: Dordrecht, (2015), pp 11–54.

[32] International Energy Outlook 2019 with projections to 2050; U.S. Energy Informa-

tion Administration: Washington, DC, (2019); pp 31–32.

111



[33] European Commission. https://ec.europa.eu/clima/policies/strategies/2030 en

(accessed May 31, 2020).

[34] European Commission. https://ec.europa.eu/jrc/en/jec/renewable-energy-recast-

2030-red-ii (accessed May 31, 2020).

[35] Nigam, Poonam Singh; Singh, Anoop. Production of liquid biofuels from renewable

resources. Progress in Energy and Combustion Science (2011), 37 (1), 52–68.

[36] Wei, Hongjian; Liu, Wenzhi; Chen, Xinyu; Yang, Qing; Li, Jiashuo; Chen, Hanping.

Renewable bio-jet fuel production for aviation: A review. Fuel (2019), 254,

1–16.

[37] Akhlaghi, Shahin; Gedde, Ulf W.; Hedenqvist, Mikael S.; Braña, Maria Teresa

Conde; Bellander, Martin. Deterioration of automotive rubbers in liquid biofuels:

A review. Renewable and Sustainable Energy Reviews (2015), 43, 1238–1248.

[38] Shi, Aimin; Du, Zhenyi; Ma, Xiaochen; Cheng, Yanling; Min, Min; Deng, Shaobo;

Chen, Paul; Li, Dong; Ruan, Roger. Production and evaluation of biodiesel and

bioethanol from high oil corn using three processing routes. Bioresource Technol-

ogy (2013), 128, 100–106.

[39] Martinelli, Luiz Antonio; Filoso, Solange. Expansion of sugarcane ethanol production

in Brazil: Environmental and social challenges. Ecological Applications (2008),

18 (4), 885–898.

[40] Fargione, Joseph; Hill, Jason; Tilman, David; Polasky, Stephen; Hawthorne, Peter.

Land Clearing and the Biofuel Carbon Debt. Science (2008), 319 (5867), 1235–

1238.

[41] Crutzen, Paul Jozef; Mosier, Arvin R.; Smith, Keith A.; Winiwarter, Wilfried. N2O

release from agro-biofuel production negates global warming reduction by replac-

ing fossil fuels. Atmospheric Chemistry and Physics (2008), 8, 389–395.

[42] Mihaela, Patrascoiu; Josef, Rathbauer; Monica, Negrea; Rudolf, Zeller. Perspectives

of safflower oil as biodiesel source for South Eastern Europe (comparative study:

Safflower, soybean and rapeseed). Fuel (2013), 111, 114–119.

112



[43] Cavalett, Otávio; Ortega, Enrique. Integrated environmental assessment of biodiesel

production from soybean in Brazil. Journal of Cleaner Production (2010), 18 (1),

55–70.

[44] Sajjadi, Baharak; Raman, Abdul Aziz Abdul; Arandiyan, Hamidreza. A comprehen-

sive review on properties of edible and non-edible vegetable oil-based biodiesel:

Composition, specifications and prediction models. Renewable and Sustainable

Energy Reviews (2016), 63, 62–92.

[45] Ramkumar, Shanmugam; Kirubakaran, Victor. Biodiesel from vegetable oil as al-

ternate fuel for C.I engine and feasibility study of thermal cracking: A critical

review. Energy Conversion and Management (2016), 118, 155–169.

[46] Nikkhah, Amin; Khojastehpour, Mehdi; Emadi, Bagher; Taheri-Rad, Alireza;

Khorramdel, Surur. Environmental impacts of peanut production system using

life cycle assessment methodology. Journal of Cleaner Production (2015), 92,

84–90.

[47] Jiang, Jian-Jhong; Tan, Chung-Sung. Biodiesel production from coconut oil in super-

critical methanol in the presence of cosolvent. Journal of the Taiwan Institute of

Chemical Engineers (2012), 43 (1), 102–107.
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APPENDIX A

CALCULATIONS FOR BIODIESEL PRODUCTION

In this appendix, methodology of calculation for biodiesel production will be ex-

plained step by step. Calculation of the amount of alcohol and catalyst to be used to

produce biodiesel from 1 liter of vegetable oil will be explained. Before calculations,

some properties such as chemical formula, density and molecular weight of the alcohols

used in this study are given in Table A.1.

Table A.1. Properties of the alcohols used in this study.

Type of alcohol Chemical Formula Molecular Weight (g/mol) Density (g/l) @ 25 °C
Methanol CH3OH 32.04 792

Ethanol C2H5OH 46.07 790

Four different types of vegetable oils were used in this study, which are sunflower

oil, corn oil, canola oil and cotton oil. They had different density values and molecu-

lar weights. However, these values did not differ so much. Therefore, the density and

molecular weights of all oils were averaged, and one value is revealed for each property

in order to make the calculations simpler, and to save time by avoiding calculating again

and again. Averaged values are presented in Table A.2.

Table A.2. Average properties of the vegetable oils used in this study.

Molecular Weight (g/mol) Density (g/l) @ 25 °C
890 910

In the followings, calculations for production of methyl ester and ethyl ester will

be explained separately. Because, methanol and ethanol have different values of density

and molecular weight. In addition, different alcohol to lipid ratio and different amounts

of catalyst are used for each type of biodiesel.
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A.1. Calculations for Methyl Ester Production

• Methanol to lipid ratio is used as 6 for the production of methyl ester.

• Density of vegetable oil and methanol are 910 and 792 g/l, respectively.

• Molecular weights of vegetable oil and methanol are 890 and 32.04 g/mol, respec-

tively.

• Equation A.1 will be used to calculate the required amount of methanol.

grams of oil to be used
molecular weight of oil

=
grams of methanol to be calculated
6 x molecular weight of methanol

(A.1)

By writing the mass of vegetable oil, and molecular weights of vegetable oil and

methanol in Equation A.1, the following relationship is obtained.

910 grams of oil
890 g/mol

=
?

6 x 32.04 g/mol
(A.2)

Solving Equation A.2 gives the required amount of methanol in mass as 196.56

grams. Because the density of methanol is 792 g/l, required amount of methanol is 248.8

ml by volume.

Moreover, catalyst to oil ratio is used as 1wt%. Namely, 9.1 grams of catalyst is

used to produce methyl ester from 910 grams of vegetable oil.

A.2. Calculations for Ethyl Ester Production

• Ethanol to lipid ratio is used as 24 for the production of ethyl ester.

• Density of vegetable oil and ethanol are 910 and 790 g/l.

• Molecular weights of vegetable oil and ethanol are 890 and 46.07 g/mol, respec-

tively.

• Equation A.3 will be used to calculate the required amount of methanol.
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grams of oil to be used
molecular weight of oil

=
grams of ethanol to be calculated
24 x molecular weight of ethanol

(A.3)

By writing the mass of vegetable oil, and molecular weights of vegetable oil and

ethanol in Equation A.3, the following relationship is obtained.

910 grams of oil
890 g/mol

=
?

24 x 46.07 g/mol
(A.4)

Solving Equation A.4 gives the required amount of ethanol in mass as 1130.5

grams. Because the density of ethanol is 790 g/l, required amount of ethanol is 1431.1 ml

by volume.

Moreover, catalyst to oil ratio is used as 0.1wt%. Namely, 0.91 grams of catalyst

is used to produce ethyl ester from 910 grams of vegetable oil.
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APPENDIX B

PROPERTIES OF THE DAQ CARD

NI USB 6353 DAQ card is used as the DAQ card in the present study. Properties

of this DAQ card is given in Table B.1. Further information can be found in reference

[151].

Table B.1.: Properties of NI USB 6353 DAQ card. (Data source: [151]).

Analog Input

Number of channels
16 differential or

32 single ended

ADC resolution 16 bits

Single channel maximum sample rate 1.25 MS/s

Multichannel maximum (aggregate) sample rate 1.00 MS/s

Timing resolution 10 ns

Timing accuracy 50 ppm of sample rate

Input coupling DC

Input range
±0.1 V, ±0.2 V, ±0.5 V, ±1 V,

±2 V, ±5 V, ±10 V

Maximum working voltage (signal+common mode) ±11 V of AI GND

Analog Output

Number of channels 4

DAC resolution 16 bits

Maximum update rate (1 channel) 2.86 MS/s

Maximum update rate (2 channels) 2.00 MS/s

Maximum update rate (3 channels) 1.54 MS/s

Maximum update rate (4 channels) 1.25 MS/s

Timing resolution 10 ns

(cont. on next page)
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Table B.1 (cont.)

Timing accuracy 50 ppm of sample rate

Output coupling DC

Output range

±10 V, ±5 V,

±external reference on

APFI <0..1>

Output current drive ±5 mA

Digital Input/Output

Static Characteristics

Number of channels

48 total, 32 (P0.<0..31>),

16 (PFI <0..7>/P1,

PFI <8..15>/P2)

Ground reference D GND

Direction control

Each terminal individually

programmable as input

or output

Waveform Characteristics (Port 0 only)

Terminals used Port 0 (P0.<0..31>)

Port/sample size Up to 32 bits

Waveform generation (DO) FIFO 2,047 samples

Waveform acquisition (DI) FIFO 255 samples

Recommended Operating Conditions

Input High Voltage
2.2 V (minimum),

5.25 V (maximum)

Input Low Voltage
0 V (minimum),

0.8 V (maximum)

ADC: Analog to digital converter, DAC: Digital to analog converter.
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APPENDIX C

FLOW CHARTS FOR IMAGE PROCESSING

(cont. on next page)

Figure C.1. Flow chart for the measurement of spray cone angle.
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(cont. on next page)

Figure C.1. (cont.)
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(cont. on next page)

Figure C.1. (cont.)
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Figure C.1. (cont.)
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Figure C.2. Flow chart for the measurement of spray penetration length.
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APPENDIX D

MATLAB PROGRAMS FOR SPRAY ANALYSIS

In this study, two different Matlab programs were generated for the measurement

of spray penetration and spray cone angle, separately. The purpose of creating two dif-

ferent programs instead of one program was to make the examinations independent from

each other.

D.1. Program for Measurement of Spray Penetration Length

The Matlab program for the measurement of spray penetration length is given be-

low. It directly measures the required values from the video by analyzing each frame.

With the help of this program, it is not required the extract each frame before the mea-

surement.

clc, clear all;

video=VideoReader(’Video Name.avi’); %Reads the video to be processed. %Write

the name of the video to be processed.

Grayscale Video=VideoWriter(’GrayScale Video’); %The video will be recorded

with this name after converting it to grayscale.

a=video.NumberOfFrames; %Gets the number of frames.

for i=1:a; %Specifies the interval between 1 and number of frames.

b=read(video,i); %Reads each frame in the video.

c=rgb2gray(b); %Converts each frame to grayscale from colored scale.

c1=rgb2gray(read(video,1)); %Reads specifically the first frame, and con-

vert it into grayscale from colored scale. First frame is the frame before the spray process,

and it is the background of the video.

d=imsubtract(c1,c); %Subtracts the first frame from other frames in order

to obtain clear spray images.

open(Grayscale Video);
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writeVideo(Grayscale Video,d); %Records the video which is returned into

grayscale.

end

close(Grayscale Video);

video 2=VideoReader(’Grayscale Video.avi’); %Opens the grayscale video.

f=[];

for j=1:a; %Specifies the interval between 1 and number of frames.

k=rgb2gray(read(video 2,j)); %Reads each frame in the grayscale video.

level=graythresh(k);

l=im2bw(k,0.1); %Converts each frame into binary scale from grayscale.

[x y]=find(l, 1, ’last’); %Finds the farthest point on the spray axis.

m=insertMarker(k, [y x]); %Inserts marker on the farthest point on the

spray axis.

f=[f,(sqrt((8-x).ˆ2+(72-y).ˆ2))];

end

f=transpose(f);

xlswrite(’pcalc’,f); %Writes the spray penetration lengths of this experiment.

figure, imshow(l) %Shows the last binary image.

figure, imshow(k) %Shows the last grayscale image.

D.2. Program for Measurement of Spray Cone Angle

The Matlab program for the measurement of spray cone angle is given below. The

program consists of three main parts. First one is a program to extract the frames from the

video clips in a binary scale. Second one is a tool which creates the necessary equipment

for angle measurement, and it is obtained from the website of MathWorks [155]. Third

one is the application of this tool into frames extracted to measure the spray angles.

Frame extracting:

clc; clear all;

video=VideoReader(’Video Name.avi’); %Reads the video to be processed. %Write

the name of the video to be processed.
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Grayscale Video=VideoWriter(’Grayscale Video’); %The video will be recorded

with this name after converting it to grayscale.

a=video.NumberOfFrames; %Gets the number of frames.

for i=1:a; %Specifies the interval between 1 and number of frames.

b=read(video,i); %Reads each frame in the video.

c=rgb2gray(b); %Converts each frame to grayscale from colored scale.

c1=rgb2gray(read(video,1)); %Reads specifically the first frame, and con-

vert it into grayscale from colored scale. First frame is the frame before the spray process,

and it is the background of the video.

d=imsubtract(c1,c); %Substracts the first frame to other frames in order to

obtain clear spray images.

open(Grayscale Video);

writeVideo(Grayscale Video,d); %Records the video which is returned into

grayscale.

end

close(Grayscale Video);

video2=VideoReader(’Grayscale Video.avi’); %Opens the grayscale video.

b=video2.NumberOfFrames; %Gets the number of frames.

for j=1:b; %Specifies the interval between 1 and number of frames.

filename=strcat(’frame’,num2str(i),’.jpg’); %Creates the file names.

c=read(video2,i); %Reads the frames from grayscale video.

imshow(c); %Shows all frames.

imwrite(c,filename); %Writes all frames separately in a folder.

end

Angle Measurement Tool:

This tool can be found in the reference [155].

Angle Measurement Process:

a=imread(’Image Name.jpg’); %Read the image to be processed. %Please write

the name of the image to this line.

my angle measurement tool(a); %Start the angle measurement tool.
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