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Preface

The internal combustion engine was invented around 1790 by various scientists and 
engineers worldwide. Since then the engines have gone through many modifications
and improvements. Today, different applications of engines form a significant tech-
nological importance in our everyday lives, leading to the evolution of our modern
civilization. The invention of diesel and gasoline engines has definitely changed our
lifestyles as well as shaped our priorities. The current engines serve innumerable
applications in various types of transportation, in harsh environments, in construc-
tion, in diverse industries, and also as back-up power supply systems for hospitals, 
security departments, and other institutions. 

However, heavy duty or light duty engines have certain major disadvantages, 
which are well known to everyone. With the increasing usage of diesel and gasoline
engines, and the constantly rising number of vehicles worldwide, the main concern
nowadays is engine exhaust emissions.

Is it coincidence that this groundbreaking invention meant for all has such serious
consequences on our environment and civilization? Or is it just the next step in
human evolution, technology, and knowledge? What will come next?

The main concern of this book is to expand readers’ knowledge and bring together
new, up-to-date research findings related to diesel and gasoline engines. The idea
is to connect scientists and engineers within different fields of engine and emis-
sion mitigation: mechanical engineers, engine scientists, mechatronics developers, 
researchers, related scientists, environmental specialists, medical and biomedical 
researchers, and other experts. We should all be active as one team, not as competi-
tors, changing the future for our children and preserving the environment for a new
upcoming generation of people.

Diesel and Gasoline Engines is divided into three main sections: Alternative Fuels of
Diesel and Gasoline Engines, Fuel and Combustion, and Diesel Engine and Pollutants.

Here, readers can find topics dealing with combustion engine-related phenomena, 
as well as references or internet links that can help to further develop this interest-
ing research into a new era.

In conclusion, I would like to thank all of the authors for their rigorous preparation
of the individual book chapters, and I wish all readers an enjoyable time learning 
about this important subject.

RnDr. Dr. Eng. Richard Viskup, MSc, MPhil, PhD
Johannes Kepler University,

Linz, Austria
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Chapter 1

Alternative Fuels for Diesel 
Engines: New Frontiers
Naveen Kumar, Ankit Sonthalia, Harveer S. Pali and Sidharth

Abstract

The world at present is mainly dependent upon petroleum-derived fuels for 
meeting its energy requirement. However, perturbation in crude prices, which con-
cerns about long-term availability of these fuels coupled with environmental degra-
dation due to their combustion, has put renewable alternative fuels on the forefront 
of policy maker’s agenda. The diesel engines are considered workhorse in the global 
economy due to better thermal efficiency, ruggedness, and load carrying capacity. 
They, however, are also the main contributor to air pollution as they emit more 
oxides of nitrogen, suspended particulate matter as compared to gasoline engines. 
The most potential fuel either to supplement or to substitute diesel is biodiesel, 
butanol, producer gas, dimethyl ether, hydrogen, and so on. This chapter presents 
the developments about the use of alternative fuels in diesel engines. The exhaustive 
literature has evolved the main trends in the development of alternative fuels around 
the world. The chapter also describes the research directions on production and use 
of alternative fuels in off-road and transport vehicles powered by diesel engines.

Keywords:  alternative fuels, biodiesel, Butanol, producer gas, hydrogen, dimethyl 
ether

1. Introduction

World’s 80% population resides in the developing countries, but these consume 
only 40% of the total energy consumption. Per capita energy consumption gauges 
the prosperity and economic growth of any country. The significant energy demand 
of the world is fulfilled by the petroleum sources. The fuel consumption region 
wise is shown in Figure 1 for the year 2017–2018. It is seen that Asia is the leading 
consumer of coal, oil, hydroelectricity, and renewable power. North America leads 
in consuming natural gas and nuclear energy. Asia’s consumption of coal is nearly 
74.5% of the world coal consumption [1]. The fast depletion of petroleum resources 
is a major concern for the economic development of many countries. Therefore, 
the energy crisis is debated on all forums, and evolution from conventional to 
sustainable energy sources has become very relevant to maintain the momentum of 
economic growth. Renewable sources of energy can provide the energy sustainably 
and without harming the environment. Figure 2 shows the broad classification of 
renewable energy sources.

Biofuels are the most effective and efficient form of renewable energy. They 
can be easily extracted from the biomass, and they are biodegradable and are 
environment-friendly [3]. Their combustion is almost similar to fossil fuels [4], and 
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they produce less toxic compounds [5, 6]. The biomass absorbs carbon dioxide from 
the atmosphere, and when they are used as energy source, they release the carbon 
dioxide back into the atmosphere. However, the amount of carbon dioxide released 
into the atmosphere is less than that absorbed by the biomass [7]. The biofuels’ pro-
duction of the world increased by 3.5% in 2017, shown in Figure 3. The United States 
alone provided the largest increment of 950 ktoe. Ethanol production grew at the rate 
of 3.3% and contributed over 60% of the total biofuels’ growth. Biodiesel production 
also rose by 4% on the account of growth in Argentina, Brazil, and Spain [1]. Several 
alternatives in diesel engines are available and can be used with minor or no modifi-
cation. The advantages of these fuels include lower emissions, and since most of them 
are derived from renewable biomass sources, it will decrease the dependency on 
nonrenewable petroleum. The most potential fuel either to supplement or to substi-
tute diesel is biodiesel, butanol, producer gas, dimethyl ether, hydrogen, and so on.

Figure 1. 
Fuel consumption (in percentage) region wise for the year 2017 [1].

Figure 2. 
Classification of energy by source type [2].
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2. Biodiesel

Biodiesel appears more attractive for many factors because it is nontoxic and 
biodegradable. It is the substitution of petroleum diesel for either power gen-
eration or motive power without major modification. Furthermore, it releases 
significantly low aromatic compounds, sulfates, and chemical matters that pollute 
the atmosphere. Emissions of carbon dioxide are relatively low when the life cycle 
analysis is considered. Presently, biodiesel has been utilized throughout the world 
such as the United States, Brazil, Germany, Indonesia, Italy, France, Malaysia, 
and European countries. Consequently, there is a great prospect for its production 
and utilization. As of now, annual biodiesel production in the world is around 28 
billion liters [1].

Over 350 oil-bearing crops were identified worldwide, which are appropriate 
for the production of biodiesel. Biodiesel feedstocks are regionally diversified [8]. It 
mainly depends on the soil conditions, climate, methods of cultivation and harvest-
ing, and geographical locations of the country [9, 10]. The availability of potential 
feedstock plays a major role, which contributes to nearly 75% of the total cost of 
biodiesel [11, 12]. Therefore, it is very important to select an economical feedstock 
for improving the economics of biodiesel production.

Apart from that, the percentage of oil in the feedstock and the yield per hectare 
are also significant factors. Several edible oil resources namely sunflower, rice 
bran, palm oil, rapeseed, soybean, peanut, and coconut are considered the first-
generation feedstock of biodiesel. However, food versus fuel is a major concern for 
the researchers. Also, it is felt that plantation of feedstocks for biodiesel may require 
deforestation, reduction in available cultivatable land, and damage to soil resources. 
Moreover, the raw vegetable oil cost has seen a steep rise in the last decade that has 
changed the cost-effectiveness of biodiesel production [13, 14]. Furthermore, a 

Figure 3. 
World biofuels’ production (million tons of oil equivalent).
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number of countries are unable to cope with the growing gap between their demand 
and supply, which has created a challenge for them to produce cost-effective 
biodiesel from edible oil resources.

Several nonedible oils, waste oils, greases, and animal fats are considered as the 
second-generation biodiesel feedstocks [15]. Despite a large list of feedstocks of 
the second generation, it was believed that these might not be sufficient to fulfill 
the energy requirements. Moreover, animal fats and saturated fats have under-per-
formed in low-temperature regions [16]. Collection mechanism of waste cooking 
oil [17] is tough because of its scattered sources, and there is always a problem of 
contamination with foreign particles [11, 16].

Numerous new researches are carried out nowadays to highlight the limitations 
of edible oils and the advantages of nonedible oils as a biodiesel feedstock. Nonedible 
oils for producing biodiesel can help in providing the key to tackle the problems of 
harmful emissions, cost-effectiveness, and the never-ending debate of food versus 
fuel [18]. Moreover, the plants used to produce seeds for nonedible oils can be 
cultivated on marginal lands, which can be degraded forests, arid lands, vacant lands, 
along highways, railways, and irrigation waterways and poverty-stricken areas. 
Various rural and low-income communities can take advantage of adopting the meth-
ods of production of biodiesel from nonedible sources to empower them. They also 
help in providing energy security and self-reliance. Nonedible feedstocks of biodiesel 
being sustainable shall be very advantageous as a substitute for diesel [11, 19].

Biodiesel or similar fuels can be produced by various methods such as pyrolysis, 
blending with other fuels, forming microemulsions and transesterification. These 
methods are briefly discussed later.

Pyrolysis is carried out at high temperatures in the presence of catalyst and the 
absence of oxygen for decomposing the organic matters. The materials that are 
normally used for pyrolysis are oils derived from seeds, methyl esters of fatty acids, 
and animal fats. Several investigations were carried out in the past to obtain a diesel 
substitute by pyrolysis. Aromatics, alkanes, carboxylic acids, alkenes, alkadienes, 
and small quantities of gaseous products are produced by pyrolysis [20]. When 
compared to diesel, the fats and oils that have been pyrolyzed have a lower pour 
point, flash point, viscosity, and comparable calorific values. Other benefits of 
pyrolyzed vegetable oils include acceptable levels of copper corrosion values, sulfur, 
and water content. However, lower cetane number, ash, and carbon residual make 
their usage in diesel engine challenging [21]. It is worthwhile to mention that the 
pyrolysis process is a good alternative to diesel because of its simplicity, effective-
ness, and pollution-free nature [15, 22].

To make vegetable oil suitable for usage in a diesel engine, they are normally 
blended or simply diluted with diesel. The main benefit of blending is a reduction 
in viscosity of the blend and also improves the overall performance of the engine 
[23]. Hundred percent vegetable oil can be used in a diesel engine, but it gives rise 
to certain new challenges, which question its practical use on a long run [14, 24, 25]. 
Therefore, vegetable oil/diesel blends up to 25% shall be one of the choices for diesel 
engine [14, 24, 25]. However, the usage of vegetable oil and diesel blends in engines 
also brings some unwanted problems that need to be addressed thoroughly.

Dimensions of a colloidal dispersion of optically isotropic fluid fall in the 
range of 1–150 nm that forms a microemulsion. It consists of one and more ionic 
amphiphiles and two immiscible liquids. Microemulsion of vegetable oils can be 
formed with alcohols, surfactant, cetane improver, or with an ester and dispersant 
(cosolvent) [22]. Microemulsion is beneficial due to their viscosity being similar to 
diesel. It has been observed that for both microemulsions (ionic and nonionic), the 
short-term performances are nearly equal to diesel [14, 24–26].

7

Alternative Fuels for Diesel Engines: New Frontiers
DOI: http://dx.doi.org/10.5772/intechopen.80614

Transesterification also known as alcoholysis is one of the most popular, 
cost-effective, and simple chemical processes of conversion of high viscosity 
vegetable oils to a very low viscosity substance known as biodiesel. In transesteri-
fication process, 1 mole of vegetable oil and 3 moles of alcohol are allowed to 
react in the presence of a catalyst to produce 3 moles of alkyl ester and 1 mole of 
glycerine [27]. The triglycerides are first converted into diglycerides, which are 
further converted to monoglyceride and finally to glycerol. The products thus 
formed can be separated into two layers on its own by gravity. Biodiesel floats 
in the upper region, and glycerol settles at the bottom. In the cosmetic industry, 
glycerol is used extensively. Methanol and ethanol being economical are used 
commonly in the transesterification process. However, various higher chain alco-
hols namely propanol, butanol, and octanol could also be used for the production 
of biodiesel.

Transesterification process can be carried out by catalytic and noncatalytic 
methods. In the catalytic method, the catalyst is added to alcohols to increase 
its solubility, which enhances the reaction rate. Catalytic transesterification 
can be processed by an alkaline or an acid catalyst. Use of an alkaline catalyst 
is preferred because of its fast reaction, high yield, and economical nature. It is 
commonly seen that alkaline catalyst gives 4000 times faster reactions than acid 
catalyst [28, 29]. Alkaline catalyst namely sodium hydroxide, potassium hydrox-
ide, potassium methoxide, and sodium methoxide are extensively used. Despite 
the higher cost of potassium and sodium hydroxide, they are most preferred due 
to their higher yields.

Alkaline catalysts are normally employed when the free fatty acid (FFA) level 
of the oil or fat is lower than 3%. Beyond this limit, the reaction proceeds with 
difficulty and challenges such as soap formation and reduced ester yields [30]. 
Some other limitations of the alkaline catalytic process include higher energy for 
production of biodiesel, difficulty in removal of unused catalyst from the final 
product, difficulty in glycerol recovery, and wastage of water during washing 
[10, 31].

Hydrochloric acid, phosphoric acid, sulfuric acid, ferric sulfate acid, para 
toluene sulfonic acid (PTSA), and Lewis acid (AlCl3 or ZnCl2) are normally used as 
an acid catalyst. The acid catalyst is preferable over alkaline catalysts for their better 
results with high FFA oil and the presence of water. However, the time taken for 
the reaction is much more (3–48 h). It is observed that wet washing of the oil uses 
a large quantity of water for the removal of unreacted acid or base catalyst and the 
leftover salt of the neutralization process [32].

Transesterification process has relatively high conversion efficiency, small 
energy usage, and lower cost of catalyst and reactants [10, 31]. The transesterifica-
tion process has certain challenges including long reaction time, poor catalyst solu-
bility, and poor separation of the products. Besides this, the wastewater produced 
during the process can cause environmental issues. To overcome these challenges, 
other faster methods such as supercritical fluid methods have been developed, 
which complete in a very short time (2–4 min).

Furthermore, the absence of catalyst helps in easy recovery of glycerol and puri-
fication of biodiesel, which makes the process environment-friendly [10, 25, 33].  
However, the method is having a limitation of the higher cost of equipment and 
working at high temperature and pressures. Methanol requirement is also higher 
(methanol to oil molar ratio—40:1) [34, 35]. Transesterification reaction is depen-
dent upon several factors. For better yield, reaction time, temperature, agitation 
speed, molar ratio, and catalyst concentration need to be set in the right manner 
[14, 31].
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in viscosity of the blend and also improves the overall performance of the engine 
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(cosolvent) [22]. Microemulsion is beneficial due to their viscosity being similar to 
diesel. It has been observed that for both microemulsions (ionic and nonionic), the 
short-term performances are nearly equal to diesel [14, 24–26].

7

Alternative Fuels for Diesel Engines: New Frontiers
DOI: http://dx.doi.org/10.5772/intechopen.80614

Transesterification also known as alcoholysis is one of the most popular, 
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other faster methods such as supercritical fluid methods have been developed, 
which complete in a very short time (2–4 min).

Furthermore, the absence of catalyst helps in easy recovery of glycerol and puri-
fication of biodiesel, which makes the process environment-friendly [10, 25, 33].  
However, the method is having a limitation of the higher cost of equipment and 
working at high temperature and pressures. Methanol requirement is also higher 
(methanol to oil molar ratio—40:1) [34, 35]. Transesterification reaction is depen-
dent upon several factors. For better yield, reaction time, temperature, agitation 
speed, molar ratio, and catalyst concentration need to be set in the right manner 
[14, 31].
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2.1 Biodiesel as a fuel in diesel engines

As described in the previous section, biodiesel is a preferable choice as an 
alternative to diesel. Jatropha biodiesel has received a great attention due to high 
conversion and its relatively competitive cost. Several exhaust and performance 
characteristics were evaluated by Chauhan et al. [36] on blends of diesel and 
biodiesel derived from oil of Jatropha in an unmodified diesel engine. The authors 
reported that for the test blends, performance and emission parameters were better, 
with some higher NOx emissions and BSFC than that of diesel. Similar studies were 
conducted by Nalgundwar et al. [37], and Huang et al. [38], which showed the same 
characteristics of Jatropha biodiesel. According to Bari et al. [39], combustion char-
acteristics of 20% Jatropha biodiesel (B20) blend and D100 were comparable. Due 
to heavier particles and low volatility of biodiesel, B20 takes more combustion time 
than D100. The authors concluded that in a conventional diesel engine, B20 (a blend 
of diesel and Jatropha biodiesel) can be used without any modification. Similarly, 
Ganapathy et al. [40] conducted experiments on a full-factorial design using 
diesel and Jatropha biodiesel with 27 runs for each fuel. Some increase in BTE was 
observed with an advancement in injection timing. This has also caused a reduction 
in HC, CO, smoke emissions, and BSFC. For Jatropha biodiesel, small increments are 
observed for HRRmax, Pmax, and NO emission. Injection timing of 340 crank angle 
degree (CAD) increased HRRmax, Pmax, and BTE. Mofijur et al. [41] evaluated the 
feasibility of biodiesel derived from Jatropha oil in Malaysia. Interestingly, only 10 
and 20% of biodiesel was blended with diesel to consider engine performance and 
emission as compared to 100% diesel. There is 4.67% reduction in brake power (BP) 
for B10 and 8.86% for B20. It was seen that there is some increase in BSFC with the 
increase in the amount of biodiesel in the blends. In comparison to D100, 16 and 
25% reduction in CO emission, 3.8 and 10.2% reduction in HC emission and 3 and 
6% increase in NOx emission using B10 and B20 blends were observed. The authors 
concluded that up to 20% biodiesel can be a potential substitute to diesel, which can 
be used without alteration in the diesel engine.

Karanja biodiesel is another substitute in which researcher showed more inter-
est. Dhar and Agarwal [42] investigated several characteristics of blends of diesel 
and Karanja biodiesel on the engine. The engine is set to run at variable loads and 
speed. The authors observed that 10 and 20% Karanja biodiesel blends exhibited 
higher values of maximum torque than diesel. However, for higher biodiesel 
concentrations in the blends, maximum torque attained was slightly lower. It is also 
observed that the BSFC of biodiesel blends increases with a percentage increase 
of biodiesel in the blends, while, for lower concentrations, it is very close to diesel. 
From emission results, it is seen that HC, CO, and smoke emissions were lower for 
the blends than diesel with slightly higher NOx emissions. The authors concluded 
that up to 20% blends of Karanja biodiesel and petroleum diesel are well suited 
for an unmodified diesel engine. Similar outcomes were found by Raheman and 
Phadatare [43] and Nabi et al. [44]. The engine emissions including CO and smoke 
reduced with some reduction in engine noise, but NOx emissions increased in small 
quantities. Hundred percent KME reduced CO emissions from the diesel engine by 
50% and smoke emissions by 43%, while NOx emission increased by 15%. Chauhan 
et al. [45] conducted transesterification of Karanja oil and observed that all the 
properties were within the standard limits. The engine trials confirmed that BTE for 
Karanja biodiesel blended with diesel in a ratio of 5, 10, 20, 30, and 100% was about 
3–5% lower with respect to neat diesel. It was also revealed by the engine trials that 
CO, CO2, UBHC, and smoke emissions were lowered by the use of biodiesel derived 
from Karanja oil. However, Karanja biodiesel and its blends as compared to diesel 
produced a little higher quantities of NOx emissions with lower values of HRR and 
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peak cylinder pressure. The results suggested that Karanja biodiesel and its blends 
will be a viable alternative to diesel, and they shall also be beneficial for small- and 
medium-energy production.

Sahoo et al. [46] explored Polanga (Calophyllum inophyllum) biodiesel and its 
blends (0–100%) as a substitute in a single-cylinder diesel engine at varying loads. 
It was found that the Polanga methyl ester fueled engine has better brake-specific 
energy consumption (BSEC), BTE, lower smoke emissions, and lower value of 
all other emissions including NOx. Moreover, 100% biodiesel has 0.1% superior 
BTE than other fuels. BSEC also followed the similar trend with lower values of 
exhaust emissions. For B60, a 35% reduction in smoke was observed in comparison 
to baseline diesel. Owing to the reduction in exhaust gas temperature, NOx emis-
sions decreased by nearly 4% for B100 at full load. In another study, Sahoo et al. 
[47] tested various neat and blended biodiesels in a single-cylinder diesel engine at 
different loads. Various engine combustion analyses were carried out on biodiesel 
obtained from Jatropha, Karanja, and Polanga and their blends, which revealed that 
for Jatropha biodiesel, ignition delay was shorter by 4.9–5.2°CA. Similar trends were 
observed with the ignition delay of other biodiesels in comparison to neat diesel. 
Moreover, B20 Polanga biodiesel has shown the maximum peak cylinder pressure.

Raheman and Ghadge [48] used biodiesel derived from Mahua (Madhuca 
indica) in different proportions with diesel. The authors determined different 
properties of the test fuels and found them similar to diesel. Engine performance 
(BSFC, BTE, and exhaust gas temperature) was reduced. However, BSFC increased 
with an increase in brake power. Emissions (CO, smoke density, and NOx) were 
also reduced. In another study, Godiganur et al. [49] assessed the performance 
of mahua methyl ester and its blends (0, 20, 40, 60, and 100) with diesel under 
varying loads and constant speeds. Exhaust emissions namely HC and CO reduced 
considerably by increasing the percentage of biodiesel in the blends with some 
penalty on fuel consumption and NOx emission as compared to diesel. Moreover, 
the performance parameters, that is, BTE improved, whereas BSEC reduced 
slightly for 20% biodiesel blends. Puhan et al. [50] performed an analysis of methyl 
ester of Mahua oil in a diesel engine. It was reported by the authors that BTE of 
the fuel sample decreased by 13%. Puhan et al. [51] in a different study evaluated 
ethyl ester of Mahua oil as diesel fuel and found comparable thermal efficiency. 
In another study by Puhan et al. [52], Mahua oil ethyl ester revealed significantly 
lower HC, CO, NOx, and smoke emissions than diesel in a single-cylinder diesel 
engine. Similarly, its performance tests revealed power loss with biodiesel. A 20% 
lower HC and 26% lower CO emissions were observed with biodiesel compared to 
petroleum diesel, whereas NOx emission was reduced by 4% for Mahua biodiesel 
compared to diesel.

Hajra et al. [53] produced biodiesel from Sal oil (Shorea robusta) using the 
transesterification. NOx, HC, and CO emissions were reduced by 12, 25, and 45%, 
respectively, with a marginal difference in BTE. Based on this study, it is con-
cluded that the Sal methyl ester can be a possible substitute to diesel, which can be 
employed without modifications in the engine. Sharma and Singh [54] produced 
biodiesel using Kusum oil (Schleichera triguga) and found that various physical and 
chemical parameters of Kusum biodiesel are very well suited to diesel engine opera-
tion. In another study, Silitonga et al. [55] found that Schleichera oleosa possesses the 
desired benefits for biodiesel production.

Some researcher showed their interest in waste cooking oil biodiesel. In this 
sequence, Muralidharan et al. [56] tested biodiesel blends (20, 40, 60, and 80%) 
in a single-cylinder VCR engine at 21 CR and a constant speed of 1500 rpm. The 
performance parameters included brake power, specific fuel consumption, brake 
thermal efficiency, exhaust gas temperature, mechanical efficiency, and indicated 
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concentrations in the blends, maximum torque attained was slightly lower. It is also 
observed that the BSFC of biodiesel blends increases with a percentage increase 
of biodiesel in the blends, while, for lower concentrations, it is very close to diesel. 
From emission results, it is seen that HC, CO, and smoke emissions were lower for 
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for an unmodified diesel engine. Similar outcomes were found by Raheman and 
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peak cylinder pressure. The results suggested that Karanja biodiesel and its blends 
will be a viable alternative to diesel, and they shall also be beneficial for small- and 
medium-energy production.

Sahoo et al. [46] explored Polanga (Calophyllum inophyllum) biodiesel and its 
blends (0–100%) as a substitute in a single-cylinder diesel engine at varying loads. 
It was found that the Polanga methyl ester fueled engine has better brake-specific 
energy consumption (BSEC), BTE, lower smoke emissions, and lower value of 
all other emissions including NOx. Moreover, 100% biodiesel has 0.1% superior 
BTE than other fuels. BSEC also followed the similar trend with lower values of 
exhaust emissions. For B60, a 35% reduction in smoke was observed in comparison 
to baseline diesel. Owing to the reduction in exhaust gas temperature, NOx emis-
sions decreased by nearly 4% for B100 at full load. In another study, Sahoo et al. 
[47] tested various neat and blended biodiesels in a single-cylinder diesel engine at 
different loads. Various engine combustion analyses were carried out on biodiesel 
obtained from Jatropha, Karanja, and Polanga and their blends, which revealed that 
for Jatropha biodiesel, ignition delay was shorter by 4.9–5.2°CA. Similar trends were 
observed with the ignition delay of other biodiesels in comparison to neat diesel. 
Moreover, B20 Polanga biodiesel has shown the maximum peak cylinder pressure.

Raheman and Ghadge [48] used biodiesel derived from Mahua (Madhuca 
indica) in different proportions with diesel. The authors determined different 
properties of the test fuels and found them similar to diesel. Engine performance 
(BSFC, BTE, and exhaust gas temperature) was reduced. However, BSFC increased 
with an increase in brake power. Emissions (CO, smoke density, and NOx) were 
also reduced. In another study, Godiganur et al. [49] assessed the performance 
of mahua methyl ester and its blends (0, 20, 40, 60, and 100) with diesel under 
varying loads and constant speeds. Exhaust emissions namely HC and CO reduced 
considerably by increasing the percentage of biodiesel in the blends with some 
penalty on fuel consumption and NOx emission as compared to diesel. Moreover, 
the performance parameters, that is, BTE improved, whereas BSEC reduced 
slightly for 20% biodiesel blends. Puhan et al. [50] performed an analysis of methyl 
ester of Mahua oil in a diesel engine. It was reported by the authors that BTE of 
the fuel sample decreased by 13%. Puhan et al. [51] in a different study evaluated 
ethyl ester of Mahua oil as diesel fuel and found comparable thermal efficiency. 
In another study by Puhan et al. [52], Mahua oil ethyl ester revealed significantly 
lower HC, CO, NOx, and smoke emissions than diesel in a single-cylinder diesel 
engine. Similarly, its performance tests revealed power loss with biodiesel. A 20% 
lower HC and 26% lower CO emissions were observed with biodiesel compared to 
petroleum diesel, whereas NOx emission was reduced by 4% for Mahua biodiesel 
compared to diesel.

Hajra et al. [53] produced biodiesel from Sal oil (Shorea robusta) using the 
transesterification. NOx, HC, and CO emissions were reduced by 12, 25, and 45%, 
respectively, with a marginal difference in BTE. Based on this study, it is con-
cluded that the Sal methyl ester can be a possible substitute to diesel, which can be 
employed without modifications in the engine. Sharma and Singh [54] produced 
biodiesel using Kusum oil (Schleichera triguga) and found that various physical and 
chemical parameters of Kusum biodiesel are very well suited to diesel engine opera-
tion. In another study, Silitonga et al. [55] found that Schleichera oleosa possesses the 
desired benefits for biodiesel production.

Some researcher showed their interest in waste cooking oil biodiesel. In this 
sequence, Muralidharan et al. [56] tested biodiesel blends (20, 40, 60, and 80%) 
in a single-cylinder VCR engine at 21 CR and a constant speed of 1500 rpm. The 
performance parameters included brake power, specific fuel consumption, brake 
thermal efficiency, exhaust gas temperature, mechanical efficiency, and indicated 
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mean effective pressure. The exhaust gas emission was found to contain nitrogen 
oxides, hydrocarbon, carbon monoxide, and carbon dioxide. The results confirmed 
substantial improvement in the performance parameters and exhaust emissions as 
compared to diesel. The blends helped in reduction of hydrocarbon, carbon mon-
oxide, and carbon dioxide with slightly higher nitrogen oxide emissions. It has been 
deduced that waste cooking oil biodiesel and diesel blend combustion characteris-
tics are very close to diesel.

3. Butanol

Butanol in the last decade has emerged as a promising biofuel for its applica-
tion in the diesel engines. Like ethanol, butanol is a biomass-based renewable fuel 
that may be produced by fermentation [55–58]. It is a next-generation greener 
fuel and also known as 1-butanol, n-butanol, or butyl alcohol. Efforts are made by 
the research community to explore efficient methods for obtaining this alcohol in 
bio-refineries, wherein higher alcohols are produced from shorter alcohols [59, 60]. 
Butanol is linear four carbon aliphatic alcohol having a molecular weight of 74.12 g/
mol. It has a distinct aroma with a strong alcoholic odor. It is low hydrophobic color-
less and flammable liquid.

Ethanol has received more attention the world over. However, butanol is a better 
option with high energy content and better physicochemical properties. Butanol 
was discovered in 1852 by Wirtz, and in 1862, Pasteur concluded that butyl alcohol 
was a direct product of anaerobic conversion [57].

Butanol having excellent fuel qualities is very suitable as a diesel engine fuel. Butanol 
being renewable is not only sustainable but also possesses higher cetane number and 
heating value than ethanol. It has a higher flash point making it safer, and it has a lower 
vapor pressure. Butanol is hydrophilic in nature and easy miscible with diesel. This 
eliminates the problems, which are experienced with lower alcohols such as nonmis-
cibility [58]. The important properties of n-butanol, ethanol, and diesel are shown in 
Table 1.

3.1 Production of butanol

Production of butanol is carried through the chemical process, that is, fer-
mentation by bacteria. Clostridium acetobutylicum is the most popular species 
of bacteria used for fermentation. The process is abbreviated as ABE because of 
the end products—acetone, butanol, and ethanol are obtained from it. Butanol 
production is carried out by molasses (consists of fermentable sugars—55 wt.% 
and nonfermentable solids—30 wt.%), water, and nutrients in the reactor. 
Nutrients and diluted molasses are allowed to combine in the tank. Sterilization 
of the mixture is continuously carried out. The broth containing ethanol, 
acetone, and butanol is removed from the reactor. It also contains small quanti-
ties of butyric acids, acetic acids, proteins, cells, and molasses (in the form of 
nonfermentable solids), which are then separated in distillation columns to give 
the final products [60].

3.2 n-Butanol as a fuel in diesel engine

Some experimental studies have highlighted the favorable effects of 
n-butanol/diesel fuel blend in diesel engine [61]. Work of different researchers is 
highlighted later.
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Atmanli et al. performed an engine trial on wide operating conditions at 
varying blend of diesel fuel, cotton oil, and n-butanol using RSM. Homogeneity 
was observed along with no phase separation. BMEP, brake power, and thermal 
efficiency of the blend were reduced; however, BSFC has increased marginally. 
Emissions namely HC, NOx, and CO of the blends have reduced [62]. Yilmaz et al. 
studied the emissions and performance characteristic of butanol/biodiesel blends 
in a multi-cylinder, indirect injection diesel engine. Butanol blended with biodiesel 
was compared with standard diesel (D100) and neat biodiesel (B100) at four engine 
loads. Lower exhaust gas temperatures and nitrogen oxide (NOx) emissions with 
higher CO and HC emissions were found [63]. Zhu et al. [64] carried experiments 
on n-butanol blends, EGR rate, and injection timing on a modified diesel engine. 
The results suggested that with increased EGR rate, NOx emissions reduce, but 
smoke emissions increase. With the increase of n-butanol fraction, smoke emissions 
were found to decrease with a small increase in NOx.

Dogan conducted some studies on a diesel engine at four different loads. No 
phase separation was observed in 20% butanol/diesel blend. The performance 
was slightly improved in comparison to diesel. Gaseous emissions, for example, 
NOx, CO, smoke content, and exhaust gas temperature reduced with the blends 
[65]. Butanol/diesel blends (8, 16, and 24%) were prepared by Rakopoulos et al., 
and it was found during the trial that the smoke opacity, NOx, and CO emissions 
were significantly reduced. However, the HC emissions were higher. Greater SFC 
and BTE and slightly lesser exhaust gas temperatures were noted in comparison to 
petroleum diesel [66]. In a similar study, Karabektas et al. evaluated the suitability 

Properties Diesel fuel n-Butanol Ethanol

Chemical formula C14.09H24.78 C4H9OH C2H5OH

Specific gravity 0.85 0.81 0.79

Boiling point 190–280 108.1 78.3

Net heating value (MJ/kg) 42.6 33 27

Heat of vaporization (KJ/kg) 600 578.4 900

Octane number NA 94 92

Cetane number 45 17 8

Flash point (°C) 65–88 35 13

Viscosity (mm2/s) at 40°C 1.9–3.2 2.63 1.2

Auto-ignition temperature (°C) 210 385 434

Stoichiometric air/fuel ratio 14.6 11 9

Molecular weight 193.9 74 46

Latent heat of evaporation (kJ/kg) 265 585 900

Bulk modulus (bar) 16,000 15,000 13,200

Lubricity (μm) 310 590 950

% of carbon (wt.) 86.7 64.9 52.1

% of hydrogen (wt.) 12.7 13.5 13.1

% of oxygen (wt.) 0 21.5 34.7

C/H ratio 6.8 4.8 4

Table 1. 
Properties of diesel, n-butanol, and ethanol [57–59].
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mean effective pressure. The exhaust gas emission was found to contain nitrogen 
oxides, hydrocarbon, carbon monoxide, and carbon dioxide. The results confirmed 
substantial improvement in the performance parameters and exhaust emissions as 
compared to diesel. The blends helped in reduction of hydrocarbon, carbon mon-
oxide, and carbon dioxide with slightly higher nitrogen oxide emissions. It has been 
deduced that waste cooking oil biodiesel and diesel blend combustion characteris-
tics are very close to diesel.
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tion in the diesel engines. Like ethanol, butanol is a biomass-based renewable fuel 
that may be produced by fermentation [55–58]. It is a next-generation greener 
fuel and also known as 1-butanol, n-butanol, or butyl alcohol. Efforts are made by 
the research community to explore efficient methods for obtaining this alcohol in 
bio-refineries, wherein higher alcohols are produced from shorter alcohols [59, 60]. 
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less and flammable liquid.
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heating value than ethanol. It has a higher flash point making it safer, and it has a lower 
vapor pressure. Butanol is hydrophilic in nature and easy miscible with diesel. This 
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Table 1.

3.1 Production of butanol
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ties of butyric acids, acetic acids, proteins, cells, and molasses (in the form of 
nonfermentable solids), which are then separated in distillation columns to give 
the final products [60].

3.2 n-Butanol as a fuel in diesel engine

Some experimental studies have highlighted the favorable effects of 
n-butanol/diesel fuel blend in diesel engine [61]. Work of different researchers is 
highlighted later.
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Atmanli et al. performed an engine trial on wide operating conditions at 
varying blend of diesel fuel, cotton oil, and n-butanol using RSM. Homogeneity 
was observed along with no phase separation. BMEP, brake power, and thermal 
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were significantly reduced. However, the HC emissions were higher. Greater SFC 
and BTE and slightly lesser exhaust gas temperatures were noted in comparison to 
petroleum diesel [66]. In a similar study, Karabektas et al. evaluated the suitability 

Properties Diesel fuel n-Butanol Ethanol

Chemical formula C14.09H24.78 C4H9OH C2H5OH

Specific gravity 0.85 0.81 0.79
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Molecular weight 193.9 74 46

Latent heat of evaporation (kJ/kg) 265 585 900

Bulk modulus (bar) 16,000 15,000 13,200

Lubricity (μm) 310 590 950

% of carbon (wt.) 86.7 64.9 52.1
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of butanol-diesel blends in a diesel engine. Four blends were prepared consisting of 
5, 10, 15, and 20% butanol by volume. Brake power was lower, whereas BSFC rose 
with the addition of butanol. CO and NOx levels were lower for blends; however, 
there was a considerable increase in HC emissions [67]. In another study, Lebedevas 
et al. conducted investigations on a multi-cylinder diesel engine.

Two types of test fuels were prepared. The first is comprised of diesel, rapeseed 
methyl ester (RME), and butanol, and the second consisted of diesel, rapeseed oil 
butyl esters (RBE), and butanol. Almost the same efficiency was observed, and 
there was a significant reduction in CO and HC emissions. NOx emissions remained 
almost the same; however, there was a reduction in smoke emissions for all butanol-
based fuels as compared to petroleum diesel [68]. The above studies suggest that 
butanol-diesel blends are potential alternative fuel in a diesel engine.

4. Producer gas

Biomass-based producer gas is a viable alternative to conventional fuels, where 
there is a large availability of the biomass as a primary source. Biomass feasible for 
producer gas is dry materials such as wood, charcoal, rice husks, and coconut shell. 
Producer gas is produced by gasifying these dry carbonaceous organic materials. In 
the gasification process, the solid biomass is broken down by the use of heat. The gas-
ification system consists of a reactor or container into which the biomass is fed along 
with a gasification agent such as air, oxygen, and steam. According to the supply, 
producer gas with different calorific values is produced. When air is used, the gas with 
4–6 MJ/Nm3 calorific value is produced, and the gas can be used for direct combus-
tion or as an internal combustion engine fuel. With oxygen, the gas produced has 
10–15 MJ/Nm3 calorific value. The producer gas with 13–20 MJ/Nm3 calorific value is 
produced with steam as a gasifying agent, and the gas can be subsequently used as a 
feedstock for methane and methanol production [69, 70].

Producer gas was produced from sugarcane bagasse and carpentry waste by Singh 
and Mohapatra [71]. The authors mixed the raw materials thoroughly in the ratio 
1:1, and the major steps followed for gasification are mentioned here. (1) In the first 
step, the mixed raw material is fed from the top into a downdraft gasifier, and air 
enters over air inlets through which firing also takes place using a diesel torch. After 
operation of the gasifier for 15–20 min, the gas constantly comes out of the gasifier at 
a temperature of nearly 450°C. (2) In the second step, the gas is cooled and cleaned 
in the scrubber. As the gas is passed through a jet of cold water, the particulates, dust, 
and gases such as HCl, H2S, SO2, and NH3 are removed as they are water soluble. All 
the tar present in the gas is also washed in the scrubber. (3) In the third step, the gas is 
passed through a drum-shaped secondary filter containing a mixture of wood chips 
and powder. As the gas passes through the filter, the particulate matter is absorbed 
along with the excessive moisture present. Gas with high purity and temperature of 
nearly 50°C comes out of the filter. (4) In the final step, the gas is passed through a 
safety filter, which contains a paper filter. The minute soot particles are absorbed by 
the filter and gas with higher purity, and 35°C temperature is obtained.

In spark ignition engines, the use of producer gas is already established. However, 
its use in a dual fuel CI engine as an inducted fuel is still a topic of research [72]. In 
dual fuel engines, the producer gas is inducted along with the air into the cylinder, 
and it is ignited by injecting a small quantity of diesel or other similar fuel such as 
biodiesel. Some of the research on producer gas being used as a dual fuel compres-
sion ignition engine fuel is discussed here. Ramadhas et al. [73] used producer gas 
produced from coir pith and wood for fueling a dual fuel engine with diesel as the 
direct injected fuel. The authors observed a reduction in brake thermal efficiency 
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with dual fuel operation as compared to neat diesel operation. The energy con-
sumption of dual fuel operation was also higher. At part-load conditions, carbon 
monoxide and carbon dioxide emissions were higher with dual fuel operations. The 
smoke density was similar for all the tested fuels. The authors found that producer 
gas (made from wood chips) fueled dual fuel operation performed well than coir 
pith engine operation. Also, the engine could be run only to 50–60% of the maxi-
mum load. In another study by Ramadhas et al. [74], coir pith was used to produce 
producer gas, and rubber seed oil was used as the direct injected fuel. The authors 
observed that with diesel and rubber seed oil, the engine performance reduced in 
dual fuel mode. The fuel consumption with rubber seed oil as direct injected fuel is 
more than diesel as a pilot fuel. At all loads, the carbon monoxide and carbon dioxide 
emissions are higher with rubber seed oil-fueled dual fuel operation on account 
of higher fuel consumption due to lower calorific value of fuel. The other exhaust 
emissions are almost the same. Similar study was conducted by Singh and Mohapatra 
[71], who directly injected diesel and inducted producer gas in the air produced 
from sugarcane bagasse and carpentry waste mixed equally during gasification. 
The authors observed a maximum reduction of 45.7% in consumption of diesel and 
69.5% reduction in NOx emissions along with a slight increase in engine noise.

Singh et al. [75] blended refined rice bran oil (75% v/v) with diesel and used 
producer gas produced from wood in a three-cylinder diesel engine. It was observed 
that at 84% of the maximum engine load with a compression ratio of 18.4:1, the 
pollutant concentration reduced by 48.28, 61.06, and 80.49% for HC, NO, and NO2, 
respectively; however, in comparison to diesel, CO emission increased by 16.31%.
The authors also observed an increase in noise levels with producer gas induction 
at all the loads. Honge oil and Honge oil methyl ester were used as a pilot fuel with 
producer gas as the injected fuel with and without carburetor by Banapurmath and 
Tiwari [76]. The authors found that producer gas and honge oil engine operation 
resulted in higher emission levels and low thermal efficiency due to lower heat con-
tent and high viscosity of honge oil along with the low burning speed of producer 
gas. With methyl ester of honge oil and producer gas in dual-fuel engine operation, 
brake thermal efficiency improves on account of higher calorific value and low vis-
cosity. Overall, with dual fuel operation, smoke and NOx emissions reduce, whereas 
HC and CO emissions increase considerably.

Carlucci et al. [77] used biodiesel and a synthetic producer gas for a dual fuel 
engine operation. The authors initially varied the injection pressure, injection tim-
ing of biodiesel with a single-pilot injection, and also varied the producer gas flow 
rate. The results revealed that the combustion is affected by both injection timing 
and pressure. The thermal efficiency was higher with slightly advanced injection 
timing along with low injection pressure. Lowering of unburned hydrocarbons and 
carbon monoxide emissions was observed, whereas an increase in NOx emission 
occurs. In the second phase, the splitting of the pilot fuel injection was carried out, 
which leads to improved fuel efficiency and reduced pollutants compared to single-
pilot fuel injection at low loads. The authors also concluded that injection pressure 
plays a vital role in reducing gaseous emissions.

5. Hydrogen

Hydrogen is a colorless, odorless gas, which produces heat and water when com-
busted with oxygen at high pressure and temperature. Hydrogen has high energy 
content as compared to other fuels. However, its density is low, that is, the storage 
space required for a vehicle to run on hydrogen for the same distance is more than 
gasoline [78]. Table 2 compares the properties of hydrogen with diesel and gasoline.
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Diesel and Gasoline Engines

14

The flammability limits of hydrogen are wide, which make its use suitable for a 
wide range of air-fuel mixture. The engine can be operated at lean mixtures, which 
considerably improves the fuel economy as complete combustion takes place with 
few residues. Hydrogen has high diffusivity and flame speed because of which faster 
combustion takes place at near constant volume. However, due to its high auto-
ignition temperature, it is suitable for a spark ignition engine, whereas for its use in a 
diesel engine, a low auto-ignition temperature fuel is required to initiate combustion. 
Also, the engine may knock or detonate due to its low ignition energy requirement.

Hydrogen in gaseous state is not available on Earth due to its low density as it 
is pushed out from the gravitational pull of the Earth. However, it exists in the 
combined form in natural resources such as coal, natural gas, fossil fuels, and 
water. Presently, small amount of hydrogen is produced using renewable sources 
such as wind, solar, geothermal energy, and biomass, and nearly 95% of hydrogen 
is produced from fossil fuels. Therefore, the hydrogen production is costly, and 
a large amount of emissions are produced. For a true hydrogen economy to exist, 
the hydrogen needs to be produced abundantly and economically from renew-
able sources. Hydrogen can be produced by natural gas reforming, gasification of 
biomass, and electrolysis of water.

Methane reforming is the most common method of hydrogen production in the 
United States. In this method, methane and steam are reformed at 3−25 bar pres-
sure and 700–1000°C temperature in the presence of a catalyst. The by-products 
of the reaction are carbon monoxide and carbon dioxide. Heat is required for the 
process as it is endothermic. The carbon monoxide subsequently is reacted with 
steam in the presence of a catalyst, resulting in the formation of carbon dioxide and 
hydrogen. This reaction is called water gas shift reaction. Lastly, using the pressure-
swing adsorption process, the gas is freed of all the carbon dioxide and other 
impurities, which leaves only pure hydrogen [79]. The steam reforming can also be 
carried out on other fuels such as ethanol, propane, and even gasoline. This process 
can become truly renewable if hydrogen is produced from renewable sources.

Hydrogen can be produced by gasification of biomass and coal. Biomass is a 
renewable source, which includes crop residue, forest residue, algae, crops grown 
specifically for energy use (switchgrass), municipal wastes, and animal waste. Since 
carbon dioxide is captured from the atmosphere by biomass itself, the net carbon 
emissions of the process are low. In gasification process, the carbon-rich material at a 
temperature greater than 700°C is converted to hydrogen, carbon monoxide, and car-
bon dioxide in the presence of oxygen and/or steam. Water is then reacted with carbon 
monoxide to form carbon dioxide and more amount of hydrogen via the water-gas 
shift mechanism. Gasification process can also be carried out using solar energy [80].

Hydrogen and oxygen can form by passing an electric current through water. 
The process is called electrolysis, and this process consumes the highest energy for 
production of hydrogen [81]. However, the process is clean and free of emission if 
the energy source used for electricity production is renewable.

Property Gasoline Diesel Hydrogen

Density at 1 atm. and 15°C (kg/m3) 721–785 833–881 0.0898

Stoichiometric A/F 14.8 14.5 34.3

Flammability limits (Vol.% in air) 1.4–7.6 0.6–7.5 4–75

Auto-ignition temperature (°C) 246–280 210 585

Lower calorific value at 1 atm. and 15°C (kJ/kg) 44,500 42,500 120,000

Table 2. 
Properties of gasoline, diesel, and hydrogen.
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Hydrogen can also be produced from other sources such as reforming of renew-
able liquid, splitting of water using solar, high-temperature thermochemical water 
splitting, and microbes [82, 83].

5.1 Use of hydrogen in compression ignition (CI) engines

Hydrogen is a carbon-free substance; therefore, no greenhouse gas emissions 
take place from its combustion in an IC engine. Hydrogen has good heat transfer 
characteristics, which increases the combustion temperature resulting in improved 
engine efficiency even at lean mixture operation [84]. This section describes the 
methods and the compression ignition engine performance characteristics when 
operated in dual fuel mode with hydrogen.

Back in 1978, Homan et al. [85] used hydrogen to operate a diesel engine. The 
authors realized that the engine has limited operation range because of its high 
auto-ignition temperature, which could not be resolved by even increasing the com-
pression ratio up to 29. They later investigated the use of glow plugs and a multiple 
strike spark plug. The results showed that both the methods resulted in providing 
reliable ignition and smooth engine operation. The authors also observed reduction 
in ignition delay; however, the indicated mean effective pressure was higher than 
diesel-fueled engine operation. Moreover, the cyclic variations in ignition delay 
were significant along with the formation of high amplitude waves in the combus-
tion chamber [86].

An indirect injection single-cylinder diesel engine was operated with hydrogen 
only by Ikegami et al. [87, 88]. The authors found that the engine had limited 
operation range with hydrogen. The authors were able to extend the operating 
limit and attain smoother combustion by injecting small amounts of pilot fuel in 
the swirl chamber as the pilot fuel became the source of ignition for the hydrogen. 
However, excessive pilot fuel presence resulted in its auto-ignition resulting in 
rough engine operation.

Direct use of hydrogen as CI engine fuel is possible within a limited operating 
range due to its high auto-ignition temperature. To increase the engine’s operation 
range, hydrogen needs to be supplemented by a low auto-ignition temperature 
fuel such as diesel, vegetable oils, and biodiesel. Such an engine is called dual fuel 
engine, wherein hydrogen is either inducted in a carburetor or injected in the intake 
manifold or the intake port. The low auto-ignition fuel, called pilot fuel, is injected 
directly into the combustion chamber when the piston is approaching top dead 
center and the fuel ignites the hydrogen-air mixture. It has been observed that port 
injection of hydrogen shows better engine performance and reduction of emissions 
in comparison to manifold injection or use of a carburetor [89–91].

Varde and Frame [92] aspirated small amounts of hydrogen in the intake of a 
single-cylinder diesel engine for investigating the possibility of smoke reduction. 
They observed that the smoke levels reduced at part- and full-load conditions. The 
optimum hydrogen energy share for smoke reduction lies between 10 and 15%. At 
optimum energy share, the smoke reduced by nearly 50 and 17% at part- and full-
load conditions, respectively. Unburned hydrocarbon emission was not affected by 
hydrogen injection; however, NOx emission increased with an increase in hydrogen 
addition especially at loads above 50% of full load. The NOx emission increase is due 
to the increase in the combustion temperature, which increases with an increase in 
hydrogen addition as well as load. Lilik et al. [93] also observed an increase in NOx 
emission for a hydrogen dual fuel engine with diesel as a pilot fuel. The authors 
injected hydrogen in the intake air up to 15% of the energy share. The authors also 
observed a shift in the ratio of nitrogen oxide to nitrogen dioxide, wherein the 
nitrogen oxide decreased and nitrogen dioxide increased.
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carried out on other fuels such as ethanol, propane, and even gasoline. This process 
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bon dioxide in the presence of oxygen and/or steam. Water is then reacted with carbon 
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Property Gasoline Diesel Hydrogen

Density at 1 atm. and 15°C (kg/m3) 721–785 833–881 0.0898

Stoichiometric A/F 14.8 14.5 34.3

Flammability limits (Vol.% in air) 1.4–7.6 0.6–7.5 4–75

Auto-ignition temperature (°C) 246–280 210 585

Lower calorific value at 1 atm. and 15°C (kJ/kg) 44,500 42,500 120,000

Table 2. 
Properties of gasoline, diesel, and hydrogen.
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Hydrogen can also be produced from other sources such as reforming of renew-
able liquid, splitting of water using solar, high-temperature thermochemical water 
splitting, and microbes [82, 83].

5.1 Use of hydrogen in compression ignition (CI) engines

Hydrogen is a carbon-free substance; therefore, no greenhouse gas emissions 
take place from its combustion in an IC engine. Hydrogen has good heat transfer 
characteristics, which increases the combustion temperature resulting in improved 
engine efficiency even at lean mixture operation [84]. This section describes the 
methods and the compression ignition engine performance characteristics when 
operated in dual fuel mode with hydrogen.
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authors realized that the engine has limited operation range because of its high 
auto-ignition temperature, which could not be resolved by even increasing the com-
pression ratio up to 29. They later investigated the use of glow plugs and a multiple 
strike spark plug. The results showed that both the methods resulted in providing 
reliable ignition and smooth engine operation. The authors also observed reduction 
in ignition delay; however, the indicated mean effective pressure was higher than 
diesel-fueled engine operation. Moreover, the cyclic variations in ignition delay 
were significant along with the formation of high amplitude waves in the combus-
tion chamber [86].
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operation range with hydrogen. The authors were able to extend the operating 
limit and attain smoother combustion by injecting small amounts of pilot fuel in 
the swirl chamber as the pilot fuel became the source of ignition for the hydrogen. 
However, excessive pilot fuel presence resulted in its auto-ignition resulting in 
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range due to its high auto-ignition temperature. To increase the engine’s operation 
range, hydrogen needs to be supplemented by a low auto-ignition temperature 
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engine, wherein hydrogen is either inducted in a carburetor or injected in the intake 
manifold or the intake port. The low auto-ignition fuel, called pilot fuel, is injected 
directly into the combustion chamber when the piston is approaching top dead 
center and the fuel ignites the hydrogen-air mixture. It has been observed that port 
injection of hydrogen shows better engine performance and reduction of emissions 
in comparison to manifold injection or use of a carburetor [89–91].

Varde and Frame [92] aspirated small amounts of hydrogen in the intake of a 
single-cylinder diesel engine for investigating the possibility of smoke reduction. 
They observed that the smoke levels reduced at part- and full-load conditions. The 
optimum hydrogen energy share for smoke reduction lies between 10 and 15%. At 
optimum energy share, the smoke reduced by nearly 50 and 17% at part- and full-
load conditions, respectively. Unburned hydrocarbon emission was not affected by 
hydrogen injection; however, NOx emission increased with an increase in hydrogen 
addition especially at loads above 50% of full load. The NOx emission increase is due 
to the increase in the combustion temperature, which increases with an increase in 
hydrogen addition as well as load. Lilik et al. [93] also observed an increase in NOx 
emission for a hydrogen dual fuel engine with diesel as a pilot fuel. The authors 
injected hydrogen in the intake air up to 15% of the energy share. The authors also 
observed a shift in the ratio of nitrogen oxide to nitrogen dioxide, wherein the 
nitrogen oxide decreased and nitrogen dioxide increased.
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Exhaust gas recirculation (EGR) has been proved to be the best method for NOx 
reduction and for suppressing knocking in a hydrogen dual fuel engine [94–96]. In 
EGR, the exhaust gas is reintroduced in the cylinder. As it has high-specific heat, it 
absorbs the combustion heat and reduces the cylinder temperature leading to reduc-
tion in NOx formation. However, introducing the exhaust gas also reduces the amount 
of oxygen available resulting in increase in smoke, CO, and HC emission. Although 
these emissions may increase, they will be still lower than diesel operation [97].

Bose and Maji [95] compared the performance and emission characteristics 
with and without EGR of a neat diesel engine and a hydrogen diesel dual-fuel 
engine. The brake thermal efficiency without EGR for hydrogen fueled engine was 
higher than neat diesel operation. Higher flow rates of hydrogen deteriorated the 
engine efficiency. The engine efficiency was adversely affected by EGR. The smoke 
emissions reduced with hydrogen induction; however, with EGR, the smoke levels 
increased, but they were still lower than neat diesel operation. The authors observed 
that in order to reduce NOx emissions by 40%, 20% EGR is necessary.

Saravanan and Nagarajan [98] injected hydrogen in a dual-fuel diesel engine using 
a carburetor, injector placed in the port (TPI) and injector placed in the manifold 
(TMI). The port injector and manifold injector were located 5 and 100 mm from the 
intake valve seat, respectively. The injection timing used for diesel was 23°BTDC. The 
optimized injection timing for hydrogen port injection was 5° before gas exchange 
top dead center (BGTDC) with 30° CA injection duration. The observations made 
during running of the engine at different operating conditions were as follows: (a) 
engine operation was unstable during the late injection (30°AGTDC) especially at 
higher loads and with the injection duration of 90°CA, (b) knocking of the engine at 
flow rates greater than 25 lpm, and (c) with port and manifold injection of hydrogen 
greater than 20 lpm flow rate, smoke emissions increased rapidly. The brake thermal 
efficiency and peak heat release rate were high for both port and manifold injections. 
The engine efficiency with carburetion was lower than neat diesel operation. NOx 
was higher for both TPI and TMI modes. HC, CO, CO2, and smoke emissions reduced 
with all the three modes. It was concluded that using H2 as a fuel and adopting TPI 
gave better efficiency and emission reduction than all the other modes.

The challenge with hydrogen induction is that at high loads, the engine perfor-
mance is limited due to knocking. EGR is one of the ways to extend the knock limit 
of the engine, but as discussed earlier, it tends to increase the harmful emissions. 
Another way of reducing the knock at higher loads is injection of water as it can 
control the combustion phase. Chintala and Subramanian [99] inducted water at 
various specific water consumption (SWC) in a hydrogen-fueled dual fuel engine. 
The authors found that the optimum SWC of 200 h/kWh lead to a knock-free 
operation up to 20% hydrogen energy share resulting in 24% NOx emission reduc-
tion and 5.7% reduction in efficiency. The carbon monoxide emission increased 
from 0 g/kWh without water injection to 1.2 g/kWh with water injection. The 
authors conducted another study [100], wherein they were able to increase the 
hydrogen energy share without knocking of the engine from 18 to 24 and 36% by 
retarding the injection timing and injecting water, respectively.

Natural gas can also be used as an injected fuel in a dual fuel engine. However, 
the engine efficiency is low followed by high emissions due to slow rate of burn-
ing of natural gas. Hydrogen can be used to supplement natural gas such that the 
engine’s performance can improve and the emissions can reduce. One such study 
was conducted by McTaggart-Cowan et al. [101], wherein the authors used a single-
cylinder engine fueled with natural gas blended with 10 and 23% hydrogen (by 
volume). In this study, the mixture of hydrogen and methane was injected directly 
into the cylinder, and diesel was used as a pilot fuel. Diesel was injected approxi-
mately 1 ms prior to the natural gas to initiate the combustion process.  

17

Alternative Fuels for Diesel Engines: New Frontiers
DOI: http://dx.doi.org/10.5772/intechopen.80614

The dual fuel injector used concentric needles. The results show that with 10% 
H2, NOx, and PM emissions remained almost the same though CO and THC were 
slightly reduced. With 23% H2, NOx increased slightly, while CO, THC, and CO2 
were reduced. Also, the peak heat release rate was 20% higher than natural gas. 
With PM, significant influence was seen at latest injection timings (15° ATDC), 
where it was found to decrease. At such timings, the burn duration for 23% H2 was 
also substantially reduced. The combustion variability (COVGIMEP) for 10% H2/
methane fuel reduced only at late timings, while with 23% H2, it reduced for all 
injection timings. The combustion stability was found to improve, and the effect 
of hydrogen addition was observed to be consistent with variations in injection 
timings and pressure.

Biodiesel and its blends with diesel have also been used by many researchers 
as a pilot fuel in a hydrogen-fueled dual fuel engine. Geo et al. [102] used rubber 
seed oil and rubber seed oil methyl ester as the direct injected fuel and hydrogen 
as the injected fuel in the intake port in a dual fuel engine to reduce smoke and 
increase the engine’s thermal efficiency. The brake thermal efficiency of the engine 
increased by nearly 1.5%, whereas the smoke emission reduced by more than 30% 
with hydrogen induction. The maximum hydrogen energy share at full load that the 
engine can tolerate was 12.69% with diesel, 11.2% with rubber seed oil methyl ester, 
and 10.76% with rubber seed oil. The HC and CO emissions reduced at all loads 
with hydrogen induction for all the fuels. However, the NOx emissions increased 
for all the fuels with an increase in hydrogen induction. The authors attributed the 
increase to high combustion temperature because of high premixed combustion. 
The authors also observed higher emission values and lower efficiency with rubber 
seed oil due to poor mixture formation because of high viscosity of the fuel.

Palm oil methyl ester was blended with diesel in various proportion, and the blends 
were used as a pilot fuel in a single-cylinder dual fuel engine along with hydrogen as the 
injected fuel [103]. The performance and emission characteristics of the engine were 
recorded at 50% load and full load. The authors observed that at 25% blend of palm oil 
methyl ester in a liter of diesel, the engine gave the best efficiency at 5 lpm flow rate of 
hydrogen. Hydrogen induction resulted in drastic reduction in carbon monoxide emis-
sions. However, unburnt hydrocarbon emissions increased at 5 lpm flow rate, but with 
increase in flow rate to 10 lpm, some reduction in emission level was observed.

Biodiesel produced from waste cooking oil can also be used as a pilot fuel in 
a hydrogen dual fuel engine. Kumar and Jaikumar [104] used waste cooking oil 
(WCO) and emulsion of waste cooking as direct injected fuel and hydrogen as 
manifold injected fuel in a dual fuel engine. Dual fuel operation reduced CO, HC, 
and smoke emissions with waste cooking oil as a pilot fuel at all loads; however, 
thermal efficiency reduced at 40% load. The ignition delay with WCO emulsion 
is higher than neat WCO, which further increases with hydrogen induction. The 
authors observed improvement in engine performance with hydrogen induction at 
high loads and fall in performance at low loads with WCO emulsion as a pilot fuel.

6. Dimethyl ether

Dimethyl ether (DME) is the simplest ether with chemical formula of CH3OCH3. 
DME in gaseous state is colorless, nontoxic, and highly flammable with a slight nar-
cotic effect. By slightly pressurizing the gas, it can also be handled as a liquid fuel. 
DME and liquefied petroleum gas have similar properties. Moreover, the cetane 
number of DME is greater than 55. A blue flame is visible while burning DME, 
and it has wide flammability limits [105–108]. Table 3 shows the physicochemical 
properties of DME and diesel.



Diesel and Gasoline Engines

16

Exhaust gas recirculation (EGR) has been proved to be the best method for NOx 
reduction and for suppressing knocking in a hydrogen dual fuel engine [94–96]. In 
EGR, the exhaust gas is reintroduced in the cylinder. As it has high-specific heat, it 
absorbs the combustion heat and reduces the cylinder temperature leading to reduc-
tion in NOx formation. However, introducing the exhaust gas also reduces the amount 
of oxygen available resulting in increase in smoke, CO, and HC emission. Although 
these emissions may increase, they will be still lower than diesel operation [97].

Bose and Maji [95] compared the performance and emission characteristics 
with and without EGR of a neat diesel engine and a hydrogen diesel dual-fuel 
engine. The brake thermal efficiency without EGR for hydrogen fueled engine was 
higher than neat diesel operation. Higher flow rates of hydrogen deteriorated the 
engine efficiency. The engine efficiency was adversely affected by EGR. The smoke 
emissions reduced with hydrogen induction; however, with EGR, the smoke levels 
increased, but they were still lower than neat diesel operation. The authors observed 
that in order to reduce NOx emissions by 40%, 20% EGR is necessary.

Saravanan and Nagarajan [98] injected hydrogen in a dual-fuel diesel engine using 
a carburetor, injector placed in the port (TPI) and injector placed in the manifold 
(TMI). The port injector and manifold injector were located 5 and 100 mm from the 
intake valve seat, respectively. The injection timing used for diesel was 23°BTDC. The 
optimized injection timing for hydrogen port injection was 5° before gas exchange 
top dead center (BGTDC) with 30° CA injection duration. The observations made 
during running of the engine at different operating conditions were as follows: (a) 
engine operation was unstable during the late injection (30°AGTDC) especially at 
higher loads and with the injection duration of 90°CA, (b) knocking of the engine at 
flow rates greater than 25 lpm, and (c) with port and manifold injection of hydrogen 
greater than 20 lpm flow rate, smoke emissions increased rapidly. The brake thermal 
efficiency and peak heat release rate were high for both port and manifold injections. 
The engine efficiency with carburetion was lower than neat diesel operation. NOx 
was higher for both TPI and TMI modes. HC, CO, CO2, and smoke emissions reduced 
with all the three modes. It was concluded that using H2 as a fuel and adopting TPI 
gave better efficiency and emission reduction than all the other modes.

The challenge with hydrogen induction is that at high loads, the engine perfor-
mance is limited due to knocking. EGR is one of the ways to extend the knock limit 
of the engine, but as discussed earlier, it tends to increase the harmful emissions. 
Another way of reducing the knock at higher loads is injection of water as it can 
control the combustion phase. Chintala and Subramanian [99] inducted water at 
various specific water consumption (SWC) in a hydrogen-fueled dual fuel engine. 
The authors found that the optimum SWC of 200 h/kWh lead to a knock-free 
operation up to 20% hydrogen energy share resulting in 24% NOx emission reduc-
tion and 5.7% reduction in efficiency. The carbon monoxide emission increased 
from 0 g/kWh without water injection to 1.2 g/kWh with water injection. The 
authors conducted another study [100], wherein they were able to increase the 
hydrogen energy share without knocking of the engine from 18 to 24 and 36% by 
retarding the injection timing and injecting water, respectively.

Natural gas can also be used as an injected fuel in a dual fuel engine. However, 
the engine efficiency is low followed by high emissions due to slow rate of burn-
ing of natural gas. Hydrogen can be used to supplement natural gas such that the 
engine’s performance can improve and the emissions can reduce. One such study 
was conducted by McTaggart-Cowan et al. [101], wherein the authors used a single-
cylinder engine fueled with natural gas blended with 10 and 23% hydrogen (by 
volume). In this study, the mixture of hydrogen and methane was injected directly 
into the cylinder, and diesel was used as a pilot fuel. Diesel was injected approxi-
mately 1 ms prior to the natural gas to initiate the combustion process.  

17

Alternative Fuels for Diesel Engines: New Frontiers
DOI: http://dx.doi.org/10.5772/intechopen.80614

The dual fuel injector used concentric needles. The results show that with 10% 
H2, NOx, and PM emissions remained almost the same though CO and THC were 
slightly reduced. With 23% H2, NOx increased slightly, while CO, THC, and CO2 
were reduced. Also, the peak heat release rate was 20% higher than natural gas. 
With PM, significant influence was seen at latest injection timings (15° ATDC), 
where it was found to decrease. At such timings, the burn duration for 23% H2 was 
also substantially reduced. The combustion variability (COVGIMEP) for 10% H2/
methane fuel reduced only at late timings, while with 23% H2, it reduced for all 
injection timings. The combustion stability was found to improve, and the effect 
of hydrogen addition was observed to be consistent with variations in injection 
timings and pressure.

Biodiesel and its blends with diesel have also been used by many researchers 
as a pilot fuel in a hydrogen-fueled dual fuel engine. Geo et al. [102] used rubber 
seed oil and rubber seed oil methyl ester as the direct injected fuel and hydrogen 
as the injected fuel in the intake port in a dual fuel engine to reduce smoke and 
increase the engine’s thermal efficiency. The brake thermal efficiency of the engine 
increased by nearly 1.5%, whereas the smoke emission reduced by more than 30% 
with hydrogen induction. The maximum hydrogen energy share at full load that the 
engine can tolerate was 12.69% with diesel, 11.2% with rubber seed oil methyl ester, 
and 10.76% with rubber seed oil. The HC and CO emissions reduced at all loads 
with hydrogen induction for all the fuels. However, the NOx emissions increased 
for all the fuels with an increase in hydrogen induction. The authors attributed the 
increase to high combustion temperature because of high premixed combustion. 
The authors also observed higher emission values and lower efficiency with rubber 
seed oil due to poor mixture formation because of high viscosity of the fuel.

Palm oil methyl ester was blended with diesel in various proportion, and the blends 
were used as a pilot fuel in a single-cylinder dual fuel engine along with hydrogen as the 
injected fuel [103]. The performance and emission characteristics of the engine were 
recorded at 50% load and full load. The authors observed that at 25% blend of palm oil 
methyl ester in a liter of diesel, the engine gave the best efficiency at 5 lpm flow rate of 
hydrogen. Hydrogen induction resulted in drastic reduction in carbon monoxide emis-
sions. However, unburnt hydrocarbon emissions increased at 5 lpm flow rate, but with 
increase in flow rate to 10 lpm, some reduction in emission level was observed.

Biodiesel produced from waste cooking oil can also be used as a pilot fuel in 
a hydrogen dual fuel engine. Kumar and Jaikumar [104] used waste cooking oil 
(WCO) and emulsion of waste cooking as direct injected fuel and hydrogen as 
manifold injected fuel in a dual fuel engine. Dual fuel operation reduced CO, HC, 
and smoke emissions with waste cooking oil as a pilot fuel at all loads; however, 
thermal efficiency reduced at 40% load. The ignition delay with WCO emulsion 
is higher than neat WCO, which further increases with hydrogen induction. The 
authors observed improvement in engine performance with hydrogen induction at 
high loads and fall in performance at low loads with WCO emulsion as a pilot fuel.

6. Dimethyl ether

Dimethyl ether (DME) is the simplest ether with chemical formula of CH3OCH3. 
DME in gaseous state is colorless, nontoxic, and highly flammable with a slight nar-
cotic effect. By slightly pressurizing the gas, it can also be handled as a liquid fuel. 
DME and liquefied petroleum gas have similar properties. Moreover, the cetane 
number of DME is greater than 55. A blue flame is visible while burning DME, 
and it has wide flammability limits [105–108]. Table 3 shows the physicochemical 
properties of DME and diesel.



Diesel and Gasoline Engines

18

Advantages of dimethyl ether are as follows: (a) high content of oxygen and the 
absence of any bond between carbon atoms result in low smoke formation, (b) low 
boiling point results in quick evaporation of fuel spray, and (c) auto-ignition tem-
perature of DME is low, and its cetane number is high, which reduces the physical 
ignition delay [110]. The disadvantages of DME are as follows: (a) the calorific value 
is less due to the presence of oxygen molecules, hence the fuel required to produce 
the same power is more; (b) it has viscosity lower than diesel, which causes leakage 
in the fuel system, and due to its low lubricity, the fuel injection system surface 
wear may be high; and (c) its bulk modulus of elasticity is low, it can be compressed 
nearly four to six times that of diesel, and more work has to be put in the fuel pump 
to compress the fuel to the same level of diesel [111].

DME is usually used as a spray-can propellant and in cosmetics. Both fossil fuels 
and renewable energy sources can be used to produce DME. Dehydrogenation of 
methanol and direct conversion of syngas [112] are the two processes used for DME 
production. The two methods are essentially similar.

In the direct conversion method, syngas can be used to simultaneously produce 
DME and methanol using suitable catalysts. The first step of the direct conversion 
process is the conversion to syngas by either reforming natural gas using steam or 
partial oxidation of coal and biomass by using pure oxygen. In the second step, 
a copper-based catalyst is used to synthesize methanol from syngas. In the third 
step, alumina or zeolite-based catalyst is used to dehydrogenate methanol to form 
DME. Lastly, the raw product is purified as it may contain some amount of metha-
nol and water. Bio-DME can be produced using renewable sources; however, the 
production route is costly relative to diesel [110].

6.1 Use of dimethyl ether as a CI engine fuel

DME can be used in an engine as a neat fuel or by blending it with diesel, bio-
diesel, or LPG. This section briefly describes the effect of DME on a diesel engine in 
terms of its efficiency, combustion, and the exhaust emissions.

A direct injection single-cylinder diesel engine was used by Sato et al. [113] for 
operating with DME. The engine was supercharged with a multiple hole injector. 
The authors observed that heat release and combustion pressure with DME-fueled 
engine are higher than diesel. Also, the engine had lower ignition delay and higher 
indicated mean effective pressure with DME engine operation than diesel engine 

Property DME Diesel

Vapor pressure at 20°C (bar) 5.1 <0.01

Boiling temperature (°C) −25 ~150–380

Liquid density at 20°C (kg/m3) 660 800–840

Liquid viscosity at 25°C (kg/ms) 0.12–0.15 2–4

Gas specific gravity (vs air) 1.59 –

Lower heating value (MJ/kg) 28.43 42.5

Cetane number 55–60 40–55

Stoichiometric A/F ratio (kg/kg) 9.0 14.6

Enthalpy of vaporization at normal temperature and 
pressure (kJ/kg)

460 (−20°C) 250

Table 3. 
Properties of DME and diesel [109].
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operation. The authors found NOx emission reduction by one-third with DME 
with an increase in the exhaust gas recirculation rate. Carbon dioxide emission was 
lower than diesel. In middle- and low-load conditions, the energy consumption was 
higher than diesel.

The fuel injection system of a diesel engine needs to be redesigned for operat-
ing with DME due to its low lubricity, viscosity, lower heating value, and elastic-
ity. Lubricity can be improved by adding additives; however, for other issues, 
new materials need to be developed. DME is soluble in hydrocarbons, which 
make it a lucrative proposition, such as propane blending improves the calorific 
value of the blend or biodiesel blending improves the lubricity and viscosity of 
the blend.

Ying et al. [114] blended DME with diesel in various proportions and found 
decrease in lower heating value, kinematic viscosity, and aromatic fraction of 
the blends. Cetane number, carbon to hydrogen ratio, and oxygen content of 
the blends increased. The authors found low fuel consumption for the blends at 
high engine speed than diesel operation. At high engine speeds, the velocity of 
the plunger is high in the fuel pump, which makes the pressure in the plunger 
lower than DME vapor pressure, hence vaporizing the DME in the plunger, 
thereby reducing the effective stroke of the plunger and fuel delivered per stroke. 
However, at lower speed, the vaporizing rate is not much, hence more quantity of 
blended fuel is delivered due to high delivery pressure and the fuel consumption is 
higher. The impact on emissions due to blends varies with varying load conditions. 
At high loads, the effect of blends on smoke is significant, whereas at low loads, 
the smoke emission is slightly affected. NOx emission decreases a little, whereas 
HC and CO emissions increase at all operating conditions. The decrease in NOx 
emission is due to lower combustion temperature caused by shorter ignition delay 
and less amount of fuel prepared for premixed combustion caused by high cetane 
number and lower auto-ignition temperature [113, 115]. Also, the blend injection 
timing is delayed due to low elasticity [116] than diesel, which further reduces the 
NOx emission.

Rapeseed oil was blended with DME at 2, 4, 6, and 10% volume by volume 
ratio by Wang and Zhou [117]. The results show that engine performance is good 
with different blends in all operating conditions. With the increase in rapeseed oil 
percentage in the blend, the power and torque output of the engine increase as well 
as the NOx emission increases. Smoke emissions were insignificant up to 6% of 
rapeseed oil in the blend; however, with further increase in rapeseed percentage, 
the emission level increased drastically. The authors also observed increase in the 
heat release rate and the fraction of the fuel burned in premixed combustion phase 
with an increase in rapeseed oil mass fraction.

In another study, Hou et al. [118] used blends of used cooking oil and DME in a 
turbocharged compression ignition engine. The authors also observed that increase 
of DME proportion in the blends reduced the peak in-cylinder temperature, pres-
sure, ignition delay, and peak heat release rate. The authors varied the nozzle hole 
diameter (0.35 and 0.4 mm) and found that peak cylinder pressure and heat release 
are higher for 0.35 mm nozzle, and the combustion phase is also advanced. NOx 
emissions with 0.4 mm diameter are lower than 0.35 mm diameter at 100% DME, 
whereas at 50% blend of DME, NOx emission is higher with 0.4 mm diameter than 
0.35 mm diameter. HC and CO emissions are lower with 0.4 mm diameter at 50% 
blend of DME, and the emissions increased when 100% DME is used with 0.4 mm 
diameter nozzle.

Since DME and LPG have similar physicochemical properties, DME can be 
handled and stored in a similar manner. Also, the infrastructure used to supply LPG 
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engine are higher than diesel. Also, the engine had lower ignition delay and higher 
indicated mean effective pressure with DME engine operation than diesel engine 

Property DME Diesel

Vapor pressure at 20°C (bar) 5.1 <0.01

Boiling temperature (°C) −25 ~150–380

Liquid density at 20°C (kg/m3) 660 800–840

Liquid viscosity at 25°C (kg/ms) 0.12–0.15 2–4

Gas specific gravity (vs air) 1.59 –

Lower heating value (MJ/kg) 28.43 42.5

Cetane number 55–60 40–55

Stoichiometric A/F ratio (kg/kg) 9.0 14.6

Enthalpy of vaporization at normal temperature and 
pressure (kJ/kg)

460 (−20°C) 250

Table 3. 
Properties of DME and diesel [109].
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operation. The authors found NOx emission reduction by one-third with DME 
with an increase in the exhaust gas recirculation rate. Carbon dioxide emission was 
lower than diesel. In middle- and low-load conditions, the energy consumption was 
higher than diesel.

The fuel injection system of a diesel engine needs to be redesigned for operat-
ing with DME due to its low lubricity, viscosity, lower heating value, and elastic-
ity. Lubricity can be improved by adding additives; however, for other issues, 
new materials need to be developed. DME is soluble in hydrocarbons, which 
make it a lucrative proposition, such as propane blending improves the calorific 
value of the blend or biodiesel blending improves the lubricity and viscosity of 
the blend.

Ying et al. [114] blended DME with diesel in various proportions and found 
decrease in lower heating value, kinematic viscosity, and aromatic fraction of 
the blends. Cetane number, carbon to hydrogen ratio, and oxygen content of 
the blends increased. The authors found low fuel consumption for the blends at 
high engine speed than diesel operation. At high engine speeds, the velocity of 
the plunger is high in the fuel pump, which makes the pressure in the plunger 
lower than DME vapor pressure, hence vaporizing the DME in the plunger, 
thereby reducing the effective stroke of the plunger and fuel delivered per stroke. 
However, at lower speed, the vaporizing rate is not much, hence more quantity of 
blended fuel is delivered due to high delivery pressure and the fuel consumption is 
higher. The impact on emissions due to blends varies with varying load conditions. 
At high loads, the effect of blends on smoke is significant, whereas at low loads, 
the smoke emission is slightly affected. NOx emission decreases a little, whereas 
HC and CO emissions increase at all operating conditions. The decrease in NOx 
emission is due to lower combustion temperature caused by shorter ignition delay 
and less amount of fuel prepared for premixed combustion caused by high cetane 
number and lower auto-ignition temperature [113, 115]. Also, the blend injection 
timing is delayed due to low elasticity [116] than diesel, which further reduces the 
NOx emission.

Rapeseed oil was blended with DME at 2, 4, 6, and 10% volume by volume 
ratio by Wang and Zhou [117]. The results show that engine performance is good 
with different blends in all operating conditions. With the increase in rapeseed oil 
percentage in the blend, the power and torque output of the engine increase as well 
as the NOx emission increases. Smoke emissions were insignificant up to 6% of 
rapeseed oil in the blend; however, with further increase in rapeseed percentage, 
the emission level increased drastically. The authors also observed increase in the 
heat release rate and the fraction of the fuel burned in premixed combustion phase 
with an increase in rapeseed oil mass fraction.

In another study, Hou et al. [118] used blends of used cooking oil and DME in a 
turbocharged compression ignition engine. The authors also observed that increase 
of DME proportion in the blends reduced the peak in-cylinder temperature, pres-
sure, ignition delay, and peak heat release rate. The authors varied the nozzle hole 
diameter (0.35 and 0.4 mm) and found that peak cylinder pressure and heat release 
are higher for 0.35 mm nozzle, and the combustion phase is also advanced. NOx 
emissions with 0.4 mm diameter are lower than 0.35 mm diameter at 100% DME, 
whereas at 50% blend of DME, NOx emission is higher with 0.4 mm diameter than 
0.35 mm diameter. HC and CO emissions are lower with 0.4 mm diameter at 50% 
blend of DME, and the emissions increased when 100% DME is used with 0.4 mm 
diameter nozzle.

Since DME and LPG have similar physicochemical properties, DME can be 
handled and stored in a similar manner. Also, the infrastructure used to supply LPG 
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can be used for DME supply for DME-fueled vehicles [119, 120]. DME and LPG can 
be easily blended, and they compensate for each other’s disadvantage namely LPG’s 
low cetane number and DME’s low calorific value.

Lee et al. [121] used a single-cylinder diesel engine for operating with blends 
of n-butane and DME. The n-butane was varied from 0 to 40% by mass in 
the blend. The n-butane content above 30% resulted in poor self-ignition and 
unstable combustion, especially at low loads. The increase in n-butane content 
led to late start of combustion due to ignition delay caused by reduced cetane 
number. High HC and CO emissions were observed with higher n-butane content 
due to partial burning of the charge caused by over mixing of the unburnt charge 
and the burnt charge. NOx emissions were higher at low loads and low n-butane 
content, which are mainly due to early start of combustion giving more time 
for NOx formation. Whereas, at high load and high n-butane content, the NOx 
emission is higher. Also, the NOx emissions are lower with blended fuels than 
diesel engine operation. Less smoke emissions were detected for medium and 
low loads.

7. Conclusions

As already highlighted, depleting petroleum reserves and climate change is 
mandating the use of alternative fuel to give a new life to millions of off- and 
on-road engines. The benefits of alternative fuels are enormous for developing 
countries such as energy security, social empowerment, employment generation, 
and substantial savings of foreign exchange. The fossil fuels are neither sustainable 
nor inexhaustible, and alternatives must be explored to address different issues with 
the use of petroleum-derived fuels.

There are greater challenges with the use of alternative fuels due to their adapt-
ability with the vital parts of engines, cost, availability of feedstocks, and so on. 
Also, knowledge of important chemical, physical, thermodynamic, and logistics 
features of the alternative fuel are very much required for large-scale adaptation. 
Moreover, production of alternative fuels is a complex process, and keeping track of 
constantly upgrading technology shall be very helpful to drastically reduce the cost 
and production time.

It is not possible for a single-alternative fuel to completely replace the diesel, 
and various options have both positive and negative attributes. The alternative fuels 
reduce the risk to health as they are clean burning. The engine performance is quite 
similar, and well-to-wheel analysis is required for estimating the operating cost. 
Since various disciplines are linked with production and adaptation of alternative 
fuels, synergy is necessary among research fraternity to understand the efficacy 
of different options. Some of the fuels are very promising, but further research is 
required to prove their potential. It is envisaged that with the enforcement of more 
stringent norms, the alternative fuels would become more attractive either as a 
drop in fuels or blend. It can be concluded that diesel engines can be fueled in an 
efficient and sustainable way with various options of alternative fuels with some 
trade-off on price and performance; however, they are capable of bringing a new 
era of green environment.
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be easily blended, and they compensate for each other’s disadvantage namely LPG’s 
low cetane number and DME’s low calorific value.

Lee et al. [121] used a single-cylinder diesel engine for operating with blends 
of n-butane and DME. The n-butane was varied from 0 to 40% by mass in 
the blend. The n-butane content above 30% resulted in poor self-ignition and 
unstable combustion, especially at low loads. The increase in n-butane content 
led to late start of combustion due to ignition delay caused by reduced cetane 
number. High HC and CO emissions were observed with higher n-butane content 
due to partial burning of the charge caused by over mixing of the unburnt charge 
and the burnt charge. NOx emissions were higher at low loads and low n-butane 
content, which are mainly due to early start of combustion giving more time 
for NOx formation. Whereas, at high load and high n-butane content, the NOx 
emission is higher. Also, the NOx emissions are lower with blended fuels than 
diesel engine operation. Less smoke emissions were detected for medium and 
low loads.

7. Conclusions

As already highlighted, depleting petroleum reserves and climate change is 
mandating the use of alternative fuel to give a new life to millions of off- and 
on-road engines. The benefits of alternative fuels are enormous for developing 
countries such as energy security, social empowerment, employment generation, 
and substantial savings of foreign exchange. The fossil fuels are neither sustainable 
nor inexhaustible, and alternatives must be explored to address different issues with 
the use of petroleum-derived fuels.

There are greater challenges with the use of alternative fuels due to their adapt-
ability with the vital parts of engines, cost, availability of feedstocks, and so on. 
Also, knowledge of important chemical, physical, thermodynamic, and logistics 
features of the alternative fuel are very much required for large-scale adaptation. 
Moreover, production of alternative fuels is a complex process, and keeping track of 
constantly upgrading technology shall be very helpful to drastically reduce the cost 
and production time.

It is not possible for a single-alternative fuel to completely replace the diesel, 
and various options have both positive and negative attributes. The alternative fuels 
reduce the risk to health as they are clean burning. The engine performance is quite 
similar, and well-to-wheel analysis is required for estimating the operating cost. 
Since various disciplines are linked with production and adaptation of alternative 
fuels, synergy is necessary among research fraternity to understand the efficacy 
of different options. Some of the fuels are very promising, but further research is 
required to prove their potential. It is envisaged that with the enforcement of more 
stringent norms, the alternative fuels would become more attractive either as a 
drop in fuels or blend. It can be concluded that diesel engines can be fueled in an 
efficient and sustainable way with various options of alternative fuels with some 
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Chapter 2

Fuels of the Diesel-Gasoline
Engines and Their Properties
Selçuk Sarıkoç

Abstract

Hydrocarbon-based fuels which are gasoline, diesel, natural gas, and liquefied
petroleum gas (LPG) have been generally used in the diesel and gasoline engines as
a fuel. In this study, hydrocarbon-based fuels such as alkanes (paraffins), naph-
thenes (cycloparaffins), alkenes (olefins), alkynes (acetylenes), and aromatics
(benzene derivatives) have been classified. Their molecular structure and proper-
ties have been comprehensively explained. In addition to this, some of the impor-
tant fuel properties of the commonly used fossil-based fuels such as gasoline and
diesel in the internal combustion engine have been evaluated. Thus, hydrocarbon
derivative fuels which are diesel, gasoline, natural gas, and liquefied petroleum gas
(LPG) have been investigated as an internal combustion engine fuel. Their physical
and chemical properties were explained and compared to each other. Octane num-
ber and cetane number substantially affect the fuel ignition delay period and self-
ignition temperature properties. Therefore, the gasoline and diesel engine running
is dominantly affected by the octane and cetane numbers, respectively. As a result,
fossil-based fuel’s physical and chemical properties, advantages, and disadvantages
have been comprehensively explained and compared to each other. The fuels,
which are commonly used in the diesel and gasoline engine, have been investigated,
and their important properties have been revealed.

Keywords: fuels, hydrocarbons, diesel fuel, gasoline fuel, diesel and gasoline engine

1. Introduction

Fuels can be classified into three groups as solid, liquid, and gas. Although liquid
hydrocarbons are generally used in internal combustion engines, in urban trans-
portation where air pollution is a problem, biofuels such as alcohols and biodiesel or
gaseous fuels, which are liquefied petroleum gas (LPG) or natural gas, have been
rarely used as a fuel. The importance of using alternative fuels in internal combus-
tion engines emerges because of limited oil resources and decreasing reserves,
increasing oil prices, and increasing environmental problems. In order to reduce
dependence on oil, alternative engine fuels such as vegetable oils, biofuels (alcohols,
biodiesel, biogas), and liquefied hydrogen gas have been of particular interest to
researchers [1, 2].
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2. Hydrocarbon-based fuels

Fuel compounds containing carbon and hydrogen atoms in their basic molecular
structure are called hydrocarbon-based fuels. Hydrocarbons can be divided into two
main groups, aliphatic and aromatic. Aliphatic hydrocarbons are divided into two
subclasses as saturated and unsaturated hydrocarbons. The carbon atom in hydro-
carbon is called saturated if it has bonded with four hydrogen atoms and unsatu-
rated if the carbon atoms have made double or triple carbon-carbon bonds.
Saturated hydrocarbons are classified as alkanes; unsaturated hydrocarbons are
classified as alkenes or alkynes [3, 4]. Hydrocarbons can be in the solid, liquid, and
gas phases according to the number of carbons in the chemical structure. Generally,
hydrocarbons with carbon atoms 1–4 are in gas, 5–19 are liquid, and molecules with
20 and more carbon atoms are in the solid phase [5]. CnHm is the general closed
chemical formula of liquid hydrocarbons used as a fuel in the internal combustion
engines. However, hydrocarbons consist of hydrogen and carbon and also small
amounts of O2, H2, S, H2O, and some metals containing crude oil derivatives [2].
Figure 1 gives the classification of the compounds of hydrocarbons.

2.1 Alkanes (paraffins)

Alkanes are saturated hydrocarbons with the general closed formula CnH2n+2,
also known in the literature as paraffins, which add the suffix “-an” at the end of the
Latin carbon numbers. Alkanes contain more hydrogen in their chemical structure
compared to other hydrocarbons, this high number of hydrogen atoms lead to be
higher thermal values and lower density than other hydrocarbons (620–770 kg/m3).
As the number of carbon atoms in the hydrocarbon chain increases, the properties
of the alkanes such as autoignition tendencies, molecular weights, and melting and
boiling points increase. Each increase in carbon number in the hydrocarbon chain
causes the boiling point to rise by about 20–30°C. Alkanes are insoluble in water
because they are apolar. Among the apolar molecules such as hydrocarbons and
inert gases are Van der Waals forces, in other words, London dispersion forces.
Dispersion force is as a weak intermolecular force between all molecules by means
of temporary dipoles induced in the atoms or molecules. The dispersion forces are
commonly expressed as London forces. Electron numbers and surface area of the
molecules are the most important affecting factors of the magnitude of dispersion
forces. These tensile forces directly affect the boiling point of these materials. The
alkanes may exist in a straight chain, branched chain, and cyclic form depending on

Figure 1.
Classification of hydrocarbons [3].
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the arrangement of the carbon atoms. Van der Waals forces are more effective than
branched ones because the molecular surfaces of the straight-chain alkanes are
more in contact with each other. Thus, the boiling point of the straight-chain
alkanes having the same molecular weight is higher than the branched ones. In
other words, as the branching increases, the boiling point decreases, because the
branched structure makes the molecule tighter. However, the increasing of
branching has led to the surface area of the molecule to become narrow, and the
boiling point decreases with the reduction of Van der Waals forces between itself
and neighboring molecules. The ignition tendencies of straight-chain alkanes are
generally higher than the branched chain ones due to it being more easily broken
down. Unlike straight-chain molecule structures, branched chain and ring struc-
tures have higher ignition resistance. Therefore, straight-chain alkanes are more
suitable for use as diesel fuel rather than as gasoline fuel. However, alkane isomers
which are of the same closed formula but with different branched chains and rings
are more suitable for use as a gasoline engine fuel since they have higher engine
knocking resistance. The property that defines whether the fuel ignites spontane-
ously is called the octane number. In other words, it is defined as ignition resistance.
Straight long chain fuels generally have a lower octane number, whereas branched
structures have a higher octane number. To summarize this briefly, the octane
number is usually inversely proportional to the chain length of the molecules of the
fuels. The shorter the chain structure of the fuel molecules, the higher the octane
number. The octane number is directly proportional to the branched side chain
components. Besides, having a ring molecular structure of fuels leads to high octane
numbers. Alkanes are present in solid, liquid, and gaseous form according to their
carbon number. The carbon number 1–4 is present in gas, 5–25 in liquid form, and
more than 25 in solid form. Alkanes contain less than 4 carbon atoms in their natural
gas and petroleum gases, 5–12 atoms in gasoline, 12–20 atoms in diesel fuels, and
20–38 atoms in lubricating oils [1–8]. Figure 2 shows the molecular structure of the
first four alkanes.

2.2 Naphthenes (cycloparaffins)

Another type of alkanes is cyclic structures which demonstrate as the general
formula CnH2n. Two hydrogen atoms are missing from normal alkanes because their
structures are cyclic-shaped and in closed form. As the number of hydrogen atoms
is low compared to normal alkanes, they have lower thermal values but higher
densities (740–790 kg/m3). Cycloalkanes are difficult to break up because of their
closed cycle structure and have higher ignition resistance than straight-chain
alkanes. However, they are also suitable for use as both petrol and diesel fuel due to
that they have lower ignition resistance than branched ones. Thermal values of
naphthenes are lower than alkanes and higher than aromatics [2]. Figure 3 shows
the cyclic molecular structure of cyclohexane.

Figure 2.
The molecular structure of the first four alkanes [8].
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2.3 Alkenes (olefins)

Alkenes are unsaturated hydrocarbons that have double bond between carbon
atoms shown as the general formula CnH2n. The olefins with one double bond in the
molecular structure are called monoolefins (CnH2n), and those with two double
bonds are called die-olefins (CnH2n�2). Monoolefins are entitled after the “en” or
“ilen” suffix at the end of the carbon number, while die-olefins are entitled by
attaching the “dien” suffix to the roots showing the carbon number. Many isomers
are formed by displacement of the double bonds of alkenes. Alkenes’ thermal values
are lower than alkanes, and their density is between 620 and 820 kg/m3 due to that
the ratio of carbon atoms to hydrogen atoms is higher in the molecular structure of
alkenes. Alkenes have high ignition resistance. Alkenes are less resistant to oxida-
tion than alkanes so that they can easily react with oxygen. Thus, oxygen causes to
be gummed to alkenes and consequently block the fuel pipeline. Alkenes contain
double bonds between carbon atoms, one of which is sigma (б) and the other is pi
(п). For this reason, it breaks down more difficult than alkanes with a single sigma
bond. Alkenes can be used as fuel for gasoline engines due to high ignition resis-
tance. Besides, it can be used as a diesel fuel by increasing autoignition temperature.
The most important properties of alkenes give addition reactions with H2, X2, HX,
and H2O compounds. Carbon atoms of alkenes are not fully saturated with hydro-
gen. Therefore, alkenes can be more easily associated with elements such as hydro-
gen, chlorine, and bromine due to it being more chemically reactive than alkanes
and naphthenes. With this reactive structure, they are used as raw materials to
obtain better quality fuels by methods such as hydrogenation, polymerization, and
alkylation. While alkenes are present in very small amounts in crude oil, generally
they can be obtained by thermal and catalytic cracking methods which are heat or
catalyst by means of large molecular product decomposition. Alkenes are present in
large quantities in the gasoline obtained by these methods. The high ignition resis-
tance of the alkenes makes them a good gasoline engine fuel, but they can also be
diesel engine fuel by increasing the ignition tendencies [1–3, 5, 9]. Figure 4 shows
the molecular structure of some alkenes.
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2.4 Alkynes (acetylenes)

Alkynes are compounds which having the general closed formula CnH2n�2 and
having at least one triple bond (C☰C) between carbon atoms. Alkynes are unsatu-
rated hydrocarbons due to all carbon atoms not having enough bonds with hydro-
gen. Besides, alkynes have “-in” suffix which is added to the end of the compound
and entitled according to the number of carbon atoms in the longest chain. The
simplest and most known compound is acetylene (C2H2). Alkynes may also be
referred to as acetylene derivatives. Alkenes are more reactive than alkanes and
naphthenes because they are unsaturated. Thus, they can be more easily reacted
with elements such as hydrogen, chlorine, and bromine to form a compound
[3, 5, 9]. Figure 5 gives the molecular structure of some alkenes.

2.5 Aromatics (benzene derivatives)

At the end of the nineteenth century, organic compounds were divided into two
classes as aliphatic and aromatics. Aliphatic compounds meant that the compounds
exhibited “liparoid” chemical behavior, while aromatic compounds meant low
hydrogen/carbon content and “fragrant.” Aromatics are unsaturated hydrocarbons
having double bonds between carbon atoms that have a closed general formula
CnH2n�6. Aromatic compounds are bonded to each other by aromatic bonds, not
single bonds. In other words, aromatics are also called arenes. Although aromatics
are unsaturated compounds, they have different chemical properties than other
aliphatic unsaturated compounds. Unlike alkenes and alkynes, aromatics do not
give an addition reaction which is the characteristic reaction of unsaturated com-
pounds. Furthermore, aromatics carry out displacement reactions especially specific
to saturated hydrocarbons. Because of these reasons and aromatics are more stable
than other unsaturated compounds, aromatics have been categorized as a separate
class of hydrocarbons. Due to the presence of more than one double bonded carbon
atoms and cyclic structure, they have strong bond structures and highly resistant to
ignition. Densities of aromatics range between 800 and 850 kg/m3. Higher densities
in the liquid state cause them to have a high-energy content per unit volume but
have a low thermal value per unit mass. The bonds between carbon atoms are
strong; aromatics have a high resistance to knocking. Therefore, because of the high
octane number of aromatics, they can be a good gasoline fuel with the addition of
gasoline to increase knocking resistance, but they are not suitable to use as diesel
engine fuel because of their low cetane numbers. The simplest aromatic compound
is benzene with the chemical formula C6H6. The main structures of other aromatics
are also constituted by benzene. Generally, they can be obtained artificially from
coal and can be used as a gasoline additive to improve the knocking resistance of
gasoline. The aromatics must be used carefully because they are carcinogenic, cause
exhaust pollution, have high solubility, and have corrosive effects on fuel supply
systems [1–3, 5, 6, 9]. Figure 6 shows the molecular structure of some important
aromatics.

Figure 5.
The molecular structure of some alkynes [5].
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3. Fuels of internal combustion engine

Gasoline and diesel fuels, which are derivatives of crude oil, are generally used in
internal combustion engines. The approximate elemental structure of an average
crude oil consists of 84% carbon, 14% hydrogen, 1–3% sulfur, and less than 1%
nitrogen, oxygen atoms, metals, and salts. Crude oil consists of a wide range of
hydrocarbon compounds consisting of alkanes, alkenes, naphthenes, and aromatics.
These are very small molecular structures such as propane (C3H8) and butane
(C4H10) but can also be composed of mixtures of various structures with very large
molecules such as heavy oils and asphalt. Therefore, crude oil needs to be distilled to
be used in internal combustion engines. As a result of heat distillation of crude oil,
petroleum derivatives such as petroleum gases, jet fuel, kerosene, gasoline, diesel,
heavy fuels, machine oils, and asphalt are obtained. In general, the distillation of
crude oil resulted in an average of 30% gasoline, 20–40% diesel, and 20% of heavy
fuel oil, and heavy oils from 10 to 20% are obtained [2, 5].

During the distillation of crude oil, gasoline is obtained between 40 and 200°C,
and diesel fuel is obtained between 200 and 425°C. In order to use these fuels in
engines, some of the important physical and chemical properties such as specific
gravity of the fuel, structural component, thermal value, flash point and combus-
tion temperature, self-ignition temperature, vapor pressure, viscosity of the fuel,
surface tension, freezing temperature, and cold flow properties are required. The
specific mass, density of the fuel decreases with increasing hydrogen content in the
molecule. The density of gasoline and diesel fuels is generally given in kg/m3 at 20°
C. The American Petroleum Institute (API) number is an international measure-
ment system that classifies crude oil according to its viscosity according to the
American standards. The specific gravity can be defined as the ratio of the weight of
a given volume of a given substance at 15.15°C (60°F) to the weight of the water at
the same volume and temperature. The relationship between API number and
specific gravity is expressed as follows [1, 2, 5]:

Specific weight 15:15℃=15:15℃ð Þ ¼ ρspecimen 15:15℃ð Þ
ρwater 15:15℃ð Þ (1)

API ¼ 141:5
Specific weight 15:15℃=15:15℃ð Þ � 131:5 (2)

According to the API number, crude oil is divided into three groups as heavy,
medium, and light, and as the number of the API increases, crude oil becomes
thinner. The API degree of diesel fuels varies between about 25 and 45. The viscos-
ity, color, main component, and definition of crude oil according to the API grade
are given in Table 1 [1, 5].

Figure 6.
Molecular structure of some aromatics [5].
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While the density of gasoline is ρ = 700–800 kg/m3, it varies between ρ = 830–
950 kg/m3 for diesel fuel. While the carbon content in alkane and naphthene fuels is
86%, it is around 89% for aromatics. In addition to carbon and hydrogen atoms,
sulfur, asphalt, and water can be found in gasoline and diesel fuels. In particular,
sulfur can cause corrosion in engine parts, and the combustion products of sulfur
have a negative impact on the environment. The asphalt adheres to the valve on the
piston surfaces and causes wear. The water causes corrosion and reduces the ther-
mal value of the fuel. These are undesirable components in the fuel. The thermal
values of liquid fuels are given as unit mass energy (kJ/kg or kcal/kg), while the
thermal values of gas fuels are given as unit energy (kJ/l, kJ/m3 or kcal/m3). Ther-
mal values of fuels are expressed in two ways as lower and higher heating value. If
the water in the fuel is in the vapor state at the end of the measurement, it gives the
lower thermal value of this fuel. When the water in the fuel condenses at the end of
the measurement, it gives the evaporation heat to the system, and the measured
value gives the higher heating value of the fuel. As a result, the single-phase steam is
obtained in the calorimeter capsule as a result of the thermal value measurement so
that the lower heating value is measured. The dual phase (liquid-vapor phase) is
obtained so that the higher heating value is measured. When the temperature of an
air-fuel mixture is sufficiently heated, the fuel starts to ignite by itself without
external ignition. This temperature is referred to as the self-ignition temperature
(SIT) of the fuel and the delay time for the combustion of the fuel to be the ignition
delay (ID). The terms SIT and ID are important features of engine fuels. SIT and ID
values vary depending on variables such as temperature, pressure, density, turbu-
lence, rotation, air-fuel ratio, and presence of inert gases. Self-ignition is the basic
rule of the combustion process in diesel engines. SIT value is desired to be high in
gasoline engines and low in diesel engines. The autoignition temperature of the
gasoline is 550°C and higher temperatures [1, 2, 4].

Depending on the type of gasoline or diesel engine, the desired properties of
fuels vary. The most important properties of gasoline fuels are properties such as
volatility and knocking resistance, whereas diesel fuels are required to have impor-
tant fuel properties such as viscosity, surface tension, and ignition tendency. In
gasoline fuels, volatility and knock resistance are one of the most important param-
eters affecting engine performance. The volatility of gasoline fuel affects the rate
and amount of evaporation of the fuel in the intake channel and in the cylinder. The
low volatility of the fuel influences the formation of sufficient air-fuel mixture, but
when it is very volatile, it can prevent the flow of fuel by creating vapor bubbles in
the suction channel with the local temperature increases. When the flame front
advances during combustion, with the increasing temperature and pressure inside
the cylinder, it compresses the air-fuel fill which the flame front cannot yet reach.
Thus, the fuel can constitute another combustion front due to the fuel spontane-
ously reaches the ignition temperature to heat and radiation. The combustion
speeds of the flame fronts at these different points can be 300–350 m/s, and

API grade Definition Viscosity Color Composition

0–22.3° Heavy Too viscous Dark Asphalt

22.3–31.3° Medium Medium Brown Diesel + gasoline

31.3–47° Light Fluid Light yellow Gasoline

Table 1.
Classification of crude oil according to API grade [5].
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cylinder pressures may reciprocate to as high as 9–12 MPa. At these high speed and
pressure values, the flame fronts are damped by hitting each other or against the
walls of the combustion chamber. These damping are not only cause loss of energy
but also increase the local heat conduction. As a result of this situation, engine
performance decreases. This phenomenon is called a knock in gasoline engines and
is an undesirable situation. The chemical structure of the fuel has a considerable
effect on the autoignition temperature. Octane number (ON) is defined as the
property of fuel to knocking resistance or how well the fuel itself ignites. The octane
number is inversely proportional to the chain length of the fuel molecules. The
shorter the molecular chain length of the fuels has, the higher the octane number is.
However, the octane number is directly proportional to the branched side chain
component. The higher the branching in the molecule chain leads to the higher
octane number of the fuel. In other words, it causes higher knocking resistance of
fuels. Generally, increasing the number of carbon atoms in the composition of the
fuel has higher impact resistance. However, the octane numbers of cyclic molecules,
naphthenes, alcohols, and aromatics are high. In order to scale the octane number of
gasoline, two reference points are taken, which represent points 0–100. The octane
number of normal heptane (C7H16) is assumed to be 0, while the octane number of
isooctane (C8H18) is considered to be 100. The reason of these two fuels as a
reference point is that both fuel compounds have almost the same volatility and
boiling point values. The reason as a reference point of these two fuels is that both
fuel compounds have almost the same volatility and boiling point values. Fuels such
as alcohols and benzenes with an octane number higher than the top octane number
of this measure are also available. In gasoline engines, additives are used to increase
the knocking resistance of the fuel to prevent knocking. The two most commonly
used methods for determining the octane number of fuels are engine method and
research method. The octane numbers determined by these methods give the values
of motor octane number (MON) and research octane number (RON), respectively.
Table 2 gives the test conditions for determining the octane number of fuel
[1, 2, 4, 5].

Since the inlet air temperature of the MON method is higher than the RON
method, the post-combustion temperature reaches higher values. Thus, the fuel
spontaneously ignites and knocks. Therefore, the octane number obtained by the
MON method is lower than the octane number obtained by the RON method
because it is operated at lower compression ratios in the MON method. The value
difference between these two octane number determination methods is called fuel
sensitivity (FS). When the number of fuel sensitivities is between 0 and 10, it is
stated that the knock characteristic of the fuel does not depend on engine geometry,

Properties RON MON

Engine speed (rpm) 600 900

Intake air temperature (°C) 52 (125°F) 149 (300°F)

Cooling water temperature (°C) 100 (212°F) 100

Oil temperature (°C) 57 (135°F) 57

Ignition time 13°KMA (before TDC) 13–19°KMA (before TDC)

Spark plug nail range 0.508 (0.020 inç) 0.508

Intake air pressure Atmospheric pressure

Air-fuel ratio Adjusted for maximum knock

Compression ratio Adjusted to achieve a standard knock

Table 2.
Test conditions for octane number measurement [4].
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and if it is higher than these values, the knock characteristic of the fuel is highly
dependent on the combustion chamber geometry of the engine. YD is calculated as
in Eq. (3):

FS ¼ RON�MON (3)

Combustion chamber geometry, turbulence, temperature, and inert gases are the
parameters that affect the octane number. The octane number is highly dependent on
the flame velocity in an air-fuel charge. As the flame velocity increases, the air-fuel
mixture above the spontaneous ignition temperature immediately burns during the
ignition delay. Thus, there is a direct correlation between the flame speed and the
octane number, as the flame speed will allow the fuel to run out without knocking.
Alcohols have high flame speeds, so their octane numbers are high. The ID period
does not depend on the physical properties of the fuel such as density and viscosity in
a hot engine at steady state. It is strongly dependent on the components of the fuel
chemistry. Therefore, additives such as alcohols or organic manganese compounds
are added to increase the octane number of the fuel [4, 5]. It is possible to work at
higher compression ratios by increasing the octane number of fuels. Thus, high
compression ratio increases engine power and provides fuel economy [10].

Diesel fuels are divided into two main categories as light diesel and heavy diesel
fuels. The chemical formula of light diesel is approximately C12.3H22.2, while heavy
diesel is considered as C14.06H24.8. The molar weights of light and heavy diesels are
approximately 170 and 200 g/mol, respectively. Viscosity, surface tension, and
ignition tendency of fuel are important fuel property parameters in diesel fuels.
Light diesel fuel has a lower viscosity and requires less pumping work. Since low
viscosity also reduces the surface tension of the fuel, the fuel has a smaller droplet
diameter during spraying. In contrast to gasoline engines, it is desirable to have a
high ignition tendency in diesel engines, since combustion in the diesel engines is
based on the spontaneous combustion of the air-fuel mixture. At this point, the
cetane number, which is a measure of the fuel’s ignition ability, emerges as a fuel
feature. In other words, it is a quantity that quantifies the ignition delay period.
Hexadecane (C16H34), a straight-chain fuel of the alkane group, is considered
to be the highest reference point of the cetane number, which is the measure of
the ignition tendency. The other reference point is cetane number 15 as
heptamethylnonane (HMN) C12H34, or the lowest reference point was accepted
zero as the cetane number value of alpha-methyl naphthalene C11H10 fuel. First of
all, fuel with unknown cetane value is run in the adjustable compression ratio
engine. Then, the engine test is carried out until the compression rate at which the
first knock starts for determining compression ratio of the fuel. Then, the mixture
of these two reference fuels in various ratios is tested at the specified compression
ratio, and the reference fuels are mixed until the knocking begins. The percentage
of hexadecane at the moment of the knock, in the heptamethylnonane or alpha-
methyl naphthalene fuel mixture, gives us the cetane number of the measured fuel.
Several empirical equations have been developed by using the physical properties of
the fuel since the engine tests are very laborious and costly in determining the
cetane number. These methods, which measure the fuel propensity to ignite, are
called cetane index, aniline point, or diesel index. Aniline is an aromatic compound
which is very easily mixed with compounds of its group even at low temperatures,
while it is more difficult to form mixtures with alkanes (paraffins). Therefore,
hexadecane (C16H34) which is an alkane group and has a high ignition tendency has
a high mixing temperature with the aniline. The mixture of the sample fuel with the
same amount of aniline is heated to find the diesel index. Then, all of the aniline is
dissolved in the fuel. After that the mixture is cooled for allowing to aniline to
separate from the fuel. This temperature, where the aniline is separated from the
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difference between these two octane number determination methods is called fuel
sensitivity (FS). When the number of fuel sensitivities is between 0 and 10, it is
stated that the knock characteristic of the fuel does not depend on engine geometry,

Properties RON MON

Engine speed (rpm) 600 900

Intake air temperature (°C) 52 (125°F) 149 (300°F)

Cooling water temperature (°C) 100 (212°F) 100

Oil temperature (°C) 57 (135°F) 57

Ignition time 13°KMA (before TDC) 13–19°KMA (before TDC)

Spark plug nail range 0.508 (0.020 inç) 0.508

Intake air pressure Atmospheric pressure

Air-fuel ratio Adjusted for maximum knock

Compression ratio Adjusted to achieve a standard knock

Table 2.
Test conditions for octane number measurement [4].
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and if it is higher than these values, the knock characteristic of the fuel is highly
dependent on the combustion chamber geometry of the engine. YD is calculated as
in Eq. (3):

FS ¼ RON�MON (3)

Combustion chamber geometry, turbulence, temperature, and inert gases are the
parameters that affect the octane number. The octane number is highly dependent on
the flame velocity in an air-fuel charge. As the flame velocity increases, the air-fuel
mixture above the spontaneous ignition temperature immediately burns during the
ignition delay. Thus, there is a direct correlation between the flame speed and the
octane number, as the flame speed will allow the fuel to run out without knocking.
Alcohols have high flame speeds, so their octane numbers are high. The ID period
does not depend on the physical properties of the fuel such as density and viscosity in
a hot engine at steady state. It is strongly dependent on the components of the fuel
chemistry. Therefore, additives such as alcohols or organic manganese compounds
are added to increase the octane number of the fuel [4, 5]. It is possible to work at
higher compression ratios by increasing the octane number of fuels. Thus, high
compression ratio increases engine power and provides fuel economy [10].

Diesel fuels are divided into two main categories as light diesel and heavy diesel
fuels. The chemical formula of light diesel is approximately C12.3H22.2, while heavy
diesel is considered as C14.06H24.8. The molar weights of light and heavy diesels are
approximately 170 and 200 g/mol, respectively. Viscosity, surface tension, and
ignition tendency of fuel are important fuel property parameters in diesel fuels.
Light diesel fuel has a lower viscosity and requires less pumping work. Since low
viscosity also reduces the surface tension of the fuel, the fuel has a smaller droplet
diameter during spraying. In contrast to gasoline engines, it is desirable to have a
high ignition tendency in diesel engines, since combustion in the diesel engines is
based on the spontaneous combustion of the air-fuel mixture. At this point, the
cetane number, which is a measure of the fuel’s ignition ability, emerges as a fuel
feature. In other words, it is a quantity that quantifies the ignition delay period.
Hexadecane (C16H34), a straight-chain fuel of the alkane group, is considered
to be the highest reference point of the cetane number, which is the measure of
the ignition tendency. The other reference point is cetane number 15 as
heptamethylnonane (HMN) C12H34, or the lowest reference point was accepted
zero as the cetane number value of alpha-methyl naphthalene C11H10 fuel. First of
all, fuel with unknown cetane value is run in the adjustable compression ratio
engine. Then, the engine test is carried out until the compression rate at which the
first knock starts for determining compression ratio of the fuel. Then, the mixture
of these two reference fuels in various ratios is tested at the specified compression
ratio, and the reference fuels are mixed until the knocking begins. The percentage
of hexadecane at the moment of the knock, in the heptamethylnonane or alpha-
methyl naphthalene fuel mixture, gives us the cetane number of the measured fuel.
Several empirical equations have been developed by using the physical properties of
the fuel since the engine tests are very laborious and costly in determining the
cetane number. These methods, which measure the fuel propensity to ignite, are
called cetane index, aniline point, or diesel index. Aniline is an aromatic compound
which is very easily mixed with compounds of its group even at low temperatures,
while it is more difficult to form mixtures with alkanes (paraffins). Therefore,
hexadecane (C16H34) which is an alkane group and has a high ignition tendency has
a high mixing temperature with the aniline. The mixture of the sample fuel with the
same amount of aniline is heated to find the diesel index. Then, all of the aniline is
dissolved in the fuel. After that the mixture is cooled for allowing to aniline to
separate from the fuel. This temperature, where the aniline is separated from the
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fuel, is called the aniline point. The diesel index is calculated with the aniline point
and API grade specified in Eq. (4):

Diesel index ¼ Aniline point °Fð Þ � API at 60°Fð Þ
100

(4)

The higher the diesel index value, the fuel is more alkane (in paraffinic struc-
ture), and it has the higher ignition tendency. Increasing volatility in diesel fuels
causes acceleration of fuel evaporation and decrease in viscosity. This is generally
undesirable since the fuel causes a reduction in the cetane number [1, 2, 4].

Some fuels commonly used in engines are presented in Table 3. Some of the
important properties of fuels such as the closed formulas, molar weight, lower
heating value and higher heating value, stoichiometric air/fuel and fuel/air ratios,
evaporation temperature, motor octane number (MON), research octane number
(RON), and cetane number are given.

The cetane index can be calculated from Eq. (5) which is shown by distilling the
fuel. It is calculated from the temperatures and the density of the vaporized fuel at
10, 50, and 90% volumetric ratios by the distillation of the fuel:

SI ¼ 45:2þ 0:0892 T10 � 215ð Þ þ 0:131 T50 � 260ð Þ þ 0:523 T90 � 310ð Þ þ 0:901B T50 � 260ð Þ
�0:420B T90 � 310ð Þ þ 0:00049 T10 � 215ð Þ2 � 0:00049 T90 � 310ð Þ2 þ 107Bþ 60B2

(5)

The values of T10, T50, and T90 are the temperatures at which the fuel evaporates
in volume ratios of 10, 50, and 90%, respectively. B = �exp[�3500(ρ � 850)] � 1,
where ρ = density in kg/m3 at 15°C. This formula is related to the number of cetane,
unless cetane-enhancing additives are added to the fuel. Otherwise, the cetane
number of doped fuels can be measured by engine test experiments. Another
method used to calculate the cetane index is the empirical equation given in Eq. (6),
which is calculated using some physical properties of the fuel [5]:

SI ¼ �420:34þ 0:016G2 þ 0:192G log 10Tgn
� �þ 65:01 log 10Tgn

� �2
� 0:0001809Tgn

2 (6)

where G = (141.5/Sg) �131.5 is the API degree of the fuel. Sg and Tgn are the
relative boiling point temperature in °F and relative density, respectively.

The semiempirical expression that predicts ID duration based on cetane number
and other operating parameters is as follows:

ID ¼ 0:36þ 0:22Up
� �

exp EA 1=RuTemε
k�1� �� 1=17:190ð Þ� �

21:2ð Þ= Pemε
k � 12:4

� �� �0:63� �

(7)

ID (°CA) is a time in crankshaft angle, EA = (618.840)/(cetane number + 25)
activation energy, Ru = 8.314 kJ/kmol K universal gas constant,Tem and Pem tem-
perature at the beginning of compression time, respectively, (K) and pressure
(bar), ε = compression ratio, and k = cp/cv = 1.4 are the values used in air standard
cycle analysis. ID is calculated by the formula given in Eq. (8). It is expressed in
milliseconds for an engine at n rpm [4]:

ID msð Þ ¼ D ºCAð Þ= 0:006 nð Þ (8)

The low cetane number of diesel engines leads to an increase in ID time, which
in turn reduces the time required for combustion and CA. An increased TG time
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fuel, is called the aniline point. The diesel index is calculated with the aniline point
and API grade specified in Eq. (4):

Diesel index ¼ Aniline point °Fð Þ � API at 60°Fð Þ
100

(4)

The higher the diesel index value, the fuel is more alkane (in paraffinic struc-
ture), and it has the higher ignition tendency. Increasing volatility in diesel fuels
causes acceleration of fuel evaporation and decrease in viscosity. This is generally
undesirable since the fuel causes a reduction in the cetane number [1, 2, 4].

Some fuels commonly used in engines are presented in Table 3. Some of the
important properties of fuels such as the closed formulas, molar weight, lower
heating value and higher heating value, stoichiometric air/fuel and fuel/air ratios,
evaporation temperature, motor octane number (MON), research octane number
(RON), and cetane number are given.

The cetane index can be calculated from Eq. (5) which is shown by distilling the
fuel. It is calculated from the temperatures and the density of the vaporized fuel at
10, 50, and 90% volumetric ratios by the distillation of the fuel:

SI ¼ 45:2þ 0:0892 T10 � 215ð Þ þ 0:131 T50 � 260ð Þ þ 0:523 T90 � 310ð Þ þ 0:901B T50 � 260ð Þ
�0:420B T90 � 310ð Þ þ 0:00049 T10 � 215ð Þ2 � 0:00049 T90 � 310ð Þ2 þ 107Bþ 60B2

(5)

The values of T10, T50, and T90 are the temperatures at which the fuel evaporates
in volume ratios of 10, 50, and 90%, respectively. B = �exp[�3500(ρ � 850)] � 1,
where ρ = density in kg/m3 at 15°C. This formula is related to the number of cetane,
unless cetane-enhancing additives are added to the fuel. Otherwise, the cetane
number of doped fuels can be measured by engine test experiments. Another
method used to calculate the cetane index is the empirical equation given in Eq. (6),
which is calculated using some physical properties of the fuel [5]:

SI ¼ �420:34þ 0:016G2 þ 0:192G log 10Tgn
� �þ 65:01 log 10Tgn

� �2
� 0:0001809Tgn

2 (6)

where G = (141.5/Sg) �131.5 is the API degree of the fuel. Sg and Tgn are the
relative boiling point temperature in °F and relative density, respectively.

The semiempirical expression that predicts ID duration based on cetane number
and other operating parameters is as follows:

ID ¼ 0:36þ 0:22Up
� �

exp EA 1=RuTemε
k�1� �� 1=17:190ð Þ� �

21:2ð Þ= Pemε
k � 12:4

� �� �0:63� �

(7)

ID (°CA) is a time in crankshaft angle, EA = (618.840)/(cetane number + 25)
activation energy, Ru = 8.314 kJ/kmol K universal gas constant,Tem and Pem tem-
perature at the beginning of compression time, respectively, (K) and pressure
(bar), ε = compression ratio, and k = cp/cv = 1.4 are the values used in air standard
cycle analysis. ID is calculated by the formula given in Eq. (8). It is expressed in
milliseconds for an engine at n rpm [4]:

ID msð Þ ¼ D ºCAð Þ= 0:006 nð Þ (8)

The low cetane number of diesel engines leads to an increase in ID time, which
in turn reduces the time required for combustion and CA. An increased TG time
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leads to accumulate more fuel in the combustion chamber than required. Thus, this
excess fuel causes sudden and high-pressure increases during the onset of combus-
tion. These sudden pressures increase cause mechanical stresses and hard engine
operation, which is known as diesel knocking [2, 4].

In brief, the number of cetane and the number of octane refer to the spontane-
ous combustion of fuels. A higher cetane number indicates that diesel fuel burns
suddenly and easily. The high octane number defines the resistance of gasoline to
sudden ignition. Generally, if the cetane number is high, the octane number is low.
There is an inverse relationship between these two properties, so that the cetane
number is low if the octane number is high [5].

4. Natural gas and liquefied petroleum gas (LPG)

Natural gas is a gas mixture containing methane, ethane, propane, pentane, and
hexane in a lighter content than air, without color, smell, and taste. However, it
contains a small amount (0–0.5% by volume) of carbon dioxide, nitrogen, helium,
and hydrogen sulfide gas. Generally, this gas composition contains about 70–90% of
methane, 0–20% ethane, and slightly less propane than ethane. The natural gas used
in the market is refined and separated from other gases and used as almost pure
methane gas (CH4) [5]. Natural gas can be stored as compressed natural gas (CNG)
at high pressures such as 16–25 MPa or liquid natural gas at low pressures such as
70–210 kPa and at very low temperatures such as �160°C. Natural gas can be stored
by these methods and generally used as compressed natural gas (CNG) in internal
combustion engines with a single-point spray system. The single-point spraying
system allows for the most efficient use of natural gas as it provides a longer mixing
time than required for natural gas [4]. Table 4 shows the compounds that form
natural gas and boiling points.

There are dual fuel diesel engines in which natural gas and diesel fuels work
together. Natural gas is supplied to the combustion chamber at approximately sound
speed. This leads to high turbulence and high flame speeds. Natural gas has lower
combustion temperatures than diesel fuel, and with late spraying, the combustion
chamber temperature can be further reduced. Decrease in combustion chamber
temperature significantly reduces NOx formation. However, the low carbon content
in natural gas leads to less CO2 emissions and much less solid particulate matter [4].

Dump gas engines, converting methane gas into energy, are one of the most
common natural gas applications. Gases produced in landfills generally contain
between 45 and 65% methane. In addition to methane, these landfill gases contain
highly polluting and variable quality gases such as fluorine, chlorine, silicon, and
solid particles. Especially due to the corrosive and abrasive effect of these gases,
special piston and valve materials must be used in the engines. The thermal value of

Composition Boiling point (°C) Composition Boiling point (°C)

Methane �161.6 Isopentane 28

Ethane �88.6 n-Pentane 36.1

Propane �42.1 Hexane 69

Isobutane �11.7 Heptane 98.4

n-Butane �0.5

Table 4.
Compounds and boiling points in natural gas [5].
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natural gas is between 33.4 and 40.9 MJ/m3. CO2, H2O, and 891 kJ of energy are
obtained when 1 mol of methane gas is fully combusted. The combustion equation
of 1 mol of methane is as described in Eq. (9) as follows:

CH4 gð Þ þ 2O2 gð Þ ! CO2 gð Þ þ 2 H2O lð Þ þ 891 kJ (9)

The high flame velocity and octane number 120 of the natural gas enable the
natural gas to operate at high compression rates. This ensures that natural gas is a
good gasoline engine fuel. Furthermore, natural gas has low exhaust emissions. In
addition, the most important advantage of natural gas fuel is that natural gas can be
produced from a source such as coal that has a lot of reserves all over the world.
However, since the low-energy capacity of natural gas is in the form of gas, its low
volumetric efficiency leads to reductions in engine performance. The disadvantages
of this fuel are that natural gas requires high-pressure fuel storage tanks; refueling
takes time and has variable fuel components in the content of natural gas [4].
Table 5 presents the properties of natural gas and its comparison with other fuels as
thermal values.

LPG, a liquefied petroleum gas, is produced as a by-product from natural gas
production processes or during the distillation of oil in refineries. In general, it
contains 90% propane, 2.5% butane, and a small amount of ethane and propylene
with heavy hydrocarbons. These propane and butane gas ratios in LPG may vary
according to the regions and areas of use [5]. In recent years, propane-butane
mixtures in different ratios (80% propane/20% butane, 70% propane/30% butane,
50% propane/0% butane) have been tested as fuel in vehicles. LPG gas used in
Turkey consisted of 30% propane and 70% butane. LPG is the most preferred fuel
type after gasoline and diesel fuels, since LPG is much easier to store and transport
than natural gas [1, 4].

LPG is a colorless, odorless, nontoxic, and easily flammable gas. LPG is a mixture
of propane and butane gas, which is gas at normal pressures and temperatures.
However, LPG is a liquid at moderate pressure. Besides, it is two times heavier than
air and half weight of water. Therefore, LPG leaks to the floor in case of leakage.
LPG in liquid state expands to approximately 273 times its liquid volume. This is
called sudden expansion and cooling of the sudden temperature drop with the very
rapid evaporation of the liquid fuel as it passes into the gaseous state. Since this can
cause cold burns, the gas should not be touched with bare hands. Although LPG is a
noncorrosive gas, it can melt paint and oil and also inflate natural rubber materials,
causing them to lose their properties. Therefore, the use of LPG compatible mate-
rials in autogas systems using LPG is very important for safety [1, 5]. LPG system is
widely used in gasoline vehicles. With respect to this, the comparison of physical
and chemical properties of propane and butane gases which are components of LPG
and the gasoline fuel is given in Table 6.

Properties Natural gas Fuel types Heating value (kcal/kg)

Volume by composition (%) 95–98 1 kg of diesel oil 10,200

Mole weight (kg/mol) 16.04 1 kg no: six fuel oil 9200

Density (kg/m3) 0.82 1 kg LPG 11,000

Thermal value (MJ/m3) 36.14 1 kg imported lignite coal 4700/6500

Highest flame speed (m/s) 0.39 1 m3 natural gas 8250

Table 5.
The properties of natural gas and its comparison with other fuels [11].
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leads to accumulate more fuel in the combustion chamber than required. Thus, this
excess fuel causes sudden and high-pressure increases during the onset of combus-
tion. These sudden pressures increase cause mechanical stresses and hard engine
operation, which is known as diesel knocking [2, 4].

In brief, the number of cetane and the number of octane refer to the spontane-
ous combustion of fuels. A higher cetane number indicates that diesel fuel burns
suddenly and easily. The high octane number defines the resistance of gasoline to
sudden ignition. Generally, if the cetane number is high, the octane number is low.
There is an inverse relationship between these two properties, so that the cetane
number is low if the octane number is high [5].

4. Natural gas and liquefied petroleum gas (LPG)

Natural gas is a gas mixture containing methane, ethane, propane, pentane, and
hexane in a lighter content than air, without color, smell, and taste. However, it
contains a small amount (0–0.5% by volume) of carbon dioxide, nitrogen, helium,
and hydrogen sulfide gas. Generally, this gas composition contains about 70–90% of
methane, 0–20% ethane, and slightly less propane than ethane. The natural gas used
in the market is refined and separated from other gases and used as almost pure
methane gas (CH4) [5]. Natural gas can be stored as compressed natural gas (CNG)
at high pressures such as 16–25 MPa or liquid natural gas at low pressures such as
70–210 kPa and at very low temperatures such as �160°C. Natural gas can be stored
by these methods and generally used as compressed natural gas (CNG) in internal
combustion engines with a single-point spray system. The single-point spraying
system allows for the most efficient use of natural gas as it provides a longer mixing
time than required for natural gas [4]. Table 4 shows the compounds that form
natural gas and boiling points.

There are dual fuel diesel engines in which natural gas and diesel fuels work
together. Natural gas is supplied to the combustion chamber at approximately sound
speed. This leads to high turbulence and high flame speeds. Natural gas has lower
combustion temperatures than diesel fuel, and with late spraying, the combustion
chamber temperature can be further reduced. Decrease in combustion chamber
temperature significantly reduces NOx formation. However, the low carbon content
in natural gas leads to less CO2 emissions and much less solid particulate matter [4].

Dump gas engines, converting methane gas into energy, are one of the most
common natural gas applications. Gases produced in landfills generally contain
between 45 and 65% methane. In addition to methane, these landfill gases contain
highly polluting and variable quality gases such as fluorine, chlorine, silicon, and
solid particles. Especially due to the corrosive and abrasive effect of these gases,
special piston and valve materials must be used in the engines. The thermal value of

Composition Boiling point (°C) Composition Boiling point (°C)

Methane �161.6 Isopentane 28

Ethane �88.6 n-Pentane 36.1
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natural gas is between 33.4 and 40.9 MJ/m3. CO2, H2O, and 891 kJ of energy are
obtained when 1 mol of methane gas is fully combusted. The combustion equation
of 1 mol of methane is as described in Eq. (9) as follows:

CH4 gð Þ þ 2O2 gð Þ ! CO2 gð Þ þ 2 H2O lð Þ þ 891 kJ (9)

The high flame velocity and octane number 120 of the natural gas enable the
natural gas to operate at high compression rates. This ensures that natural gas is a
good gasoline engine fuel. Furthermore, natural gas has low exhaust emissions. In
addition, the most important advantage of natural gas fuel is that natural gas can be
produced from a source such as coal that has a lot of reserves all over the world.
However, since the low-energy capacity of natural gas is in the form of gas, its low
volumetric efficiency leads to reductions in engine performance. The disadvantages
of this fuel are that natural gas requires high-pressure fuel storage tanks; refueling
takes time and has variable fuel components in the content of natural gas [4].
Table 5 presents the properties of natural gas and its comparison with other fuels as
thermal values.

LPG, a liquefied petroleum gas, is produced as a by-product from natural gas
production processes or during the distillation of oil in refineries. In general, it
contains 90% propane, 2.5% butane, and a small amount of ethane and propylene
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type after gasoline and diesel fuels, since LPG is much easier to store and transport
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of propane and butane gas, which is gas at normal pressures and temperatures.
However, LPG is a liquid at moderate pressure. Besides, it is two times heavier than
air and half weight of water. Therefore, LPG leaks to the floor in case of leakage.
LPG in liquid state expands to approximately 273 times its liquid volume. This is
called sudden expansion and cooling of the sudden temperature drop with the very
rapid evaporation of the liquid fuel as it passes into the gaseous state. Since this can
cause cold burns, the gas should not be touched with bare hands. Although LPG is a
noncorrosive gas, it can melt paint and oil and also inflate natural rubber materials,
causing them to lose their properties. Therefore, the use of LPG compatible mate-
rials in autogas systems using LPG is very important for safety [1, 5]. LPG system is
widely used in gasoline vehicles. With respect to this, the comparison of physical
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and the gasoline fuel is given in Table 6.

Properties Natural gas Fuel types Heating value (kcal/kg)

Volume by composition (%) 95–98 1 kg of diesel oil 10,200

Mole weight (kg/mol) 16.04 1 kg no: six fuel oil 9200

Density (kg/m3) 0.82 1 kg LPG 11,000

Thermal value (MJ/m3) 36.14 1 kg imported lignite coal 4700/6500

Highest flame speed (m/s) 0.39 1 m3 natural gas 8250

Table 5.
The properties of natural gas and its comparison with other fuels [11].
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5. Conclusions

Fossil-based fuels such as diesel, gasoline, natural gas, and LPG have been com-
monly used in engines as a fuel. However, the internal combustion engines show
differences in the fuel types depending on the thermodynamic cycles. Therefore, fuels
can be demonstrated in different propertieswith each other. For example, gasoline fuels
should have a high ignition resistance, while diesel fuels should have well self-ignition.
For these reasons, hydrocarbon fuels can be converted by some chemical process
depending on the engine types or by improving fuel properties. Thus, new fuel formulas
or various fuel properties can be improved by converting hydrocarbons each other via
some of the chemicals process.

Diesel and gasoline engine fuel properties such as cetane number, octane number,
viscosity, and density can be improved by fuel additives. One of the most promising
fuel additives are alternative fuels in the future. High octane number and low density
propensities of the alcohols lead to be improved the fuel properties such as increases
the octane number of gasoline and decreased the viscosity, density properties of the
diesel fuel. Besides, the diesel fuel cetane number can be improved by biodiesel,
which has a high cetane number.

Nomenclature

API American Petroleum Institute
bTDC before top dead center
CN cetane number
HHV higher heating value (kJ/kg)
FS fuel sensitivity
ID ignition delay (ms)
LHV lower heating value (kJ/kg)
LPG liquefied petroleum gas
MON motor octane number
n engine speed (rpm)
RON research octane number
rpm revolution per minute
SI cetane index
SIT self-ignition temperature
θ crank angle (°CA)
γ specific heat ratio
ρ density (kg/m3)

Properties Propane Butane Gasoline

Volumetric mass at 15 °C (kg/l) 0.508 0.584 0.73–0.78

Gas pressure at 37.8 °C (bar) 12.1 2.6 0.5–0.9

Boiling temperature (°C) �42 0.5 30–225

RON 111 103 96–98

MON 97 89 85–87

Lower heating value (MJ/kg) 46.1 45.46 44.03

Lower heating value (MJ/l) 23.4 26.5 32.3

Stoichiometric ratio 15.8 15.6 14.7

Table 6.
Properties of LPG and gasoline [1].
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Chapter 3

Compressed Bio Gas (CBG) in 
Diesel Engine
Hasan Köten

Abstract

In this chapter, as an alternative to conventional engines, compressed biogas 
(CBG)-fueled compression ignition (CI) engine was evaluated. Biogas fuel is con-
siderably economic due to the local product fuel compared to that of CNG and LPG 
fuels for many countries. In addition, due to the higher octane rate, biogas is con-
siderably adaptable for the diesel engines. In this issue, CBG diesel-fueled engine 
was investigated using full geometry 3D computational fluid dynamics (CFD) 
simulations including intake and exhaust ports were used in optimization process 
to get the optimum design parameters of the CBG-diesel engine. Usage of CBG fuel 
in the optimized CBG engine without any constructive change in cylinder block will 
considerably decrease the cost. During the engine design, one-dimensional (1D) 
and three-dimensional (3D) CFD codes and multi-objective optimization code were 
employed by coupling codes. CBG and diesel fuels were defined as leading reactants 
using user-defined code in dual-fuel diesel engine modeling. CBG and diesel mass 
flow rates, start of pilot diesel fuel injection, compression ratio, valve timing, and 
engine speed were defined as input variables in different engine loads and evaluated 
about 20,000 cases to define the proper operating conditions. CBG-diesel engine 
and significantly lower NOx emissions were emitted under dual-fuel operation for 
all cases compared to single-fuel mode at all engine load conditions. Moreover, 
CBG-diesel engine provided superior performance in reductions of NOx and 
particulate matter (PM) emissions.

Keywords: CBG, biogas, CFD, emission, diesel engine

1. Introduction

This chapter is intended to give an overview of the CBG-fueled diesel engine 
performance and emission characteristics. The optimum design parameters of the 
CBG-diesel dual-fueled engine were studied using CFD techniques and experi-
mental work. Also the motivation for IC engine research is presented, and the 
combustion process for the SI and CI engine was shortly overviewed. In addition to 
that, new alternative combustion concepts for CI engines were discussed, and the 
research background and objective of the present work were presented. CBG fuel 
air mixture is compressed in a PPCI mode in achieving its simultaneous ignition 
by pilot diesel fuel inside the combustion chamber to get the best performance and 
emission results.

Part load, especially direct injection systems used to perform partially premixed 
charge, allows for optimized fuel consumption and a low level of emissions. During 
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fuels for many countries. In addition, due to the higher octane rate, biogas is con-
siderably adaptable for the diesel engines. In this issue, CBG diesel-fueled engine 
was investigated using full geometry 3D computational fluid dynamics (CFD) 
simulations including intake and exhaust ports were used in optimization process 
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1. Introduction

This chapter is intended to give an overview of the CBG-fueled diesel engine 
performance and emission characteristics. The optimum design parameters of the 
CBG-diesel dual-fueled engine were studied using CFD techniques and experi-
mental work. Also the motivation for IC engine research is presented, and the 
combustion process for the SI and CI engine was shortly overviewed. In addition to 
that, new alternative combustion concepts for CI engines were discussed, and the 
research background and objective of the present work were presented. CBG fuel 
air mixture is compressed in a PPCI mode in achieving its simultaneous ignition 
by pilot diesel fuel inside the combustion chamber to get the best performance and 
emission results.

Part load, especially direct injection systems used to perform partially premixed 
charge, allows for optimized fuel consumption and a low level of emissions. During 
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like this process, the engine has quite more homogeneous air fuel mixture and low 
in-cylinder temperature which caused lower NOx emissions. Also, the use of a pilot 
injection has become an effective way for reducing combustion noise.

In PPCI, combustion concepts have been recently developed with the purpose 
to strive the problem of the high emission levels of conventional direct injec-
tion diesel engines. A good example is the PPCI combustion, a strategy in which 
early fuel injections are used, causing a burning process in which more air fuel 
is burned in premixed conditions, which affects combustion performance and 
exhaust emissions.

Experimental studies due to the extreme conditions inside a typical IC engine 
such as high combustion temperatures and pressures, precipitation of PM, other 
combustion products, etc. are sometimes limited in approaching exhaust emission 
problem. However, CFD software offers the opportunity to carry out and optimize 
repetitive parameter studies with clearly defined boundary conditions in order to 
investigate various configurations.

In this book, effects of dual-fuel combustion characteristics were investigated 
on the combustion performance and the reduction of exhaust emissions for a 
CI engine fueled with CBG-diesel dual fuel. Different approaches for alterna-
tive diesel combustion systems are also investigated by CFD and optimization 
software. This combustion system is investigated in homogenous CBG fuel air 
mixture with early and late pilot diesel injection strategy.

2. Usage of CBG fuel in diesel engine

The intention of this investigation is to find out the effects of CBG-diesel dual-
fuel combustion characteristics on the CI engine performance. The rate of heat 
release (ROHR) and other performance parameters were investigated in different 
modes of combustions. Moreover, combustion performance and indicated mean 
effective pressure (IMEP), exhaust gas temperature, and also the concentrations 
of PM, NOx, HC, CO, and CO2 exhaust emissions were also investigated under 
various engine operating conditions to compare the exhaust emission and engine 
performance of single-fuel and CBG-diesel fuel modes experimentally and numeri-
cally. Within this framework, the combustion processes and performance of a 
commercial four-cylinder, turbocharged compression ignition engine are analyzed 
and improved the exhaust emission values of the engine by proposing some modifi-
cations for advance mode of combustion system by using CFD and multi-objective 
optimization codes.

In accordance with this purpose, first;

• Overall thermodynamic cycle simulation for one cylinder,

• In-cylinder fluid motion,

• Including inlet, exhaust manifold and valves are analyzed in 3D.

Therefore,

• To perform a detailed analysis in-cylinder cold flow,

• Fuel spray atomization,

• The combustion and emissions are investigated numerically and experimentally.
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Second part of this work included optimization for an advance combustion 
mode needed for the following parameters:

• Valve timing.

• Compression ratio.

• Pilot diesel fuel injection timing was optimized.

Lastly, selected cases which were optimized by CFD and multi-objective opti-
mization code analyzed and compared with existing experimental single-fuel and 
CBG-diesel dual-fuel diesel engine combustion performance and exhaust emissions.

In this project, methodology was designed to accomplish the objectives 
described in objective parameters.

The first task was to carry out an overall and critical research of available litera-
ture in the dual-fuel diesel engine field. This review was done to fully understand 
the progress of dual-fuel combustion process in this particular field of research; also 
this is aided with the identification of issues/areas of further research.

The survey considered published books, journals, and papers. It was broadened 
to consider information published on the Ohio State University database and on the 
Center for Automotive Research Laboratories.

Full geometry model: After the study of the commercial CFD software documen-
tation, some applications were carried out to aid with the meshing of the geometry.

Simulation: A preliminary simulation in commercial CFD software was carried 
out in order to build confidence levels, since combustion of spray droplets involves 
complex models both of pilot diesel fuel and CBG fuel injectors. The main simula-
tions were divided into four main configurations as follows:

• Cold flow (no liquid fuel)

• Air/liquid spray mixture

• Combustion simulation using turbulence-controlled eddy breakup

• Dual-fuel combustion simulation using non-premixed and partially premixed 
model

For each model, these five turbulence models were investigated (k-ε/high 
Reynolds, k-ε/RNG, k-ε/Chen, k-ε/Speziale/high Reynolds, and k-ε/Standart/High 
Reynolds models). The method adopted for this simulation generally follows the 
steps outlined in commercial CFD software studies.

The analysis of the results was based on the post-processed data from all analy-
ses carried out. In combustion modeling, two leading reactants CBG and diesel 
fuel are defined by using user-defined code. The predicted results by commercial 
CFD code were compared with each other. Detailed specifications of engine were 
summarized in Table 1. CBG fuel properties and operating conditions are given in 
Tables 2 and 3.

2.1 Computational grid

The engine that is modeled is a commercial four-cylinder 1.5 l light-duty diesel 
real engine. The geometrical specifications of the engine, as well as the engine’s 
original valve timings, are summarized before chapter. The computational grid is 
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given in Figure 1. The mesh domain has about 700,000 elements at TDC. A finer grid 
could include the top-land crevice. In addition, a crevice model could be introduced 
in commercial CFD software, in order to simulate flow in the crevices and blow-by. 
Nevertheless, even though the low-temperature regions are not captured well, com-
mercial CFD software can still provide reasonable predictions for the bulk tempera-
ture in the cylinder and the overall temperature and composition distributions.

Properties Value

Chemical formula Mixture

CH4 65–70% by volume

CO2 25–35% by volume

H2 1–2% by volume

Self-ignition temperature 630–810°C

Lower heating value 26 MJ/kg

F/A ratio 0.058

Octane number 135

Density 0.79 kg/m3

Table 2. 
Properties of CBG fuel.

Engine parameters Value

Type 4 Cylinder-four stroke

Bore × stroke 76 × 80.5 mm

Connecting rod length 131.2 mm

Displacement 1461 cm3

Compression ratio 18.25:1

Max. lift (exhaust) 10.1 mm

Max. lift (intake) 9.7 mm

Operating speed 2000 rpm

Maximum power 48 kW at 4000 rpm

Maximum torque 160 Nm at 2000 rpm

Table 1. 
Engine specifications.

RPM 2000 rev/min

Test fuels Diesel and CBG

Single fuel Diesel

Dual fuel Diesel + CBG

Gas injection pressure 0.3 MPa

Gas injection type Port injection

Injected gas mass 30 mg/cycle

Pilot diesel injection pressure 13 MPa

Start of injection 120, 18 0CA bTDC

Table 3. 
Operating conditions.

51

Compressed Bio Gas (CBG) in Diesel Engine
DOI: http://dx.doi.org/10.5772/intechopen.82206

In the CFD simulations before the experimental work, combustion chamber 
including intake and exhaust ports and valves was modeled in the development 
software. Mesh elements reached 1,700,000 at the BDC. In order to initialize the 
run, the pressure and the temperature in the cylinder at the start of the calculation 
were adjusted. Heat transfer and other physical models were selected according to 
real engine operating conditions. Complete combustion products were also defined 
using the user-defined code.

3. Results and discussions

3.1 Dual-fuel engine spray modeling

Recent researches show that it is possible to decrease the emissions considerably 
by modifying the geometrical sub-systems of the engine that affect the turbulence 
generation and spray formation. It is important to define the proper turbulence 
model in diesel CFD studies in terms of the exact representation of the combus-
tion phenomenon. During these studies, a lot of turbulence models have also been 
analyzed to select the proper turbulence model for diesel combustion. In an attempt 
to improve the predictive ability of the standard k-ε models, a number of alterna-
tives have been offered. Among them the RNG k-ε model [18, 19], anisotropic k-ε 
model of Speziale [15], Morel and Mansour version of the k-ε model [10], Chen’s 
k-ε model [3], and the k–ω model of Wilcox are well-known [17]. The RNG k-ε 
model turbulence has been used in order to predict the compressed turbulence in IC 
engines.

In this investigation, combustion is modeled via a new combustion model 
(ECFM-3Z) developed at IFP and 1D thermodynamic model. Wiebe function for 1D 
approximation and ECFM for 3D CFD solution were used to carry out combustion 
modeling. ECFM-3Z is the member of the coherent flame model (CFM) family, and 
it is extended to nonhomogeneous turbulent premixed and unpremixed (diffu-
sion) regions. In dual-fuel mode, extra definitions analyze the conventional diesel 
combustion and partially premixed compression ignition (PPCI) cases. In a diesel 
combustion, NOx formation is an important challenge instead of other emissions 
such as smoke which is gas and carbon mixtures. Conglomeration of carbon par-
ticles calls as PM, and dust airborne particles call as a particulate matter (PM). They 
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given in Figure 1. The mesh domain has about 700,000 elements at TDC. A finer grid 
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Properties Value

Chemical formula Mixture
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Self-ignition temperature 630–810°C

Lower heating value 26 MJ/kg
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Octane number 135

Density 0.79 kg/m3

Table 2. 
Properties of CBG fuel.

Engine parameters Value

Type 4 Cylinder-four stroke

Bore × stroke 76 × 80.5 mm

Connecting rod length 131.2 mm

Displacement 1461 cm3

Compression ratio 18.25:1

Max. lift (exhaust) 10.1 mm

Max. lift (intake) 9.7 mm

Operating speed 2000 rpm

Maximum power 48 kW at 4000 rpm

Maximum torque 160 Nm at 2000 rpm

Table 1. 
Engine specifications.

RPM 2000 rev/min

Test fuels Diesel and CBG

Single fuel Diesel

Dual fuel Diesel + CBG

Gas injection pressure 0.3 MPa

Gas injection type Port injection

Injected gas mass 30 mg/cycle

Pilot diesel injection pressure 13 MPa

Start of injection 120, 18 0CA bTDC

Table 3. 
Operating conditions.
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it is extended to nonhomogeneous turbulent premixed and unpremixed (diffu-
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such as smoke which is gas and carbon mixtures. Conglomeration of carbon par-
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are produced during incomplete combustion process. Real engine geometry was 
remodeled to find out dual-fuel flow structure inside the combustion chamber. In 
dual-fuel engine cases, air and CBG fuel mixture was ingested into the combustion 
chamber, and it was ignited with pilot diesel fuel at the end of compression stroke. 
First injector was located on the intake port as a main fuel CBG using cylindrical 

Figure 2. 
CBG-fueled diesel engine mesh structure.

Figure 3. 
3D NOx emission contours for SF case3 at TDC in +Y direction.
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coordinate system as shown in Figure 2. Second injector for pilot diesel fuel was 
retained on the cylinder head. Injector hole diameter, cone angle, hole number, start 
of CBG fuel injection, and duration were entered on the CFD code.

Because of the shifting of combustion event to earlier side, this causes the 
increase of negative operating conditions for a conventional diesel engine. These 
trends are regarded as typical problems of injection strategies and injection rates 
that lower the thermal efficiency and increase the incomplete combustion products 
such as the HC and CO emissions [6–9, 11–14, 16, 20].

The effects of the engine load and dual-fuel combustion mode on the NOx 
emissions with different engine configurations were shown in Figure 3. NOx emis-
sions showed a strong dependence on the type of combustion at constant injection 

Engine type Single-cylinder direct injection diesel engine

Engine speed 2000 RPM

Valves per cylinder 2

Bore 86 mm

Stroke 76 mm

Injection system Common-rail

Number of nozzle holes 4

Nozzle diameter 0.170 mm

Valve overlapping 39 CAD and 19 CAD

Compression ratio 17.6

Start of injection 18 CAD bTDC

Table 4. 
Specification of modified dual-fuel combustion chamber.

Figure 4. 
Soot emission contours for SF case3 at TDC.
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Figure 5. 
Combustion characteristics at different engine loads. (a) Single-fuel (dodecane) cases and (b) dual-fuel 
(CBG-dodecane) cases.

timing. The peaks of the NOx emissions occurred on the single-fuel cases at the 
same operating conditions. When the CBG fuel was increased, the NOx forma-
tions reached undetectable levels. This is due to the prolonged the ignition delays 
and premixed fuel/air mixture. In the dual-fuel modes, lower NOx formations 
were obtained compared to that of the conventional cases. The modified dual-fuel 
combustion chamber parameters are listed in Table 4.

1D, 3D, and multi-objective optimization codes were employed for single-diesel 
fuel (dodecane) and dual-fuel (CBG-diesel) cases. Case1, case2, case3, case4, and 
case5 were investigated at 20, 40, 60, 80, and 100% engine loads, respectively 
for both single fuel and dual fuel. Soot emissions and combustion characteristics 
of engine can be seen in Figures 4 and 5. The combustion pressures and rates of 
heat release (ROHR) for the single-fuel mode with diesel fuel in a constant engine 
speed of 2000 (rev/min) were provided in Figure 6. The figures showed similar 
patterns for combustion pressure and ROHR at different engine loads. The combus-
tion pressures and ROHRs increased for both fuels, since engine load increased at 
constant engine speed. At low engine load (20%), the peak pressure and also heat 
release were slightly lower than other cases as depicted in Figure 6a. The lower 
diesel fuel consumption (2.14 kg/h) resulted in the decrease on the combustion 
performance. In the 60% load, shown in Figure 6a, the pressure is Pmax = 8.4 MPa, 
and peak heat release was obtained compared to CBG-diesel case, Pmax = 8.3 MPa. 
Simultaneously, a greater indicated mean effective pressure (IMEP) was resulted 
for the conventional diesel-injected fuel mass reached 5.3 kg/h. In Figure 7, NOx 
and soot emissions are given in detail.
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In terms of the ignition delay, conventional diesel combustion has shorter time 
due to the air fuel mixture process. Ignition ability in a diesel engine is mainly rely-
ing on caffeine and physical fuel properties such as structure of fuel composition, 
density, bulk module, cetane number, oxygen content, and aromatic content of the 
fuel. Meanwhile, the oxygen amount of the air fuel mixture plays an important role 
in short ignition delays. Engine parameters such as SOI need to adjust for different 

Figure 6. 
Effect of fuel types on rate of heat release inside cylinder at 60% engine load.

Figure 7. 
NOx and soot emissions for single- and dual-fuel cases versus CA. (a) NOx emissions and (b) soot emissions.
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(CBG-dodecane) cases.
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tions reached undetectable levels. This is due to the prolonged the ignition delays 
and premixed fuel/air mixture. In the dual-fuel modes, lower NOx formations 
were obtained compared to that of the conventional cases. The modified dual-fuel 
combustion chamber parameters are listed in Table 4.
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fuel (dodecane) and dual-fuel (CBG-diesel) cases. Case1, case2, case3, case4, and 
case5 were investigated at 20, 40, 60, 80, and 100% engine loads, respectively 
for both single fuel and dual fuel. Soot emissions and combustion characteristics 
of engine can be seen in Figures 4 and 5. The combustion pressures and rates of 
heat release (ROHR) for the single-fuel mode with diesel fuel in a constant engine 
speed of 2000 (rev/min) were provided in Figure 6. The figures showed similar 
patterns for combustion pressure and ROHR at different engine loads. The combus-
tion pressures and ROHRs increased for both fuels, since engine load increased at 
constant engine speed. At low engine load (20%), the peak pressure and also heat 
release were slightly lower than other cases as depicted in Figure 6a. The lower 
diesel fuel consumption (2.14 kg/h) resulted in the decrease on the combustion 
performance. In the 60% load, shown in Figure 6a, the pressure is Pmax = 8.4 MPa, 
and peak heat release was obtained compared to CBG-diesel case, Pmax = 8.3 MPa. 
Simultaneously, a greater indicated mean effective pressure (IMEP) was resulted 
for the conventional diesel-injected fuel mass reached 5.3 kg/h. In Figure 7, NOx 
and soot emissions are given in detail.
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In terms of the ignition delay, conventional diesel combustion has shorter time 
due to the air fuel mixture process. Ignition ability in a diesel engine is mainly rely-
ing on caffeine and physical fuel properties such as structure of fuel composition, 
density, bulk module, cetane number, oxygen content, and aromatic content of the 
fuel. Meanwhile, the oxygen amount of the air fuel mixture plays an important role 
in short ignition delays. Engine parameters such as SOI need to adjust for different 
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Effect of fuel types on rate of heat release inside cylinder at 60% engine load.

Figure 7. 
NOx and soot emissions for single- and dual-fuel cases versus CA. (a) NOx emissions and (b) soot emissions.
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Figure 8. 
Exhaust emissions for single- and dual-fuel cases with different engine loads. (a) Unburned HC; (b) CO;  
(c) CO2.

operating conditions. Additionally, the diesel fuel used in the works has a long 
carbon chain, and it has important role for the short ignition delay. CO2, HC, and 
CO concentrations were shown in Figure 8a–c for single- and dual-fuel cases at 
various engine loads [5].
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3.2 Optimization for CBG combustion

In final simulation, compression ratio of simulated engine was reduced from 
18.25:1 to 17.6:1 by widened engine bore diameter to keep more heat inside the 
cylinder due to the lower heating value of CBG fuel. According to optimization 
results, larger and smaller valves overlapped engines more suitable for CBG-diesel 
dual-fuel combustion. Because of the surface to volume ratio effect on combustion 
temperature, heavy-duty dual-fueled CI engines have better results on combustion 
performance and unburned HC emissions than light-duty dual-fueled CI engines. 
Real engine geometry cases have low thermal efficiency due to the valve overlap 
characteristics of conventional diesel engines. Valve overlap process facilitates 
scavenging between the intake and exhaust valves. However, in dual-fuel com-
bustion, valve overlapping caused an increase in unburned HC emissions due to 
leaving of unburned CBG-diesel air fuel mixture from cylinder. At the same time, 
low valve overlap for dual-fuel CI engine caused incomplete combustion inside 
the combustion chamber due to the insufficient scavenging process. Valve overlap 
values also were optimized in final CFD simulation. Because of compression ratio 
effects on temperature and pressure during the compression phase, the engine 
compression ratio has an influence on the autoignition phase of the combustion: a 
reduction prolongs the air/fuel mixing process before combustion. In optimization 
study, compression ratio was limited in 19:1 due to the knock phenomenon during 
the compression stroke of CBG-air mixture. Higher compression ratio resulted in 
lower power due to the autoignition of air fuel mixture. Different works [1, 2, 4] 
studied on experimental single-cylinder engines showed this significant advantage. 
Another optimization parameter is SOI for modified dual-fuel engine geometry. 
In dual fuel-modified engine geometry cases, SOI was reduced to about 18° CA 
bTDC by optimization study due to the late ignition delay of CBG-air fuel mixture. 
Single-fuel cases have low ignition delay compared to that of the CBG-diesel dual-
fuel combustion as seen in ignition delay figure. In single-fuel cases, diesel fuel has 
higher cetane number, and this allowed faster combustion than dual-fuel engine 
cases. Optimized dual-fuel engine cases resulted in better combustion performance 
by changing SOI, compression ratio, modified engine size, and valve overlap values.

The peaks of pressure and temperature values occurred in DF case6 and DF 
case7 cases which have lower valve overlap, 19° CA. Therefore, these two cases have 
indicated that the high temperature reaction (HTR) occurs at around  
1200–1300 K. Calculated peak gas temperature for reduced valve overlap cases as 
shown in Figure 9a was 1790 K such as conventional single-fuel diesel combustion; 
also these cases have lower CO formation and slightly higher NOx formation but 
quite under acceptable emission standards.

As the valve overlap reduced, the peaks of heat release in-cylinder pressure 
and temperature rapidly increased, and the initiating timings of the reaction were 
also fastened. In real engine geometry cases, the ignition delay was very long, and 
ignition had begun very late after pilot started at 12° bTDC. After SOI started at 18° 
bTDC and valve overlap reduced to 19° CA in optimization study, this led to sig-
nificant development in engine performance and better combustion control during 
combustion for CBG-diesel dual-fuel cases. In addition to engine performance 
development, CO emissions were decreased to very low levels by means of exact 
combustion. NOx emissions resulted in higher DF case6 and DF case7 than other 
DF cases, but these NOx emission values are very low in regard to international 
emission standards. Similarly, PM emissions resulted in better optimized DF case6 
and DF case7 than other DF cases and kept in a reduction trend. Furthermore, it can 
be said that CBG fuel was burned effectively in regard to other cases (Figure 9f) 
especially for DF case7 which has 19o CA valve overlap value. Besides valve overlap 
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3.2 Optimization for CBG combustion

In final simulation, compression ratio of simulated engine was reduced from 
18.25:1 to 17.6:1 by widened engine bore diameter to keep more heat inside the 
cylinder due to the lower heating value of CBG fuel. According to optimization 
results, larger and smaller valves overlapped engines more suitable for CBG-diesel 
dual-fuel combustion. Because of the surface to volume ratio effect on combustion 
temperature, heavy-duty dual-fueled CI engines have better results on combustion 
performance and unburned HC emissions than light-duty dual-fueled CI engines. 
Real engine geometry cases have low thermal efficiency due to the valve overlap 
characteristics of conventional diesel engines. Valve overlap process facilitates 
scavenging between the intake and exhaust valves. However, in dual-fuel com-
bustion, valve overlapping caused an increase in unburned HC emissions due to 
leaving of unburned CBG-diesel air fuel mixture from cylinder. At the same time, 
low valve overlap for dual-fuel CI engine caused incomplete combustion inside 
the combustion chamber due to the insufficient scavenging process. Valve overlap 
values also were optimized in final CFD simulation. Because of compression ratio 
effects on temperature and pressure during the compression phase, the engine 
compression ratio has an influence on the autoignition phase of the combustion: a 
reduction prolongs the air/fuel mixing process before combustion. In optimization 
study, compression ratio was limited in 19:1 due to the knock phenomenon during 
the compression stroke of CBG-air mixture. Higher compression ratio resulted in 
lower power due to the autoignition of air fuel mixture. Different works [1, 2, 4] 
studied on experimental single-cylinder engines showed this significant advantage. 
Another optimization parameter is SOI for modified dual-fuel engine geometry. 
In dual fuel-modified engine geometry cases, SOI was reduced to about 18° CA 
bTDC by optimization study due to the late ignition delay of CBG-air fuel mixture. 
Single-fuel cases have low ignition delay compared to that of the CBG-diesel dual-
fuel combustion as seen in ignition delay figure. In single-fuel cases, diesel fuel has 
higher cetane number, and this allowed faster combustion than dual-fuel engine 
cases. Optimized dual-fuel engine cases resulted in better combustion performance 
by changing SOI, compression ratio, modified engine size, and valve overlap values.

The peaks of pressure and temperature values occurred in DF case6 and DF 
case7 cases which have lower valve overlap, 19° CA. Therefore, these two cases have 
indicated that the high temperature reaction (HTR) occurs at around  
1200–1300 K. Calculated peak gas temperature for reduced valve overlap cases as 
shown in Figure 9a was 1790 K such as conventional single-fuel diesel combustion; 
also these cases have lower CO formation and slightly higher NOx formation but 
quite under acceptable emission standards.

As the valve overlap reduced, the peaks of heat release in-cylinder pressure 
and temperature rapidly increased, and the initiating timings of the reaction were 
also fastened. In real engine geometry cases, the ignition delay was very long, and 
ignition had begun very late after pilot started at 12° bTDC. After SOI started at 18° 
bTDC and valve overlap reduced to 19° CA in optimization study, this led to sig-
nificant development in engine performance and better combustion control during 
combustion for CBG-diesel dual-fuel cases. In addition to engine performance 
development, CO emissions were decreased to very low levels by means of exact 
combustion. NOx emissions resulted in higher DF case6 and DF case7 than other 
DF cases, but these NOx emission values are very low in regard to international 
emission standards. Similarly, PM emissions resulted in better optimized DF case6 
and DF case7 than other DF cases and kept in a reduction trend. Furthermore, it can 
be said that CBG fuel was burned effectively in regard to other cases (Figure 9f) 
especially for DF case7 which has 19o CA valve overlap value. Besides valve overlap 
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value, optimization results showed that larger CI engines which have big surface 
to volume ratio have better combustion performance according to light-duty CI 
engines. It can be concluded that CBG-diesel dual-fuel process with these optimiza-
tion parameters is more proper for heavy-duty CI engines (Figure 10).

Figure 9. 
Effects of valve timing on the dualfuel combustion performance. (a) In-cylinder calculated temperature;  
(b) In-cylinder calculated pressure; (c)NOx emissions; (d) CO emissions; (e) soot emissions; and (f) total fuel 
mass.

Figure 10. 
Effect of single and dual fuel combustion mode on the ignition delay.
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4. Conclusion

In this chapter, the engine performance and emission results were studied and 
compared for the conventional diesel and CBG-diesel dual-fuel operations. CBG 
and diesel fuels were defined as leading reactants by writing user-defined code. In 
this work, conventional diesel combustion and dual-fuel pilot diesel combustion 
were examined. Obtained differences in the results between SF and DF are the 
result of fuel mixture ratios in the calculation, and this affects the efficiency of 
the engine. Combustion time is calculated by the software according to chemical 
compounds and gradients. Fuel ratio can be seen in Table 5. International emission 
standards were taken into consideration in the studies for the wide automotive 
market, and further studies can be evaluated the next regulations. Although CO2 
is an inert gas in the mixture of air fuel, it is expected that CO2 ratio affects the 
emissions. However this is due to the mixture of biogas formation. Higher cetane 
number of diesel and the faster injection timing shortened the ignition delay, and 
this reduction is related to a decrease in fuel-rich zone throughout the combustion 
process.

Due to the volumetric efficiency, in the dual-fuel case concentrations, CO emis-
sions were considerably higher than others under all test conditions. In the dual-fuel 
cases, CBG gas fuel is replaced by air which causes more CO emissions. The con-
centrations of CO2 emissions for dual-fuel cases are obtained under those regarding 
single-fuel diesel combustion modes. In terms of the ignition delays, conventional 
diesel combustion exhibited better performance with respect to CBG-diesel cases 
because of the overall specific heat capacity and oxygen rate. Also, exhaust gas tem-
perature has lower value in dual-fuel cases. BSFC and PM results have better value 
in the CBG-diesel dual-fuel cases. More oxygen rate in single-fuel cases allowed 
more CO emissions to oxidize into CO2 and resulted in higher concentrations of CO2 
emissions.

Case # CBG rate (kg/h) Diesel fuel (kg/h) Engine load (%) SOI CA

SF case1 — 2.12 20 −12

SF case2 — 3.13 40 −12

SF case3 — 5.22 60 −12

SF case4 — 8.54 80 −12

SF case5 — 11.44 100 −12

DF case1 2.27 1.62 20 −12

DF case2 2.33 2.63 40 −12

DF case3 2.61 4.37 60 −12

DF case4 2.76 6.48 80 −12

DF case5 3.25 7.88 100 −12

Table 5. 
Case studies.
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Chapter 4

Hydrogen Fumigation on HD
Diesel Engine: An Experimental
and Numerical Study
Emad Monemian and Alasdair Cairns

Abstract

The currently reported work was concerned with experimental and numerical
evaluation of the potential to partially replace diesel with hydrogen fuel, which
continues to attract attention as an alternative longer-term fuel solution. The
experimental work was involved with the fumigation of hydrogen on a single
cylinder HD diesel engine under two real-world driving conditions at low and mid
loads. Highest practical hydrogen substitution ratios could increase indicated effi-
ciency by up to 4.6 and 2.4% while reducing CO2 emissions by 58 and 32% at low
and mid loads, respectively. Soot and CO emissions were reduced as more hydrogen
was supplied, particularly at low load. The numerical study was made by using
two distinct phenomenological models being run in parallel. While, an in-depth
evaluation of the unique dual fuel combustion was possible, the arising errors were
largely associated with lack of dual fuel burning velocity data, which will remain
a key barrier to dual-fuel simulation.

Keywords: hydrogen, diesel, dual-fuel combustion, CO2 reduction, simulation

1. Introduction

The climate change issue as the most obvious challenge of our era is threatening
million lives around the world. Notwithstanding the treaties such as Kyoto [1] and
Paris agreement [2] adopted during last decades to hinder the greenhouse gas
(GHG) emissions, the promises were not kept fully due to rapid rate of industria-
lisation and trade races between countries. However, the recent environmental
threats have gone off the alarm louder as several European countries have put
deadlines to end urban utilisation of diesel engines. This call out could be carried out
by gradual replacement of diesel fuel with alternative clean fuels like hydrogen
particularly in the heavy goods vehicles (HGVs) as one of the main contributors
of CO2 emission.

Regarding the latest UK government target in 2019, GHG emissions will be cut
to almost zero by 2050 within UK [3]. While the total CO2 was reduced significantly
(�30%) since the baseline year 1990 until 2014, the CO2 emission in transport
sector was almost unchanged representing 27.5% of total CO2 in 2014 [4]. In that
year, HGVs’ CO2 emission has experienced a 9% improvement compared with
1990. Despite the fact that UK is on track to meet the second “carbon budget”
regarding the Climate Change Act 2008 [5], transport sector has not contributed
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a major impact on CO2 emission due to increase of motor vehicles sales in recent
years [6]. As HGVs are accounted for 15.7% of UK transport sector’s CO2 emission,
the vehicle manufacturers have been required to additionally focus upon Heavy
Duty (HD) vehicles [4].

On the other hand, there is no economically viable single solution for HD long-
haul applications and the internal combustion engine (ICE) is foreseen to remain as
the key in the global marine, rail and continental truck markets albeit operating on
lower carbon fuels. As HD diesel engine can hardly take advantage of the conven-
tional measures applicable to the passenger car engine, it can be dual-fuelled with
various fuels like natural gas (NG), ethanol, hydrogen, etc. Indeed, a pathway has
been opened in recent years by the dual-fuel combustion to the sustainable opera-
tion of HD engines in the transport sector by significant reduction of CO2 emission.

In this chapter, we aim to study the effect of substituting the diesel fuel with
hydrogen in a HD diesel engine. Ameliorating the performance and decarbonisation
of this engine is the main targets. Finally, a numerical study of H2-diesel
combustion was done in GT-Power.

2. Hydrogen usage in internal combustion engines

Hydrogen is conventionally seen being used as an energy carrier rather than fuel
itself in ICEs. Typically, there are two main methods of supplying hydrogen: NG
steam reforming (supplying �95% of industrial H2) and electrolysis of water
(which is a zero-carbon method but very costly). Alternatively, an innovative
acquirement of hydrogen is via on-board steam reformation of part of the liquid
hydrocarbon fuel, which improves the overall system efficiency by �5% via waste
exhaust heat recovery [7]. Nevertheless, the vision of a “hydrogen economy” is only
foreseeable when its required production energy is totally supplied from green
renewable sources. If so, transportation and electrical needs can be fulfilled using
hydrogen fuel cells [8].

Storage is among the main areas for development of hydrogen power due to the
relevant safety issues and physical properties of hydrogen (Table 1). Although
distinct crystalline materials have been suggested for hydrogen storage, hydrides
are used for storing significant quantities of hydrogen gas. In 2008, a hydrogen tank
using an alloy found by Robin Gremaud could have 60% less weight than a battery

Parameter Hydrogen Diesel

Density at 0°C [kg/m3] 0.089 830

Stoichiometric air/fuel ratio 34.3 14.5

LHV [MJ/kg] 120 42.5

Mixture calorific value at λ =1 [MJ/m3] 3.2 3.83

Boiling temperature [°C] �253 180–360

Ignition limits [vol%, λ] 4–75%, 0.2–10 0.6–5.5%, 0.5–1.3

Min ignition energy at air (λ = 1) [mJ] 0.02 0.24

Auto-ignition temperature [°C] 585 �250

Laminar flame speed at λ = 1 [m/s] 2.0 0.4–0.8

Carbon content (mass %) 0 86

Table 1.
Physical properties: hydrogen and diesel [9].
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pack [10]. Besides, cryogenic tanks have other preferences which attempt to
improve compatibility, expense and volumetric capacity. As an example of efforts
in this area, BMW previously adopted cryogenic tanks for a 7-series mini-fleet to
demonstrate improved driving range. The distribution of hydrogen for vehicles at
filling stations needs remarkable infrastructure and huge investment. As of 2019,
there are 46 public hydrogen stations in the US, with 41 of those located in Califor-
nia [11]. Thus, hydrogen would be a more sustainable fuel if its supplying and
storage problems could be solved.

Several automotive manufacturers including BMW, Ford and Mazda have
attempted to utilise hydrogen as an alternative fuel for the IC engine. The BMW
Hydrogen 7, powered by a hydrogen IC engine, was developed by BMW between
2005 and 2007. This demonstrator adopted the same 6L V12 engine as the gasoline
production model but with modifications to allow for dual fuel operation. Overall,
the combustion system matched the efficiency values of a baseline turbo-diesel
engine at a maximum of 42% [12].

Elsewhere, Ford also developed the first vehicle in North America exclusively
powered by a hydrogen fuelled IC engine (H2ICE). A Zetec-based 2-liter H2ICE
with a port fuel injection (PFI) system was integrated into a P2000 passenger sedan.
Comparing with gasoline powered 2 L Zetec, hydrogen powered CO2 emissions
were reduced to 0.4% of that of the gasoline case with 18% higher metro cycle fuel
economy [13]. In later work, to achieve the stringent 2010 Phase II Heavy Duty
emission standards, Ford re-designed a V10 Triton engine with the aim of running
an E-450 bus with hydrogen. Following this, the Ford Focus fuel cell vehicle (FCV)
was developed as an alternative hydrogen fuel cell vehicle. Such FCV vehicles are
widely considered to offer considerable promise but only provided the current high
costs of fuel cell technology can be reduced in the longer term. Hence, in the
medium term (at least), the ICE remains dominant [14].

There have been numerous other attempts to adopt hydrogen in IC engines.
Revolve UK modified the engine of a Ford Transit 2.2L Puma Diesel to operate with
PFI of hydrogen as the main fuel. As the ignition source, diesel pilot injection was
used to allow a permanent dual-fuel mode [15]. More recently, Alset developed a
hybrid hydrogen-gasoline system that allowed the vehicle to use both fuels individ-
ually or at the same time. This technology was implemented on the Aston Martin
Rapide S, which was the first vehicle completing the 24-h Nürburgring race with
hydrogen technology [16].

The injection strategy has considerable influence on the hydrogen mixture’s
homogeneity and stratification at ignition. Hydrogen direct injection (DI) could
have further benefits rather than PFI due to providing more volumetric efficiency
and avoiding irregular combustion such as backfire [17].

Lund university researchers have had the earliest attempt of hydrogen HCCI
combustion [18]. Although H2 HCCI operating range is much limited than SI
hydrogen operation, HCCI mode showed better efficiency. In an optical study by
Aleiferis et al. at UCL, hydrogen HCCI combustion was characterised by sweeping
various equivalent ratios and intake air temperatures [19]. This combustion was
initiated by PFI of n-heptane prior to the main DI of hydrogen in a low compression
ratio combustion chamber. The intake air needed to be preheated as the auto-
ignition temperature of hydrogen is too high. Considering significant ability of
hindering CO2 and nitrogen oxides (NOx) intensely, the ideal zero emission engine
can be realised as a rival to the fuel cell.

The unique physical properties of hydrogen make it quite different from con-
ventional fuels, as indicated in Table 1. Due to the very low density, hydrogen’s
volumetric energy density is small relative to that of diesel even in a compressed
storage tank or in liquid state. Hence, a large volume is needed for storing sufficient
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hydrogen to perform a requisite driving range [20]. This fact highlights the benefits
of hydrogen production through on-board reformation. According to Table 1, vast
ignition limits (4–75% volumetric concentration in air), enables combustion over
a wide domain of fuel-air mixtures including high efficiency lean operation.
Furthermore, hydrogen has a relatively high flame speed that leads to higher
efficiency [21].

Hydrogen’s high diffusivity facilitates forming a uniform fuel-air mixture
readily. This is also advantageous in the case of a hydrogen gas leakage, with rapid
dispersion [20]. Low ignition energy of hydrogen and high burning speed makes
the mixture of diesel/hydrogen easier to ignite, hence, mitigating misfire and
improving performance and emissions. Besides, by increasing the H/C ratio,
hydrogen enhances the mixture’s energy density at lean mixtures. However, the full
load must be supplemented by some means of volumetric efficiency compensation,
such as compound boosting [20].

Comparing with diesel, hydrogen has meaningfully higher specific energy by
mass, lower heating value (LHV), enabling a significant proportion of required
diesel fuel be substituted by hydrogen in a more cost-effective way. However,
diverse challenges remained are including high in-cylinder pressure rise rates and
the occurrence of pre-ignition and flashback within the intake system, particularly
under heavy loads. The high flame speed of hydrogen is favourable in terms of
knock [20]. However, in-cylinder hotspots exposed during the intake stroke can
serve as ignition sources for causing pre-ignition and flashback due to hydrogen’s
very low ignition energy. In addition, lubricant deposits or the sparkplug electrodes
are also thought to initiate flashback [20].

3. Dual-fuel diesel combustion

Dual-fuel engine operation relies on method of introducing gaseous fuel which is
hydrogen in our work. The conventional approach is adding gaseous fuel into the
intake air flow like SI engines. The enrichment can also be done at start of com-
pression stroke allowing fuel gas be mixed with air before diesel injection. Both
these ways can be named as premixed dual-fuel engines with fumigation mode of
enrichment. Other method of enrichment includes direct injection of fuel gas both
whether prior to or after liquid fuel injection. In all approaches, gaseous fuel does
not auto-ignite on its own via compression ignition, but usually burns with the
assistance of the injected liquid-fuelled ignition processes [8].

In current work, fumigation of hydrogen into intake port of a heavy-duty diesel
engine was applied, allowing a premixed dual-fuel combustion. The progress of
conventional dual-fuel combustion (with diesel injection at near TDC), is depicted
in Figure 1.

The complicated interaction of liquid fuel spray and bulk premixed gaseous fuel-
air is not only thermal but has chemical kinetic feature which tends to extend the
ignition delay and emissions. Thus, very precise control on timing of both fuel gas
introduction and liquid fuel injection is essential [8].

Fuel type and concentration (in air) are important factors in premixed combus-
tion as these parameters control chemical reaction rates. However, local flame
velocity is affected heavily by mass and heat transfer. It is worthwhile to note that
extra fuel or oxidant is needed for initiating burn process in partially premixed
regions. These instances present complicated interaction among many chemical and
physical reactions which are expressed on burn process in ICEs generally and in
dual-fuel engines specifically. Chemical processes are generally governing in condi-
tions relatively slower than physical mixing processes such as at low temperatures.
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However, oxidation is altering exponentially on temperature which makes it hap-
pen more rapid than other physical processes. Sometimes for simplification, its
effect on burn rate might be undermined or dismissed. Diffusion flame length
requires to be regulated ensuring no extreme impingement and heat transfer would
result in intolerable high temperature surfaces [8].

Fumigating gaseous fuel into intake air of a dual-fuel engine makes alteration in
mixture’s physical and transport properties such as specific heat ratio and heat
transfer features. In addition, varying partial oxygen pressure resulted from gaseous
fuel displacement, affects pre-ignition activity and its associated heat release which
can be altered by residual gas effects. Therefore, ignition delay trend in dual-fuel
engine is distinguished from conventional diesel engine. This delay extends with
higher gaseous fuel fumigation up to a specified peak and later reduces to a
value well before approaching the stoichiometric ratio based on combination of
gaseous and liquid fuels with available air [8].

Some of the characteristics of dual-fuel combustion which make is more
complicated than conventional SI and diesel combustion are as follow [8]:

• The gaseous fuel has low tendency to get oxidised completely at low loads
which results in higher fuel consumption, HC and CO emissions.

• Since significant pre-ignition occurs sporadically within gaseous fuel-air
mixture, fast heat release and pressure rise is observed.

• The knock threshold at high loads is characterised by uncontrolled
auto-ignition and very fast partial combustion subsequently.

Mixing process within CI engines is important for leading combustion process
properly. For instance, injecting low-amount pilot makes ignition occur after end of
injection allowing mixture of pilot injected fuel with premixed gas fuel-air. Earlier
pilot injection if not too early (pre-ignition), might start lean mixture combustion
permitting more time for mixing of pilot with gas fuel.

It is worthwhile to mention that lower flammability limit (LFL) plays as a
turning point in dual-fuel combustion as the mechanism is affected depending on
which side of LFL, the hydrogen concentration is. To clarify this point, a conceptual

Figure 1.
Progress of conventional H2-diesel dual-fuel combustion.
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model proposed within a relevant work by [7] including the following three modes
was considered:

1.When hydrogen concentration is above its LFL, hydrogen is pre-ignited
resulting in an auto-ignition like homogeneous charge compression ignition
(HCCI) mode or knocking combustion type.

2. In case of lean hydrogen (below LFL), hydrogen just burns in existence of
diesel diffusion flame in a mixing-controlled mode.

3. If hydrogen concentration is over the LFL and in-cylinder conditions are not
providing the hydrogen burn prior to diesel fuel ignition, the premixed
hydrogen-air combustion develops in laminar mode encircling the diesel
diffusion flame.

4. Experimental methodology

The test engine used for the experiments was an externally boosted single
cylinder HD diesel engine which resembles the engine of a typical current European
HGV, Table 2.

Supplying from a gas cylinder, hydrogen was fumigated downstream of the
intake surge tank by mass flow controller. Gas detector and emergency shutdown
circuit were embedded in the test cell with aim of protecting the operator and test
facility against hydrogen leakage. In order to avoid risk of ignition in the intake
system, a flashback arrestor was fitted to the hydrogen supply line, Figure 2.

As indicated in Table 3, two specific operating points were chosen for the
hydrogen enrichment. The first corresponds to 1200 rpm and 6 bar net indicated
mean effective pressure (IMEPn), equivalent to 25% load representing operating
point #7 of the ESC13 i.e. A25. The second operating point was 1200 rpm and 12 bar
IMEPn, equivalent to 50% load close to point #5 of the ESC13 i.e. A50.

Parameter Value

Bore � stroke 129 � 155 mm

Connecting rod length 256 mm

Swept volume 2.026 dm3

Number of valves 4

Compression ratio 16.8:1

Max in-cylinder
pressure

180 bar

Diesel injection system Bosch common rail, 220 MPa max injection pressure, 8 holes, 150° spray
angle

Diesel fuel Diesel-off-road “red” diesel (LHV = 42.9 MJ/kg)

Hydrogen enrichment Continuous fumigation into intake port

Hydrogen material BOC® CP grade hydrogen N5.0 (LHV = 120 MJ/kg)

Table 2.
Test engine specifications.
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Based on energy input, the hydrogen fraction (HF) ratio was calculated, Eq. (1):

HF ¼ _mhydrogenLHVhydrogen

_mhydrogenLHVhydrogen þ _mdieselLHVdiesel
� 100 (1)

With aim of simplification in writing, it is convectional to use “H” plus a number
to refer to a specific hydrogen fraction ratio (e.g. H20 means HF = 20%).

By optimising the start of injection (SOI) and its pressure, it was aimed to obtain
the best indicated efficiency and indicated specific (IS) soot trade-off. While H2

substitution ratio was altered with 10 and 5% increments at A25 and A50,

Figure 2.
Experimental setup.

Parameter Operating point 1 (A25) Operating point 2 (A50)

Engine speed 1200 rpm 1200 rpm

Load (IMEPn) 6 bar 12 bar

Intake air temperature 309 K 318 K

Intake pressure 125 kPa 190 kPa

Exhaust pressure 135 kPa 200 kPa

EGR rate 25% 25%

EGR temperature 339 K 367 K

Rail pressure 1250 bar 1400 bar

Diesel injection strategy Pre-injection Pre-injection

H2 energy fraction range 0–65% 0–35%

Table 3.
Engine operating conditions.
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respectively; it is worthwhile to note that highest hydrogen fraction in each operat-
ing point, was limited by the maximum flow rate of H2 mass flow controller (100
lit/min). Also, cyclic variation was defined by the coefficient of variation (COV) of
the net IMEP averaged over 200 sampled cycles. The peak average pressure rise rate
(PRR) and COV_IMEPn limits were set to 20 bar/deg and 5%, respectively.

5. Numerical methodology

GT-Power as a user-friendly and powerful engine simulation tool is used by
many engine manufacturers and research centres. Based on one-dimensional fluid
dynamics, flow and heat transfer are represented in all flow components of an
engine unit. GT-Power is an object-oriented graphical user interface with robust
modelling capabilities. This has minimised the input data amount since only specific
geometrical elements are required. Hence, this commercial package was utilised for
processing our numerical modelling of dual-fuel combustion using its phenomeno-
logical models.

The following assumptions are common for all of Gamma Technologies (GT)
phenomenological models:

• The behaviours of all gases are assumed similar to that of the ideal gas.

• In whole engine cycle excluding combustion process (IVC to EVO), content of
cylinder is assumed as a lump single-zone which is homogenously mixed.

• The heat transfer between burned and unburned zones is neglected.

• Cylinder pressure is assumed uniform (Pu = Pb = Pcyl).

• Each zone has homogeneous temperature and chemical composition.

• The unburned zone composition is frozen and the composition of burned zone
is kept in chemical equilibrium.

5.1 Three pressure analysis (TPA)

This section introduces the methodology of a reverse-run known as “three
pressure analysis” (TPA) method for exploiting trapped in-cylinder condition and
burn rate calculation. Regarding its name, this approach requires three measured
pressures as inputs: in-cylinder, intake and exhaust. Thus, the corresponding engine
model included valves and ports connected to a single cylinder crank case with all
three required pressure curves versus crank angle degree (CAD) fed into it.

TPA approach is a multi-cycle simulation. For cycle 1, a mock burn rate is used
with no pressure analysis. In next cycles, the forward-run will calculate the burn
rate (Eq. (2)) using the trapped conditions at intake valve closure (IVC) and
measured pressure profile at the start of each cycle. The injection profile and the
heat transfer rate are imported from the previous cycle results. The burn rate will
be iterated until the calculated cylinder pressure matches the measured cylinder
pressure [22].

In the two-zone combustion model, the following energy equation is solved for

the burned zone which determines burn rate dmf

dt

� �
[22]:
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d mbebð Þ
dt

¼ �p
dVb

dt
�Q b �

dmf

dt
hf þ dma

dt
ha

� �
(2)

The main benefit of TPA is prediction of all of the cylinder trapped quantities
particularly the residual fraction. Another benefit is providing the burn rate input
data consistency check, as there is always some amount of error in calculation of
burn rate from cylinder pressure due to sort of inaccuracies and/or assumptions in
the model. All of these potential errors add to a single “cumulative error” which
results in mismatching of the predicted burned fuel with total in-cylinder fuel mass.
With aim of handling this problem, GT-POWER adjusts the fuel energy content
(LHV) until the available fuel is consumed right at the end of the predicted burn
rate. The amount of this fuel energy adjustment which is reported as “fuel
energy (LHV) multiplier”, indicates the amount (and direction) of the cumulative
error [22].

One of the beneficial results of TPA method is presenting a detailed energy
analysis. As seen in Figure 3, the “in-cylinder energy balance” provides a
comparison of following measured and predicted results thus can be used as
a calibration tool:

• “Total fuel”

• “Burned fuel”

• “Cumulative energy” as the sum of internal energy, work and heat transfer.

5.2 GT “DIPulse”combustion model

In DIPulse model, the cylinder contents are divided into three thermodynamic
zones including: the main unburned zone (all cylinder mass at IVC), the spray
unburned zone (injected fuel and entrained gas) and the spray burned zone (com-
bustion products). Using four calibration multipliers below, DIPulse is aimed to
track the fuel as it was injected, evaporates and mixes with surrounding gas and
burns. This model must be calibrated with experimental cylinder pressure analysis.

Figure 3.
In-cylinder energy balance, HF = 15%.
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Furthermore, in order to achieve acceptable correlation results, an absolute
requirement is precise injection profiles for each test case:

• entrainment rate multiplier (entrain)

• ignition delay multiplier (igndelay)

• premixed combustion rate multiplier (premix)

• diffusion combustion rate multiplier (diff)

The physical processes during injection and combustion are simulated by several
sub-models within DIPulse, as summarised in below flowchart (as the GT uses some
proprietary equations for calculating these parameters, those are not mentioned
here) (Figure 4):

5.3 GT “SITurb”combustion model

The rate of transferring the unburned gas into the flame front and converting to
combustion products under laminar conditions is specified by laminar burning
velocity (uL). In laminar mode, the Taylor microscale (λ) is defined as the average
distance of vortex sheets where the burn process takes place.

As the threshold velocity of combustion initiation, (unstretched) laminar burn-
ing velocity (uL) has a dominance over whole combustion due to persisted interac-
tion of initial combustion and charge motion. The laminar burning velocity is
calculated by empirical correlations derived from pressure rise measured within
constant-volume bombs or burners. Among those, the [23] correlation of “uL” is

Figure 4.
Flowchart of DIPulse calculations process.
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acknowledged to be the most comprehensive one incorporating the effects of
unburned gas pressure, temperature, composition and residuals.

This correlation for various hydrocarbons and methanol and those at high pres-
sure and temperatures can be fitted in form of a power law [24]:

uL ¼ uL,o
Tu

To

� �α P
Po

� �β

(3)

where To = 298 K and Po = 1 atm are the reference temperature and pressure, and
uL,o, α and β are constants for a given fuel, equivalence ratio and burned gas diluent
fraction. Tu is the temperature of unburned gas. For laminar burning velocity of
hydrogen, the GT solver uses a proprietary equation similar to this equation with
slight modification.

Since the turbulence parameters such as integral length scale (L), rms turbulent
velocity (u’) and laminar burning velocity (uL) are difficult to measure experimen-
tally under engine conditions, a numerical model must be used to estimate these
parameters. The GT premixed combustion model, named as “SITurb” is based on
the Blizzard and Keck model [25] which is the most applicable “turbulent entrain-
ment model” used for SI engines [24]. The computational steps for this model are
depicted in Figure 5:

This model is formed on three principle equations (Eqs. (4)–(6)) explained
below. Regarding the fact that at the beginning, the flame is in laminar mode and
then through the transition process which takes the time order of τb, it evolves to
the turbulent flame, the burning law is defined [22]:

τb ¼ λ

uL
(4)

The entrainment rate of unburned mass into the turbulent flame is given by [22]:

dMe

dt
¼ ρuAFFute (5)

Me: entrained mass; ρu: unburned density; AFF: flame front area; ute: turbulent
entrainment velocity.

Figure 5.
Flowchart of SITurb calculations process.
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The rate of mass burning is determined as [22]:

dMb

dt
¼ Me �Mb

τb
(6)

where (Me �Mb) is the mass of entrained yet unburned gas and τb is the burning
characteristic time defined in Eq. (4).

In GT-Power, the turbulent entrainment velocity in Eq. (4) has been replaced
with (uT + uL) in accordance with improvements applied to Keck and Blizzard
model by Hires et al. [26]. This was aimed to split the effects of laminar burning
velocity component normal to the flame surface and the turbulent distortion of
flame surface.

By adjusting the effects of these parameters via three multipliers of SITurb
model which are highlighted in red in the below equations, the premixed
combustion can be calibrated [22]:
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CTFS: turbulent flame speed multiplier; Ret: turbulent Reynolds number; CTLS:
Taylor length scale multiplier; μu: unburned zone dynamic viscosity; CFKG: flame
kernel growth multiplier; ρu: unburned density.

5.4 GT “DualFuel”combustion model

The conventional spark ignition models are not precisely applicable for
premixed dual-fuel combustion particularly during the ignition and early stages of
combustion as the pilot injection is applied. Indeed, the prospect model for dual-
fuel combustion would divide the burn process into two dedicated regimes: pilot
spray auto-ignition and the subsequent burning of premixed charge.

The “DualFuel” combustion model of GT-Power was used for predicting the
burn rate for the dual-fuel engines where a pilot injection was used to ignite a
premixed gaseous fuel/air mixture. This model combines the two distinct combus-
tion models of DIPuse and SITurb. In this model, DIPulse handles the burning of the
direct injected fuel and any premixed fuel that is entrained by the fuel spray and
SITurb will model the resulting flame propagation for the premixed mixture. Both
these two models take effect in parallel with an interaction between them.

Regarding optical observations, at the beginning of combustion, the spray
shaped flames are formed. Then the flame front propagates into the unburned zone
and ultimately will dominate the whole combustion chamber. Although, the flame
front area for SITurb will initially use the conical area of the spray from DIPulse but
the flame will finally transit to a spherical flame. A linear transition function will
model this transformation [27]:
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76

Diesel and Gasoline Engines

The schematic of dual-fuel engine modeled in GT-Power is seen in Figure 6.

6. Experimental results and analysis

6.1 H2-diesel combustion analysis

According to the conceptual model proposed by [7] (explained at the end of
Section 2), for experimental studying effect of hydrogen enrichment on diesel
combustion, in each two operating points, specific hydrogen substitution ratios
were selected regarding their H2 concentration in air. Their corresponding burn rate

Figure 7.
H2-diesel: combustion characteristics [17].

Figure 6.
Schematic of dual-fuel engine model in GT-power.
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and cylinder pressure plus the key attributes were post-processed by the TPA
reverse-run calculation (explained in Section 5.1) on the measured test results. Four
specific test cases chosen in the A25 operating point were: H0, H20, H40 and H65
and three ones chosen in the A50 were: H0, H15 and H30.

Combustion characteristics affected by hydrogen enrichment over two test
operating points are presented in Figure 7. While ϕglobal was kept fairly constant for
both loads, it was leaner at low load compared to mid load. Evaluating in-cylinder
flow, it was observed that volumetric efficiency dropped drastically as expected.
This is because significant amount of intake air was displaced with hydrogen which
although has higher LHV but low molecular weight.

The key parameter, CA10-CA50, represents the premixed combustion part
which set out and dominates the entire combustion process. While it was almost
reluctant at A25, it was reducing monotonically by H2 enrichment at A50. This
phenomenon is felt well in burn rate comparisons presented in Figure 8 as there is
no variation at A25 while significant change is seemed at A50. The same trend was
seen for combustion timing (CA50). These prove stimulating effect of hydrogen
enrichment which was more pronounced at mid load in comparison to low load. In
addition, as presented later, the flame radius and mass fraction burned for all
selected cases at A25 except H65, are fairly reluctant to H2 enrichment.

Nevertheless, combustion duration (CA10-CA90) was descending for both loads
with shorter combustion for A25 cf. A50. A similar trend is reported in [28].

Figure 8.
Cylinder pressure (left) and burn rate (right) for H2-diesel dual-fuel combustion cases at A25 (top) and A50
(down).
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Ultimately, despite higher cyclic variation at A50, the COV_IMEPn was slightly
affected by HF change, resulted in reasonable COV (<5%) for both loads.

Despite the variations in key attributes of selected test cases, the cylinder pres-
sure and burn rate trends are pretty similar for various HFs at A25. The reason
can be related to low load characteristics which impede the hydrogen enrichment
influence.

In contrast, the H2 enrichment influence has evolved the combustion process for
A50 cases. This claim is affirmed in Figure 8 particularly for H30 where all key
attributes were changed for both corresponding cylinder pressure and burn rate.
Indeed, the mode 1 of the proposed conceptual model [7] is well presented in H30
whereas hydrogen pre-ignition prior to diesel fuel injection has been a game
changer.

This phenomenon resulted in higher maximum pressure and PRR. In addition,
combustion timing is advanced and burn duration is shortened significantly. More
importantly, indicated efficiency has increased up to 46.44% i.e. 2.3% increase cf.
H0 case, Figure 9. This is because less heat was transferred to cylinder wall due to
faster combustion.

6.2 Exhaust emissions and performance of H2-diesel combustion

Hydrogen enrichment had a positive effect on all carbon-related pollutants
specially CO2. According to Figure 9, ISSoot, ISCO and ISCO2 all decreased
abruptly by increasing HF for both loads due to reduction of the C/H ratio. This
trend of dropping CO2 emissions within dual-fuel HD diesel engine is very reward-
ing as the conventional HD diesel engines suffer from high CO2 emission seriously.

On the other hand, nitrogen oxides emission rate increased with higher mass
flow of hydrogen, as H2 stimulates the combustion leading to higher temperatures.

Figure 9.
Exhaust emissions and performance (A25 and A50) [17].

79

Hydrogen Fumigation on HD Diesel Engine: An Experimental and Numerical Study
DOI: http://dx.doi.org/10.5772/intechopen.89425



and cylinder pressure plus the key attributes were post-processed by the TPA
reverse-run calculation (explained in Section 5.1) on the measured test results. Four
specific test cases chosen in the A25 operating point were: H0, H20, H40 and H65
and three ones chosen in the A50 were: H0, H15 and H30.

Combustion characteristics affected by hydrogen enrichment over two test
operating points are presented in Figure 7. While ϕglobal was kept fairly constant for
both loads, it was leaner at low load compared to mid load. Evaluating in-cylinder
flow, it was observed that volumetric efficiency dropped drastically as expected.
This is because significant amount of intake air was displaced with hydrogen which
although has higher LHV but low molecular weight.

The key parameter, CA10-CA50, represents the premixed combustion part
which set out and dominates the entire combustion process. While it was almost
reluctant at A25, it was reducing monotonically by H2 enrichment at A50. This
phenomenon is felt well in burn rate comparisons presented in Figure 8 as there is
no variation at A25 while significant change is seemed at A50. The same trend was
seen for combustion timing (CA50). These prove stimulating effect of hydrogen
enrichment which was more pronounced at mid load in comparison to low load. In
addition, as presented later, the flame radius and mass fraction burned for all
selected cases at A25 except H65, are fairly reluctant to H2 enrichment.

Nevertheless, combustion duration (CA10-CA90) was descending for both loads
with shorter combustion for A25 cf. A50. A similar trend is reported in [28].

Figure 8.
Cylinder pressure (left) and burn rate (right) for H2-diesel dual-fuel combustion cases at A25 (top) and A50
(down).

78

Diesel and Gasoline Engines

Ultimately, despite higher cyclic variation at A50, the COV_IMEPn was slightly
affected by HF change, resulted in reasonable COV (<5%) for both loads.

Despite the variations in key attributes of selected test cases, the cylinder pres-
sure and burn rate trends are pretty similar for various HFs at A25. The reason
can be related to low load characteristics which impede the hydrogen enrichment
influence.

In contrast, the H2 enrichment influence has evolved the combustion process for
A50 cases. This claim is affirmed in Figure 8 particularly for H30 where all key
attributes were changed for both corresponding cylinder pressure and burn rate.
Indeed, the mode 1 of the proposed conceptual model [7] is well presented in H30
whereas hydrogen pre-ignition prior to diesel fuel injection has been a game
changer.

This phenomenon resulted in higher maximum pressure and PRR. In addition,
combustion timing is advanced and burn duration is shortened significantly. More
importantly, indicated efficiency has increased up to 46.44% i.e. 2.3% increase cf.
H0 case, Figure 9. This is because less heat was transferred to cylinder wall due to
faster combustion.

6.2 Exhaust emissions and performance of H2-diesel combustion

Hydrogen enrichment had a positive effect on all carbon-related pollutants
specially CO2. According to Figure 9, ISSoot, ISCO and ISCO2 all decreased
abruptly by increasing HF for both loads due to reduction of the C/H ratio. This
trend of dropping CO2 emissions within dual-fuel HD diesel engine is very reward-
ing as the conventional HD diesel engines suffer from high CO2 emission seriously.

On the other hand, nitrogen oxides emission rate increased with higher mass
flow of hydrogen, as H2 stimulates the combustion leading to higher temperatures.

Figure 9.
Exhaust emissions and performance (A25 and A50) [17].

79

Hydrogen Fumigation on HD Diesel Engine: An Experimental and Numerical Study
DOI: http://dx.doi.org/10.5772/intechopen.89425



NOx-phi correlation presented in [29] can justify the ISNOx trends presented in
Figure 9. As average equivalence ratio at A25 was near NOx rising threshold
(ϕ = 0.5), this resulted in relatively low increase of NOx emission (�26% c.f. diesel-
only) in 6 bar IMEPn. However, the NOx increase was significant at 12 bar IMEPn
which exceeded 56% as the equivalence ratio was higher (ϕ = 0.66) at A50. A same
NOx trend was observed by relevant work in [29].

One interesting characteristic with hydrogen fumigation was remaining the
ISHC fairly reluctant, particularly at A25, where it was unchanged. This can be due
to constant combustion timing.

Adding small amounts of hydrogen led to slight reduction in indicated effi-
ciency, potentially associated with reduced ratio of specific heats due to displace-
ment of air. The reason for initial drop in efficiency could be due to “hydrogen slip”
(incomplete combustion of hydrogen) as claimed in [7]. This issue was more pro-
nounced at low load as the diesel fuel injected was relatively small, hence the
gaseous fuel could not fully burn by entraining into the liquid fuel. However, at
higher substitution ratio the faster combustion of hydrogen outweighed this effect
and led to improved efficiency especially after hydrogen’s lower flammability limit
(LFL = 4% Vol). At A25, ηind has a detrimental effect in the small hydrogen frac-
tions until HF = 30%, where after efficiency starts to rise significantly until
ηind = 46.5%. For A50, elevated ηind starts to recover at HF = 10% and reaches a peak
of 46.4% at the highest attainable HF.

The emission alteration for highest hydrogen fractions in two test points regard-
ing the diesel-only baseline is presented in Figure 10.

7. H2-diesel “dual-fuel”numerical analysis and results

Numerical analysis concludes the full assessment of the GT “DualFuel” model-
ling of measured H2-diesel results considering the performance of the model. Ini-
tially, the multipliers of GT “DIPulse” and “SITurb” models were characterised
using “Latin Hypercube” Design of Experiments (DOE) method within ranges
recommended by GT. In association with TPA, the “Burn rate RMS” error can
represent the error between the predictive burn rate and experimental burn rate
measured by TPA. Our aim was minimising this error. With this aim, the threshold

Figure 10.
Emissions alteration of highest HFs (H65 at A25 and H35 at A50) to diesel baseline.
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of 0.005 was determined for the burn rate RMS which the values lower than that
give acceptable burn rate correlation.

Following the DIPulse and SITurb characterisation, it was concluded the following
influential multipliers for ‘DualFuel’ burn rate prediction in order of importance:

1.Diffusion multiplier

2.Entrainment multiplier

3.Turbulent flame speed multiplier

4.Ignition delay multiplier (featured by SOI)

Thus, it was attempted to achieve the best fit of dual-fuel model for simulating
H2-diesel combustion in the A25 as seen in Figure 11.

For overall evaluation of DualFuel model capability of simulating H2-diesel com-
bustion, the mass burned fraction (MBF) for the selected case at A25 were calculated.
As seen in Figure 12, the rate of turbulent premixed combustion could not be
predicted precisely. This is the result of a source of error which appeared mostly at
the end of mass burning. The reasons for this source of error could include:

• De-developing turbulence is not taken into account in the SITurb model.

• The flame-wall interactions and associated physical phenomena are also not
directly accounted for (i.e. quench).

• Considerable scatter in the burning velocity correlations.

Figure 11.
Cylinder pressure prediction at A25.
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The empirical flame speed ratio (FSR) as ratio of turbulent flame speed to
laminar flame speed, was employed in the DualFuel model in order to define the
flame propagation rate. FSR usefully indicates if the combustion is most affected by
chemical factors (laminar flame) or turbulence. Indeed, FSR is a useful metric for
comparing the ability of the flow field to increase the rate of unburned mass
entrainment.

As seen in Figure 13, both laminar and turbulent flame speeds were increased by
enriching more hydrogen in the dual-fuel combustion mode. These changes are all
explainable regarding the conceptual model proposed by [7], within which the
hydrogen volumetric concentration in air has a key role in dual-fuel combustion of
hydrogen and diesel. In fact, the hydrogen LFL plays as a turning point where
exceeding this limit leads to hydrogen pre-ignition in the hydrogen/air premixed
charge.

Despite the enhancement of flame speeds in both laminar and turbulent regimes
for H65, this case has the lowest FSR comparing with other HFs, Figure 13. This can
be interpreted that combustion process was mostly influenced by the laminar
chemical reactions rather than turbulence. However, the combustion was shorter in
this case than other HFs. In addition, Figure 13 shows the highest FSR curve for
H20 (lowest H2 fraction). This represents that influence of turbulence was more
robust than effect of the chemical reactions initiated the flame at earliest stage of
combustion. Therefore, hydrogen enrichment contributed mostly in accelerating
the early chemical reactions rather than enhancing the turbulence level.

As depicted in Figure 14, the significant rise of laminar flame speed for H65 is
related to its extra-ordinary rise of the in-cylinder temperature (Eq. (3)). This

significance can also be assessed by the specific heat ratio γ ¼ cp
cv

� �
as the indicator

Figure 12.
Mass burned fraction for selected cases at A25.
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of sources of efficiency [24] during the engine cycle. As seen in Figure 15, this case
has the highest γ over the engine cycle in comparison to other test cases. This can
contribute in achieving the highest indicated efficiency among all HFs at A25, as
depicted in Figure 9.

Figure 14.
In-cylinder temperature during (a) entire cycle (b) combustion process at A25.

Figure 13.
Flame speeds of selected test cases at A25.
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8. Conclusions

8.1 Experimental tests conclusions

Comparing to the baseline diesel-only test results on our two targeted operating
points (A25 and A50), it was aimed to achieve the best indicated efficiency-ISSoot
trade-off. The following main points were concluded:

• Highest hydrogen substitution ratios increased indicated efficiency by up to
4.6% at 6 bar IMEPn and 2.4% at 12 bar IMEPn.

• ISCO2, ISCO and ISsoot were reduced by 58, 83 and 58% respectively at 6 bar
IMEPn. At 12 bar IMEPn, the reduction of these pollutants was 27, 45 and 71%
respectively compared to the diesel-only baseline.

• H2-diesel dual-fuel combustion with fixed SOI resulted in an increase of NOx
emissions (�26%) at 6 bar IMEPn. This increase was significant at 12 bar
IMEPn, which exceeded 56%, but is an inherent feature of the elevated
temperatures incurred. NOx emission could meet the 0.4 g/kWh limit of Euro
VI with NOx after-treatment of 90% conversion efficiency.

8.2 Numerical study conclusions

For the first time, in the currently reported work, two distinct phenomenological
sub-models, “DIPulse” and “SITurb” were run in parallel in the form of a DualFuel
model, to simulate the H2-diesel combustion. Although, the sub-models showed
good capability of predicting the in-cylinder pressure, the DualFuel model suffers
from insufficiencies in modelling of dual-fuel combustion particularly in high HFs.
Despite its novelty, this current model may contain some pitfalls as follow:

• The model is in its infancy to be applied for dual-fuel modelling due to its
oversimplified assumptions (e.g. single-zone homogeneous turbulence model
with averagely-sized eddies).

Figure 15.
Specific heat ratio at A25–DualFuel model.

84

Diesel and Gasoline Engines

• The model relies heavily on correlations to engine data (flame images, cylinder
pressure and burn rate) to have an inclusive predictive performance.

• The laminar burning velocity correlation for hydrogen does not include the
effects of flame instabilities which result in an apparent rise in uL and hence
pressure. Besides, the necessity of experimentally measuring the burning
velocity of hydrogen within the premixed diesel charge is greatly
acknowledged to allow us to have better insight of dual-fuel combustion
physics. Although, this dual-fuel flame speed measurement has been mostly
overlooked by fellow researchers, this can be very beneficial as premixing
diesel could typically extend the lean burn limit with enhancing combustion
efficiency of dual-fuel engines.

• The interaction between DIPulse and SITurb within DualFuel model is not yet
known exactly in detail. Indeed, those might be able to predict the “trend” of
combustion process rather than prediction of corresponding variables
accurately.

Despite these barriers, the predictive model could be used for calculating the
flame speeds (laminar and turbulent) in addition to other turbulent parameters for
each test case. The results of our numerical study can be concluded as follow:

• The influential multipliers for ‘DualFuel’ burn rate prediction in order of
importance are: diffusion, entrainment, turbulent flame speed and ignition delay.

• The laminar flame speed is increasing by enriching more hydrogen in dual-fuel
combustion mode. This enhancement is more pronounced for highest HF
(H65) as it is related to its extra-ordinary rise of the in-cylinder temperature.

• The H65, has the fastest flame propagation. This is in accordance with MFB
curve of this case which resulted in shortest combustion duration among all
cases. Nevertheless, H65 has the lowest FSR comparing with other HFs
emphasising that its combustion process was mostly affected by the chemical
activities rather than turbulence.

• The highest FSR was obtained by lowest HF (H20). Hence, hydrogen addition
was mainly pronounced in expediting the early stage chemical reactions
instead of turbulence level enhancement.

• As a proof for achieving the highest indicated efficiency by H65 at A25, the
highest specific heat ratio was obtained by this test case over entire engine cycle.
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model, to simulate the H2-diesel combustion. Although, the sub-models showed
good capability of predicting the in-cylinder pressure, the DualFuel model suffers
from insufficiencies in modelling of dual-fuel combustion particularly in high HFs.
Despite its novelty, this current model may contain some pitfalls as follow:

• The model is in its infancy to be applied for dual-fuel modelling due to its
oversimplified assumptions (e.g. single-zone homogeneous turbulence model
with averagely-sized eddies).

Figure 15.
Specific heat ratio at A25–DualFuel model.
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• The model relies heavily on correlations to engine data (flame images, cylinder
pressure and burn rate) to have an inclusive predictive performance.

• The laminar burning velocity correlation for hydrogen does not include the
effects of flame instabilities which result in an apparent rise in uL and hence
pressure. Besides, the necessity of experimentally measuring the burning
velocity of hydrogen within the premixed diesel charge is greatly
acknowledged to allow us to have better insight of dual-fuel combustion
physics. Although, this dual-fuel flame speed measurement has been mostly
overlooked by fellow researchers, this can be very beneficial as premixing
diesel could typically extend the lean burn limit with enhancing combustion
efficiency of dual-fuel engines.

• The interaction between DIPulse and SITurb within DualFuel model is not yet
known exactly in detail. Indeed, those might be able to predict the “trend” of
combustion process rather than prediction of corresponding variables
accurately.

Despite these barriers, the predictive model could be used for calculating the
flame speeds (laminar and turbulent) in addition to other turbulent parameters for
each test case. The results of our numerical study can be concluded as follow:

• The influential multipliers for ‘DualFuel’ burn rate prediction in order of
importance are: diffusion, entrainment, turbulent flame speed and ignition delay.

• The laminar flame speed is increasing by enriching more hydrogen in dual-fuel
combustion mode. This enhancement is more pronounced for highest HF
(H65) as it is related to its extra-ordinary rise of the in-cylinder temperature.

• The H65, has the fastest flame propagation. This is in accordance with MFB
curve of this case which resulted in shortest combustion duration among all
cases. Nevertheless, H65 has the lowest FSR comparing with other HFs
emphasising that its combustion process was mostly affected by the chemical
activities rather than turbulence.

• The highest FSR was obtained by lowest HF (H20). Hence, hydrogen addition
was mainly pronounced in expediting the early stage chemical reactions
instead of turbulence level enhancement.

• As a proof for achieving the highest indicated efficiency by H65 at A25, the
highest specific heat ratio was obtained by this test case over entire engine cycle.
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Chapter 5

Planar Drop-Sizing in Dense Fuel
Sprays Using Advanced Laser
Diagnostic Techniques
Aniket P. Kulkarni and D. Deshmukh

Abstract

A reliable measurement of drop sizes and liquid fuel distribution in a spray is
essential for best combustion efficiency and exhaust emission from I.C. engines.
The droplet size and fuel distribution control air-fuel mixture formation and, hence,
combustion characteristics. The chapter gives a concise summary of recent
advances and developments in the LSD technique as a planar drop-sizing technique.
The LSD technique relies on the principle that a ratio of planar laser-induced
fluorescence (PLIF) and Mie signals is proportional to Sauter mean diameter
(SMD). PLIF signal can also be used to determine the distribution of liquid in a
spray. This makes LSD an attractive technique in dense spray characterization that
can also provide liquid volume fraction distributions. A brief review of laser-based
drop-sizing methods and working principle of LSD measurements are first
discussed. Different approaches and limitations of the LSD technique are also sum-
marized. Further, sources of error and ways to compensate these errors are
explained in detail. Previous studies on LSD measurements in different fuel sprays
of stationary combustion devices and I.C. engines are summarized. Finally,
improvements in the LSD techniques are suggested, including structured laser
illumination planar imaging (SLIPI) measurements, for reliable measurements in
dense sprays.

Keywords: PLIF, Mie, LSD, liquid volume fraction, SLIPI

1. Introduction

Internal combustion (I.C.) engines are widely used in many applications includ-
ing automobile, transport, power generation, etc. Delivery of liquid fuel in I.C
engines is achieved by injecting liquid in the form of droplets into a combustion
chamber, as in diesel or GDI engines, or into an intake manifold. It is recognized
that atomization of liquid fuel and spray characteristics have critical impact on
combustion processes and emission formation [1, 2]. Figure 1 explains the role of
spray characteristics in air-fuel mixture formation processes of a combustion
engine. The liquid fuel is injected into a combustion chamber in the form of a spray.
Fuel droplets evaporate due to available heat in the combustion chamber that
controls the mixing of air and fuel and, hence, physical ignition delay. Vaporized
fuel then mixes with the surrounding air to form a combustible air-fuel mixture and
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fuel then mixes with the surrounding air to form a combustible air-fuel mixture and
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initiate combustion reaction. Thus, distribution of liquid fuel droplets in the com-
bustion chamber governs air-fuel mixture distribution and, thus, the temperature
distribution. The combustion of fuel liberates heat and also produces undesirable
exhaust gases as products. One of the exhaust gas emissions, nitrogen oxides (NOx),
is mainly formed due to high combustion temperature according to Zeldovich’s
mechanism [1]. Unburnt hydrocarbons and soot emissions are results of incomplete
combustion of fuel. Soot and NOx emissions can be controlled simultaneously with
appropriate distribution of air-fuel mixture which is mainly governed by atomiza-
tion of fuel and spray characteristics. Moreover, combustion efficiency is also con-
trolled by the resultant distribution of air-fuel mixture [3]. Thus, various spray
characteristics such as droplet size and its distribution, droplet velocity, and liquid
volume fraction play an essential role in optimizing the combustion process along
with minimum exhaust emissions.

Drop size and the distribution of liquid fuel (liquid volume fraction) in a spray
have a considerable impact on the combustion efficiency. The Sauter mean diame-
ter (SMD) is widely accepted as an average droplet size parameter in combustion
applications that controls the evaporation rate [2, 4]. Therefore, a reliable measure-
ment of drop sizes and liquid volume fraction is necessary for optimizing air-fuel
mixture formation in a combustion process.

2. Laser-based drop sizing in sprays

Laser-based techniques provide high spatial and temporal resolution in mea-
surement and are preferred due to their nonintrusive nature. Drop sizes of
micrometric fuel droplets moving with high velocities can also be measured by
using laser-based drop-sizing techniques. Various laser-based drop-sizing tech-
niques have been used to measure drop sizes in a spray. Most of the drop-sizing
techniques are point measurement techniques and are limited to spray regions

Figure 1.
Dependence of combustion performance on atomization characteristics of fuel spray.
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where droplet number density is low. Laser sheet drop sizing (LSD) is a planar
drop-sizing method that has capability to be used even in dense fuel sprays. Some of
the advanced laser-based drop-sizing techniques are discussed below:

• Laser-diffraction-based drop size measurements

• Particle/Droplet Imaging Analysis (PDIA)

• Phase Doppler Interferometry (PDI)

• Interferometric laser imaging for droplet sizing (ILIDS)

• Laser sheet drop sizing (LSD)

2.1 Laser-diffraction-based drop size measurements

This is a commonly used technique and is also known as Malvern particle sizer.
The technique is based on Fraunhofer diffraction of a monochromatic laser beam
[5]. Line-of-sight drop-size measurements are obtained using forward scattering.
Thus, spatial variations along the line-of-sight cannot be determined. The technique
also suffers from laser beam extinction and multiple scattering [6]. These limita-
tions lead to erroneous drop-size measurements in dense sprays [5–7].

2.2 Particle/droplet imaging analysis (PDIA)

PDIA is a microscopic shadowgraphy-based direct imaging technique [8–11].
The microscopic shadowgraphs are captured using a high resolution CCD camera
coupled to a microscope [12, 13]. A long-distance microscope is used to probe into a
very small field of view (�2 � 2 mm) with a pixel resolution of the order of a few
microns per pixel. The microscopic images are analyzed using image processing
tools to obtain statistically large number of droplets and mean drop size. The
technique has a capability to consider nonspherical droplets and a presence of a
number of droplets in a measurement volume [14, 15]. However, the technique is
biased toward large size droplets as the resolution of the technique is diffraction-
limited, and small droplets are neglected in the drop sizing [10, 14, 16, 17].

2.3 Phase Doppler interferometry (PDI)

PDI is an interferometry-based drop-sizing technique that uses Mie scattering
theory to calculate drop size along with velocity at a point in a spray [5]. PDI is also
known as Phase Doppler Anemometry (PDA) or Phase Doppler Particle Analyzer
(PDPA). PDI is a widely accepted standard method in the spray diagnostics. How-
ever, single droplet occupancy, spherical droplets, and multiple scattering are some
of the limitations of the PDI technique [5, 7, 18]. Therefore, drop sizing with PDI
becomes questionable when spray is optically thick (optical density > 10) such as in
non-evaporative, high-pressure diesel sprays. The state of art of PDI technique for
drop-size measurement is well documented in the literature [7, 19].

2.4 Interferometric laser imaging for droplet sizing (ILIDS)

ILIDS is also known as interferometric particle imaging (IPI) or planar particle
image analysis (PPIA) [20–23]. Glare points are formed due to interference of
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reflection and refraction on the droplet surface. The glare points are imaged out of
focus to calculate drop size. In this technique, micron-ranged droplets can be
imaged in a relatively large field of view. However, interference fringes tend to
overlap when droplet number density is high. Therefore, this technique is limited in
sparse sprays where droplet number density is low. A comprehensive review of
ILIDS technique can be found in the literature [7, 24–26].

2.5 Laser sheet drop sizing (LSD)

Laser sheet drop sizing (LSD, also called as Planar Drop Sizing, LIF/Mie ratio
technique) is a combination of planar laser-induced fluorescence (PLIF) and Mie
scattering imaging that gives a distribution of SMD in a plane of the spray [27–32].
The PLIF signal is proportional to the volume of the droplet, whereas the scattering
signal is proportional to the surface area of the droplet [27–30]. The ratio of these
two signals is then proportional to SMD. Initially, the basic principle was explained
and applied to non-evaporative diesel sprays [31]. The accuracy of the technique
has been verified with established drop-sizing methods such as PDPA [30, 32] and
diffraction-based drop sizing [6].

Table 1 lists various laser-based drop-sizing techniques along with the measure-
ment principle and limitation of the technique. Except for LSD, these techniques are
either point measurement techniques (PDIA or PDI or ILIDS) or line-of-sight
(diffraction-based techniques). These techniques also have limitations in sprays
with high droplet number density. A large number of droplets in a small volume
affect the travel of laser light and signal through a spray. The LSD technique is an
attractive drop-sizing technique that provides SMD and liquid volume fraction
distribution in a plane. Moreover, the technique can also be used in dense sprays
where droplet number density is high. A detailed discussion on LSD technique,
principles, assumptions, and limitations is given in the following section.

3. Laser sheet drop sizing

The LSD technique is a combination of a signal based on volume of a droplet and
a signal based on surface area of a droplet. When a droplet of diameter (D) is
illuminated with a light of a wavelength λ, a relation between D and λ is given in
terms of Mie parameter (Xm, Eq. 1). The Mie parameter (Xm) can be used to

Technique Principle Type of measurement Important limitation (s)

Particle/Droplet
Imaging Analysis
(PDIA)

Microscopic
shadowgraphy

Point measurement Resolution is diffraction-
limited

Phase Doppler
Interferometry (PDI)

Interferometry Point measurement Single droplet occupancy
in a measurement volume

ILIDS Interferometry (glare-
point separation)

Point measurement with
large field of view

Can be applied only in
sparse sprays

Diffraction Interferometry Line-of-sight
measurement

Attenuation of laser beam
in dense sprays

Laser sheet drop sizing Intensity ratio Planar measurement Signal attenuation, laser
extinction, and multiple
scattering

Table 1.
Laser-based drop-sizing techniques used in spray diagnostics.
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estimate a relation between D and scattering intensity (Is) [7, 26, 33]. It is observed
that the scattering intensity is proportional to square of Mie parameter (Xm), i.e.,
Is ∝X2

m for scattering angle of 90° for spherical droplets of diameter D≥ 1μm [7, 26,
33, 34]. This suggests that Mie scattering signal is proportional to the surface area of
the droplet (Eq. 2).

Xm ¼ π �D
λ

(1)

Is ∝D2 (2)

Laser-induced fluorescence signal is considered as volume-based signal. Rarely,
Raman scattering signal can also be used for this purpose though the Raman signal is
weak [35]. Laser-induced fluorescence (LIF) involves the excitation of liquid mole-
cules by a laser followed by the detection of the subsequent emission of radiation
from the liquid. Natural fluorescence of the liquid can be used if fluorophores are
already present in the liquid. An external fluorophore, in the form of fluorescent
dye, can be added in the liquid for generating PLIF signal. The radiation is neces-
sarily inelastic and red-shifted according to Planck’s law. The radiation can be
distinguished from the incident laser wavelength using appropriate optical filters.
The concentration of the dye is kept to a minimum to ensure low laser light
absorption and all molecules of a droplet are equally illuminated. The linear regime
of the PLIF signal with incident laser energy is ensured. Under these conditions, a
relation between PLIF signal (If) and a droplet with diameter D can be expressed as

If ∝D3 (3)

The signal (PLIF or Mie signal) from each pixel of the CCD array is obtained
from the total droplets present in the measurement volume. The measurement
volume of the LSD technique is defined using field of view of the CCD camera and a
thickness of the laser sheet. The LSD signal is obtained by dividing the LIF signal by
the scattering signal (Eq. 4), when a statistically large number of droplets are
present in the measurement volume.

If
Is

∝
P

iD
3
iP

iD
2
i
∝ SMD (4)

A constant of proportionality (K) is introduced to get a quantitative SMD distri-
bution in a plane.

SMD ¼ K � If
Is

(5)

The constant of proportionality (K) can be calculated at a location using an
independent drop-sizing method (PDIA, PDI, ILIDS). In the LSD measurement
technique, the proportionality between a droplet diameter and Mie and PLIF signals
is mainly responsible for reliable drop-sizing measurements. D3 and D2 proportion-
ality is well documented in the literature. Le Gal et al. [36] reported that a low
concentration (0.023 g/l) of p-terphenyl (PTP) in mineral spirit ensures the pro-
portionality. Frackowiak et al. [37] reported that D3 proportionality is ensured for
the low dye concentration of 3-pentanone in n-heptane. Domann et al. [27] reported
a similar observation for Rhodamine 6G in water droplets when the signal was
captured at an angle of 90∘. An increase in dye concentration deviates D3
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reflection and refraction on the droplet surface. The glare points are imaged out of
focus to calculate drop size. In this technique, micron-ranged droplets can be
imaged in a relatively large field of view. However, interference fringes tend to
overlap when droplet number density is high. Therefore, this technique is limited in
sparse sprays where droplet number density is low. A comprehensive review of
ILIDS technique can be found in the literature [7, 24–26].

2.5 Laser sheet drop sizing (LSD)

Laser sheet drop sizing (LSD, also called as Planar Drop Sizing, LIF/Mie ratio
technique) is a combination of planar laser-induced fluorescence (PLIF) and Mie
scattering imaging that gives a distribution of SMD in a plane of the spray [27–32].
The PLIF signal is proportional to the volume of the droplet, whereas the scattering
signal is proportional to the surface area of the droplet [27–30]. The ratio of these
two signals is then proportional to SMD. Initially, the basic principle was explained
and applied to non-evaporative diesel sprays [31]. The accuracy of the technique
has been verified with established drop-sizing methods such as PDPA [30, 32] and
diffraction-based drop sizing [6].

Table 1 lists various laser-based drop-sizing techniques along with the measure-
ment principle and limitation of the technique. Except for LSD, these techniques are
either point measurement techniques (PDIA or PDI or ILIDS) or line-of-sight
(diffraction-based techniques). These techniques also have limitations in sprays
with high droplet number density. A large number of droplets in a small volume
affect the travel of laser light and signal through a spray. The LSD technique is an
attractive drop-sizing technique that provides SMD and liquid volume fraction
distribution in a plane. Moreover, the technique can also be used in dense sprays
where droplet number density is high. A detailed discussion on LSD technique,
principles, assumptions, and limitations is given in the following section.

3. Laser sheet drop sizing

The LSD technique is a combination of a signal based on volume of a droplet and
a signal based on surface area of a droplet. When a droplet of diameter (D) is
illuminated with a light of a wavelength λ, a relation between D and λ is given in
terms of Mie parameter (Xm, Eq. 1). The Mie parameter (Xm) can be used to

Technique Principle Type of measurement Important limitation (s)

Particle/Droplet
Imaging Analysis
(PDIA)

Microscopic
shadowgraphy

Point measurement Resolution is diffraction-
limited

Phase Doppler
Interferometry (PDI)

Interferometry Point measurement Single droplet occupancy
in a measurement volume

ILIDS Interferometry (glare-
point separation)

Point measurement with
large field of view

Can be applied only in
sparse sprays

Diffraction Interferometry Line-of-sight
measurement

Attenuation of laser beam
in dense sprays

Laser sheet drop sizing Intensity ratio Planar measurement Signal attenuation, laser
extinction, and multiple
scattering

Table 1.
Laser-based drop-sizing techniques used in spray diagnostics.
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estimate a relation between D and scattering intensity (Is) [7, 26, 33]. It is observed
that the scattering intensity is proportional to square of Mie parameter (Xm), i.e.,
Is ∝X2

m for scattering angle of 90° for spherical droplets of diameter D≥ 1μm [7, 26,
33, 34]. This suggests that Mie scattering signal is proportional to the surface area of
the droplet (Eq. 2).

Xm ¼ π �D
λ

(1)

Is ∝D2 (2)

Laser-induced fluorescence signal is considered as volume-based signal. Rarely,
Raman scattering signal can also be used for this purpose though the Raman signal is
weak [35]. Laser-induced fluorescence (LIF) involves the excitation of liquid mole-
cules by a laser followed by the detection of the subsequent emission of radiation
from the liquid. Natural fluorescence of the liquid can be used if fluorophores are
already present in the liquid. An external fluorophore, in the form of fluorescent
dye, can be added in the liquid for generating PLIF signal. The radiation is neces-
sarily inelastic and red-shifted according to Planck’s law. The radiation can be
distinguished from the incident laser wavelength using appropriate optical filters.
The concentration of the dye is kept to a minimum to ensure low laser light
absorption and all molecules of a droplet are equally illuminated. The linear regime
of the PLIF signal with incident laser energy is ensured. Under these conditions, a
relation between PLIF signal (If) and a droplet with diameter D can be expressed as

If ∝D3 (3)

The signal (PLIF or Mie signal) from each pixel of the CCD array is obtained
from the total droplets present in the measurement volume. The measurement
volume of the LSD technique is defined using field of view of the CCD camera and a
thickness of the laser sheet. The LSD signal is obtained by dividing the LIF signal by
the scattering signal (Eq. 4), when a statistically large number of droplets are
present in the measurement volume.
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P
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∝ SMD (4)

A constant of proportionality (K) is introduced to get a quantitative SMD distri-
bution in a plane.

SMD ¼ K � If
Is

(5)

The constant of proportionality (K) can be calculated at a location using an
independent drop-sizing method (PDIA, PDI, ILIDS). In the LSD measurement
technique, the proportionality between a droplet diameter and Mie and PLIF signals
is mainly responsible for reliable drop-sizing measurements. D3 and D2 proportion-
ality is well documented in the literature. Le Gal et al. [36] reported that a low
concentration (0.023 g/l) of p-terphenyl (PTP) in mineral spirit ensures the pro-
portionality. Frackowiak et al. [37] reported that D3 proportionality is ensured for
the low dye concentration of 3-pentanone in n-heptane. Domann et al. [27] reported
a similar observation for Rhodamine 6G in water droplets when the signal was
captured at an angle of 90∘. An increase in dye concentration deviates D3
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proportionality, mainly because of the absorption of light by the dye molecules.
Domann et al. [27] further demonstrated that D2 proportionality is respected at
detection angle of 90∘. Charalampous et al. [28] performed a numerical study to
investigate D3 and D2 proportionality as a function of detection angle from 60 to
120∘ and various dye concentrations. The observations confirm D3 proportionality
at 90∘ detection angle with the lowest dye concentration. Further, it was suggested
to use 60∘ detection angle instead of 90∘, as Mie scattering fluctuations are mini-
mum at 60∘ detection angle [28]. However, the use of 60∘ detection angle in Mie
imaging may lead to Scheimpflug condition.

Assumptions made in the LSD technique are listed below [27, 28, 37, 38]:

1.Droplets are spherical and transparent.

2.The scattered photons undergo a single scattering event before reaching the
detector.

3.Morphology-dependent resonances (MDR) in Mie and PLIF signals are
neglected, or appropriate precautions are taken to avoid MDR [38].

4.The variation of fluorescence intensity with incident laser energy is in linear
regime to ensure the non-saturated fluorescence signal.

5.Minimum dye concentration to avoid absorption.

6.Statistically large number of droplets are present in the measurement volume.
This ensures drop size distribution in the independent drop-sizing technique is
followed in the LSD technique at a location of the calibration.

7.The location of calibration must be accurately mapped in PLIF image, Mie
image, and the independent drop-sizing technique.

8.The calibration constant K is constant over a range of drop sizes in the plane of
the LSD measurements.

However, when LSD measurements are applied in real-life spray systems, these
assumptions may lead to limitations of the technique.

• Mie scattering theory assumes that droplets are spherical. However, in the
near-nozzle region, where the breakup of the liquid is in process, a large
number of ligaments, liquid lumps, or nonspherical droplets are present. These
nonspherical liquid droplets may lead to error in D2 proportionality.

• It is assumed that the photon has undergone a single scattering event. This
assumption may not be followed in the dense sprays where the droplet number
density is high. The photons may undergo several scattering events leading to
unreliable and unrealistic signals. This source of error is termed as multiple
scattering or secondary emission. Therefore, LSD measurements may not
provide reliable drop sizing in dense sprays.

• The quantitative SMD measurement in LSD technique further relies on an
independent drop-sizing technique. An error involved in the independent drop
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sizing may propagate in the LSD measurements. Further, this dependence on
the other drop-sizing technique adds additional cost to the LSD measurements.

• Laser extinction due to the scattering of the laser sheet and absorption of the
laser sheet and signal attenuation may lead to error in the PLIF and Mie signals.
These losses may lead to an error in the LSD measurements. The contribution
of the error may be significant in dense sprays.

4. Approaches used in the LSD measurements

In the LSD technique, a combination of Mie and PLIF signals is used for droplet
size measurements. Mie signals is elastic in nature (i.e., wavelength is the same as
that of illumination), which helps to capture the Mie signal even without any optical
filters. On the other hand, PLIF signals are red-shifted, thus inelastic in nature,
which demands optical filters in PLIF imaging. For example, Rhodamine 6G dye is
illuminated with 532 nm pulsed laser (green in color); it emits fluorescence signal in
a window of 550–570 nm (orange in color). Thus, a band-pass filter is used to cover
this window. Also, a notch filter can also be used to remove incident illumination of
532 nm.

There are two approaches for droplet sizing in the LSD technique. In the first
approach, PLIF and Mie signals are acquired simultaneously, whereas the second
approach relies on the sequential imaging of the signals. Averaged PLIF and Mie
images are then obtained in both the approaches. The number of images usedmust be
sufficiently large to ensure enough number of droplets in the measurement volume.
This ensures that similar drop size distributions are observed in LSD measurement
and the independent drop-sizing measurement at a location of the calibration.

4.1 Simultaneous imaging of PLIF and Mie signals

In simultaneous imaging, PLIF and Mie signals are obtained simultaneously
using appropriate optical filters and two separate camera systems or by a single
camera fitted with appropriate image-splitting optics. The two-camera method
involves simultaneous and independent imaging of Mie and PLIF signals as shown
in Figure 2 [30–32, 35, 36, 39–41]. Both the cameras are focused on the same field of
view that ensures pixel-to-pixel overlapping of the signals. The simultaneous imag-
ing of the Mie and PLIF signals can also be obtained using a single camera system
[35]. In this case, the CCD array of a single camera is used along with an image-
splitting arrangement to acquire simultaneous PLIF and Mie signals. However, this
reduces the resolution of the LSD measurements. Further, a weak fluorescence
signal may be reduced due to additional image-splitting arrangement. The simulta-
neous imaging approach is widely used in literature to get SMD distribution,
including time-resolved SMD measurements [30–32, 35, 36, 39–41]. However, in
this approach, the cost of the measurement is high due to two cameras or image
splitter. Moreover, pixel-to-pixel overlapping may be an additional problem in
instantaneous imaging.

4.2 Sequential imaging of PLIF and Mie signals

It is also possible to use a single camera to record the fluorescence and elastic-
light-scattering images in sequence [27, 42–49]. This approach provides reliable
SMD measurements where there is reasonable confidence that the flow or spray
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proportionality, mainly because of the absorption of light by the dye molecules.
Domann et al. [27] further demonstrated that D2 proportionality is respected at
detection angle of 90∘. Charalampous et al. [28] performed a numerical study to
investigate D3 and D2 proportionality as a function of detection angle from 60 to
120∘ and various dye concentrations. The observations confirm D3 proportionality
at 90∘ detection angle with the lowest dye concentration. Further, it was suggested
to use 60∘ detection angle instead of 90∘, as Mie scattering fluctuations are mini-
mum at 60∘ detection angle [28]. However, the use of 60∘ detection angle in Mie
imaging may lead to Scheimpflug condition.

Assumptions made in the LSD technique are listed below [27, 28, 37, 38]:

1.Droplets are spherical and transparent.

2.The scattered photons undergo a single scattering event before reaching the
detector.

3.Morphology-dependent resonances (MDR) in Mie and PLIF signals are
neglected, or appropriate precautions are taken to avoid MDR [38].

4.The variation of fluorescence intensity with incident laser energy is in linear
regime to ensure the non-saturated fluorescence signal.

5.Minimum dye concentration to avoid absorption.

6.Statistically large number of droplets are present in the measurement volume.
This ensures drop size distribution in the independent drop-sizing technique is
followed in the LSD technique at a location of the calibration.

7.The location of calibration must be accurately mapped in PLIF image, Mie
image, and the independent drop-sizing technique.

8.The calibration constant K is constant over a range of drop sizes in the plane of
the LSD measurements.

However, when LSD measurements are applied in real-life spray systems, these
assumptions may lead to limitations of the technique.

• Mie scattering theory assumes that droplets are spherical. However, in the
near-nozzle region, where the breakup of the liquid is in process, a large
number of ligaments, liquid lumps, or nonspherical droplets are present. These
nonspherical liquid droplets may lead to error in D2 proportionality.

• It is assumed that the photon has undergone a single scattering event. This
assumption may not be followed in the dense sprays where the droplet number
density is high. The photons may undergo several scattering events leading to
unreliable and unrealistic signals. This source of error is termed as multiple
scattering or secondary emission. Therefore, LSD measurements may not
provide reliable drop sizing in dense sprays.

• The quantitative SMD measurement in LSD technique further relies on an
independent drop-sizing technique. An error involved in the independent drop
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sizing may propagate in the LSD measurements. Further, this dependence on
the other drop-sizing technique adds additional cost to the LSD measurements.

• Laser extinction due to the scattering of the laser sheet and absorption of the
laser sheet and signal attenuation may lead to error in the PLIF and Mie signals.
These losses may lead to an error in the LSD measurements. The contribution
of the error may be significant in dense sprays.

4. Approaches used in the LSD measurements

In the LSD technique, a combination of Mie and PLIF signals is used for droplet
size measurements. Mie signals is elastic in nature (i.e., wavelength is the same as
that of illumination), which helps to capture the Mie signal even without any optical
filters. On the other hand, PLIF signals are red-shifted, thus inelastic in nature,
which demands optical filters in PLIF imaging. For example, Rhodamine 6G dye is
illuminated with 532 nm pulsed laser (green in color); it emits fluorescence signal in
a window of 550–570 nm (orange in color). Thus, a band-pass filter is used to cover
this window. Also, a notch filter can also be used to remove incident illumination of
532 nm.

There are two approaches for droplet sizing in the LSD technique. In the first
approach, PLIF and Mie signals are acquired simultaneously, whereas the second
approach relies on the sequential imaging of the signals. Averaged PLIF and Mie
images are then obtained in both the approaches. The number of images usedmust be
sufficiently large to ensure enough number of droplets in the measurement volume.
This ensures that similar drop size distributions are observed in LSD measurement
and the independent drop-sizing measurement at a location of the calibration.

4.1 Simultaneous imaging of PLIF and Mie signals

In simultaneous imaging, PLIF and Mie signals are obtained simultaneously
using appropriate optical filters and two separate camera systems or by a single
camera fitted with appropriate image-splitting optics. The two-camera method
involves simultaneous and independent imaging of Mie and PLIF signals as shown
in Figure 2 [30–32, 35, 36, 39–41]. Both the cameras are focused on the same field of
view that ensures pixel-to-pixel overlapping of the signals. The simultaneous imag-
ing of the Mie and PLIF signals can also be obtained using a single camera system
[35]. In this case, the CCD array of a single camera is used along with an image-
splitting arrangement to acquire simultaneous PLIF and Mie signals. However, this
reduces the resolution of the LSD measurements. Further, a weak fluorescence
signal may be reduced due to additional image-splitting arrangement. The simulta-
neous imaging approach is widely used in literature to get SMD distribution,
including time-resolved SMD measurements [30–32, 35, 36, 39–41]. However, in
this approach, the cost of the measurement is high due to two cameras or image
splitter. Moreover, pixel-to-pixel overlapping may be an additional problem in
instantaneous imaging.

4.2 Sequential imaging of PLIF and Mie signals

It is also possible to use a single camera to record the fluorescence and elastic-
light-scattering images in sequence [27, 42–49]. This approach provides reliable
SMD measurements where there is reasonable confidence that the flow or spray
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characteristics do not change with time, steady spray [43, 44]. This approach is
used in the literature, and it is observed that results are consistent with SMD
measurements from Phase Doppler Interferometry (PDI) [43–46].

Both simultaneous and sequential imaging have been widely used in the litera-
ture. However, it is necessary to compare the approaches with other independent
drop-sizing techniques under a controlled environment to evaluate the reliability of
the SMD measurements.

5. Sources of error in the LSD measurements

The Mie and PLIF signals suffer various losses due to interactions between spray
droplets and the laser sheet. These losses affect signal-to-noise ratio (SNR) and the
accuracy of the measurements. The losses can be categorized into three types,
namely, laser extinction, signal attenuation, and multiple scattering. These sources
of error in the LSD measurements are discussed in the following subsections.

5.1 Laser extinction and signal attenuation

The energy of the incident laser sheet is reduced as the laser sheet travels
through the spray due to scattering by the droplets and as a part of the energy is
absorbed by the droplets. This loss in the incident laser sheet reduces Mie and PLIF
signals. The loss in the incident laser sheet due to scattering and the absorption by
the medium is termed as laser sheet extinction loss [5, 18, 50, 51]. The laser extinc-
tion loss is observed in both Mie and PLIF signals [18]. The contribution of laser
sheet extinction can be different in Mie and PLIF signals which may lead to error in
SMD measurements of the LSD technique. The laser extinction loss leads to asym-
metry in the images [18]. Figure 3 shows SLIPI-PLIF image of an airblast spray for
GLR of 4 when the laser sheet is traveling from left to right. It is expected that the
spray is symmetrical about the spray axis [18]. However, a weak PLIF signal is
observed on the right side due to loss in the incident laser sheet (laser extinction).

The PLIF and Mie signals travel from the plane of the laser sheet to the detector
through ensembles of spray droplets. The spray droplets may absorb these signals

Figure 2.
Schematic representation of experimental setup for LSD measurements using simultaneous imaging of PLIF and
Mie signals using two cameras.

96

Diesel and Gasoline Engines

due to the overlapping of emission and absorption spectra of the liquid. This loss is
termed as auto-absorption or self-absorption or re-absorption of the signal [52].
Auto-absorption is primarily observed in PLIF imaging. The laser sheet absorption
and PLIF signal attenuation are mainly controlled by a dye concentration [52]. High
dye concentration can increase the absorption and auto-absorption losses which will
lead to deviations in D3 proportionality [38].

5.2 Multiple scattering

The LSD technique assumes single scattering event of photons. However, many
photons reaching the CCD camera are scattered more than once in a spray with high
droplet number density. This phenomenon is referred to as multiple scattering or
secondary emission. When a laser light interacts with a spray, a photon may follow

Figure 3.
Averaged SLIPI-PLIF signal in airblast spray at gas-to-liquid mass ratio (GLR) of 4 [49]. The intensity of
signal is skewed due to various losses.

Figure 4.
An illustration of possible scattering events in a spray with laser sheet imaging. (A) Single scattering event;
(B) multiple scattering that provides incorrect information about a droplet; (C) multiple scattering that results
in the loss of the signals.
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characteristics do not change with time, steady spray [43, 44]. This approach is
used in the literature, and it is observed that results are consistent with SMD
measurements from Phase Doppler Interferometry (PDI) [43–46].

Both simultaneous and sequential imaging have been widely used in the litera-
ture. However, it is necessary to compare the approaches with other independent
drop-sizing techniques under a controlled environment to evaluate the reliability of
the SMD measurements.

5. Sources of error in the LSD measurements

The Mie and PLIF signals suffer various losses due to interactions between spray
droplets and the laser sheet. These losses affect signal-to-noise ratio (SNR) and the
accuracy of the measurements. The losses can be categorized into three types,
namely, laser extinction, signal attenuation, and multiple scattering. These sources
of error in the LSD measurements are discussed in the following subsections.

5.1 Laser extinction and signal attenuation

The energy of the incident laser sheet is reduced as the laser sheet travels
through the spray due to scattering by the droplets and as a part of the energy is
absorbed by the droplets. This loss in the incident laser sheet reduces Mie and PLIF
signals. The loss in the incident laser sheet due to scattering and the absorption by
the medium is termed as laser sheet extinction loss [5, 18, 50, 51]. The laser extinc-
tion loss is observed in both Mie and PLIF signals [18]. The contribution of laser
sheet extinction can be different in Mie and PLIF signals which may lead to error in
SMD measurements of the LSD technique. The laser extinction loss leads to asym-
metry in the images [18]. Figure 3 shows SLIPI-PLIF image of an airblast spray for
GLR of 4 when the laser sheet is traveling from left to right. It is expected that the
spray is symmetrical about the spray axis [18]. However, a weak PLIF signal is
observed on the right side due to loss in the incident laser sheet (laser extinction).

The PLIF and Mie signals travel from the plane of the laser sheet to the detector
through ensembles of spray droplets. The spray droplets may absorb these signals

Figure 2.
Schematic representation of experimental setup for LSD measurements using simultaneous imaging of PLIF and
Mie signals using two cameras.
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due to the overlapping of emission and absorption spectra of the liquid. This loss is
termed as auto-absorption or self-absorption or re-absorption of the signal [52].
Auto-absorption is primarily observed in PLIF imaging. The laser sheet absorption
and PLIF signal attenuation are mainly controlled by a dye concentration [52]. High
dye concentration can increase the absorption and auto-absorption losses which will
lead to deviations in D3 proportionality [38].

5.2 Multiple scattering

The LSD technique assumes single scattering event of photons. However, many
photons reaching the CCD camera are scattered more than once in a spray with high
droplet number density. This phenomenon is referred to as multiple scattering or
secondary emission. When a laser light interacts with a spray, a photon may follow

Figure 3.
Averaged SLIPI-PLIF signal in airblast spray at gas-to-liquid mass ratio (GLR) of 4 [49]. The intensity of
signal is skewed due to various losses.

Figure 4.
An illustration of possible scattering events in a spray with laser sheet imaging. (A) Single scattering event;
(B) multiple scattering that provides incorrect information about a droplet; (C) multiple scattering that results
in the loss of the signals.
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several paths before it reaches a CCD camera. Figure 4 shows an illustration of
possible scattering events in a spray with laser sheet imaging. Condition A explains
a single scattering event. The laser light interacts with a droplet and reaches the
CCD camera without interacting with any other droplet. This is the most ideal

Figure 5.
A comparison of conventional and SLIPI-PLIF signals of airblast sprays at GLR 1. Conventional PLIF image
shows a solid cone spray due to multiple scattering, whereas a hollow cone is observed in SLIPI-PLIF imaging
[53]. The laser sheet travels from left to right. (a) Conventional PLIF signal. (b) SLIPI-PLIF signal.
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condition in the LSD measurement for reliable drop sizing. In Condition B, a photon
starts traveling from a droplet illuminated with laser light. However, the photon
interacts with several other droplets before its detection by the CCD camera sensor.
This path causes misinterpretation of a false droplet (a yellow droplet with a dashed
line). Condition C shows a path of a photon that interacted with a droplet; however,
the photon is not recorded on the camera sensor leading to a loss in the signal.
Conditions B and C are considered as multiple scattering, which may lead to error in
the drop sizing of the LSD measurements. In the case of PLIF imaging, multiple
scattered photons (path B) may induce additional errors due to absorption of the
photon and reemission of the fluorescence signal. This suggests that the contribu-
tion of multiple scattering in Mie signal and PLIF signal may be different due to the
absorption of the multiple scattering signal by the dye in the PLIF imaging. The
unwanted multiple scattered photons lead to a blurred image or reduction in reso-
lution of the image. Structured laser illumination planar imaging (SLIPI) technique
is used to reduce multiple scattering in planar spray imaging. Conventional and
SLIPI-PLIF signals of the airblast spray are compared for GLR 1 in Figure 5. The
conventional imaging showed a solid cone spray as shown in Figure 5a. On the
other hand, a hollow cone spray is observed in the SLIPI imaging (Figure 5b). The
change in the spray geometry of the airblast spray was attributed to the presence
of multiple scattering in the PLIF signal [53]. A similar observation was made by
Linne [18]. It was observed that the conventional Mie image of a hollow cone spray
shows the presence of liquid along the axis of the spray due to multiple scattering.
Thus, the contribution of multiple scattering is significant in both Mie and PLIF
signals [18].

Most of the LSD measurements neglect the contribution of the multiple scatter-
ing. Berrocal et al. [54–56]conducted Monte Carlo simulations to study the contri-
bution of multiple scattering in a hollow cone spray with OD < 1, i.e., an optically
dilute spray. It was reported that the contribution of multiple scattering is signifi-
cantly high (�76%), even in the optically dilute spray. Payri et al. [57] observed that
LSD could be applied only at small particle concentrations where loss due to multi-
ple scattering is low. At higher particle concentrations, loss due to multiple scatter-
ing is significant that reduces the accuracy of the LSD measurements. In few
studies, it is assumed that the contribution of multiple scattering may be similar in
Mie and PLIF signals, and it will be canceled while ratioing the signals. However,
the contribution of multiple scattering may be different in Mie and PLIF signals.
Mishra et al. [40] reported that multiple scattering has a significant impact on LSD
technique even in optically dilute sprays (OD�1). Therefore, the contribution of
multiple scattering may lead to unreliable drop-sizing measurements.

6. Methods to reduce errors in the LSD measurements

Many attempts have been made to compensate for the losses in the laser sheet
imaging. Talley et al. [58] proposed a correction for laser extinction using counter-
propagating laser sheets. Koh et al. [59] corrected signal attenuation using the
geometric mean value of the intensities obtained using two cameras. The loss in the
fluorescence signal due to auto-absorption of the fluorescence signal and absorption
of the laser sheet can be corrected using Beer–Lambert law [52]. Abu-Gharbieh et al.
[60] proposed a numerical approach to compensate for a loss in a laser sheet due to
scattering. Brown et al. [61] attempted to reduce multiple scattering by scanning
the spray with a narrow laser beam, instead of a laser sheet. They observed that the
results were consistent with Phase Doppler Anemometry measurements. However,
this method involves a long measurement time. A planar technique, structured laser
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several paths before it reaches a CCD camera. Figure 4 shows an illustration of
possible scattering events in a spray with laser sheet imaging. Condition A explains
a single scattering event. The laser light interacts with a droplet and reaches the
CCD camera without interacting with any other droplet. This is the most ideal

Figure 5.
A comparison of conventional and SLIPI-PLIF signals of airblast sprays at GLR 1. Conventional PLIF image
shows a solid cone spray due to multiple scattering, whereas a hollow cone is observed in SLIPI-PLIF imaging
[53]. The laser sheet travels from left to right. (a) Conventional PLIF signal. (b) SLIPI-PLIF signal.
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condition in the LSD measurement for reliable drop sizing. In Condition B, a photon
starts traveling from a droplet illuminated with laser light. However, the photon
interacts with several other droplets before its detection by the CCD camera sensor.
This path causes misinterpretation of a false droplet (a yellow droplet with a dashed
line). Condition C shows a path of a photon that interacted with a droplet; however,
the photon is not recorded on the camera sensor leading to a loss in the signal.
Conditions B and C are considered as multiple scattering, which may lead to error in
the drop sizing of the LSD measurements. In the case of PLIF imaging, multiple
scattered photons (path B) may induce additional errors due to absorption of the
photon and reemission of the fluorescence signal. This suggests that the contribu-
tion of multiple scattering in Mie signal and PLIF signal may be different due to the
absorption of the multiple scattering signal by the dye in the PLIF imaging. The
unwanted multiple scattered photons lead to a blurred image or reduction in reso-
lution of the image. Structured laser illumination planar imaging (SLIPI) technique
is used to reduce multiple scattering in planar spray imaging. Conventional and
SLIPI-PLIF signals of the airblast spray are compared for GLR 1 in Figure 5. The
conventional imaging showed a solid cone spray as shown in Figure 5a. On the
other hand, a hollow cone spray is observed in the SLIPI imaging (Figure 5b). The
change in the spray geometry of the airblast spray was attributed to the presence
of multiple scattering in the PLIF signal [53]. A similar observation was made by
Linne [18]. It was observed that the conventional Mie image of a hollow cone spray
shows the presence of liquid along the axis of the spray due to multiple scattering.
Thus, the contribution of multiple scattering is significant in both Mie and PLIF
signals [18].

Most of the LSD measurements neglect the contribution of the multiple scatter-
ing. Berrocal et al. [54–56]conducted Monte Carlo simulations to study the contri-
bution of multiple scattering in a hollow cone spray with OD < 1, i.e., an optically
dilute spray. It was reported that the contribution of multiple scattering is signifi-
cantly high (�76%), even in the optically dilute spray. Payri et al. [57] observed that
LSD could be applied only at small particle concentrations where loss due to multi-
ple scattering is low. At higher particle concentrations, loss due to multiple scatter-
ing is significant that reduces the accuracy of the LSD measurements. In few
studies, it is assumed that the contribution of multiple scattering may be similar in
Mie and PLIF signals, and it will be canceled while ratioing the signals. However,
the contribution of multiple scattering may be different in Mie and PLIF signals.
Mishra et al. [40] reported that multiple scattering has a significant impact on LSD
technique even in optically dilute sprays (OD�1). Therefore, the contribution of
multiple scattering may lead to unreliable drop-sizing measurements.

6. Methods to reduce errors in the LSD measurements

Many attempts have been made to compensate for the losses in the laser sheet
imaging. Talley et al. [58] proposed a correction for laser extinction using counter-
propagating laser sheets. Koh et al. [59] corrected signal attenuation using the
geometric mean value of the intensities obtained using two cameras. The loss in the
fluorescence signal due to auto-absorption of the fluorescence signal and absorption
of the laser sheet can be corrected using Beer–Lambert law [52]. Abu-Gharbieh et al.
[60] proposed a numerical approach to compensate for a loss in a laser sheet due to
scattering. Brown et al. [61] attempted to reduce multiple scattering by scanning
the spray with a narrow laser beam, instead of a laser sheet. They observed that the
results were consistent with Phase Doppler Anemometry measurements. However,
this method involves a long measurement time. A planar technique, structured laser
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illumination planar imaging (SLIPI), reduces the contribution of multiple scattering
in a planar imaging [62–66]. The SLIPI technique reduces the effect of multiple
scattering in Mie and PLIF imaging which can be used in dense sprays to get more
accurate measurements of droplet diameter, spray structure, liquid volume frac-
tion, and temperature [62, 63, 66, 67].

A spatially modulated laser sheet is used in the SLIPI technique to reduce multi-
ple scattering in PLIF and Mie signals. The spatial modulation of the structured laser
sheet is obtained by using a Ronchi grating. Three spatially modulated sub-images
(I1, I2, and I3) are acquired at the period of one-third of the modulation [62–66].
The SLIPI image is calculated using modulated images with Eq. (6).

ISLIPI ¼
ffiffiffi
2

p

3
� I1 � I2ð Þ2 þ I2 � I3ð Þ2 þ I3 � I1ð Þ2
h i1=2

(6)

SLIPI signals require corrections for laser extinction and signal attenuation for
reliable measurements. Various losses in the laser sheet and the signals pose diffi-
culties in extracting reliable quantitative information from these techniques. Loss in
Mie and PLIF signals due to scattering of the laser sheet can be compensated using
Beer–Lambert law as explained by Abu-Gharbieh et al. [60]. Similarly, the loss in
the fluorescence signal due to absorption of the laser sheet and auto-absorption of
the fluorescence signal can be corrected using Beer–Lambert law [52]. Thus, the
SLIPI signal needs to be corrected further for losses due to laser sheet extinction and
signal attenuation. Recently, this methodology is used to improve LSD measure-
ments in dense sprays. More details on the methodology can be found in [53, 68].

7. Applications and limitations of the LSD technique

The LSD technique is well established in the spray diagnostics. The method has
been used in many spray systems, including fuel sprays that include ensembled
SMD measurements and time-resolved SMD measurements. The LSD measure-
ments have been performed using both simultaneous and sequential imaging of the
Mie and PLIF signals. The various sprays are studied at evaporative and non-
evaporative conditions using the LSD technique [36, 43, 44, 69–72].

Yeh et al. [31, 73, 74] developed LSD technique using simultaneous imaging of
the Mie and PLIF signals of transient diesel sprays at non-evaporative conditions.
Sankar et al. [32, 75] termed the technique as optical patternator and applied it to
study the spray characteristics of continuous pressure atomizer. They compared
SMD measurements from the LSD technique with PDPA measurement and found a
good agreement. It was noted that the technique is ideal for dense spray applications
compared to that of the PDPA. A similar observation was reported by Le Gal et al.
[36]. In this study, the LSD was applied to study a small pressure-swirl spray and a
full size industrial air-spray injector. The SMD measurements from the LSD tech-
nique were compared with PDPA measurements, and good agreement was
observed. These studies employed simultaneous imaging of PLIF and Mie signals.
Zelina et al. [43, 44] showed that LSD measurements could be performed by
recording Mie and PLIF signals in a sequence for a steady-state continuous spray.
The SMD distribution of a prefilming airblast atomizer was studied in this work. A
good agreement between SMDmeasurements of LSD and PDPA measurements was
observed with the sequential imaging. Jermy et al. further used sequential imaging
of the Mie and PLIF signals [76] to study a dense cooling spray of water. Park et al.
[77] argued that sequential imaging cannot be applied to the transient spray, as the
images are not taken simultaneously. Hence, they used the simultaneous imaging
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approach to get the time-resolved SMD distribution of a swirl-type GDI spray. The
D3 and D2 proportionality was verified using a droplet generator.

Domann et al. [30] performed planar SMDmeasurement in a spray generated by
a pressure-swirl atomizer in a liquid-fueled burner at isothermal conditions. An
assumption that the calibration constant is independent of a droplet diameter was
analyzed. They found that the assumption was incorrect and can lead to sizing
errors up to 30%. The discrepancies between LSD and PDA measurements were
observed in dilute spray regions. These discrepancies were attributed to the
increased statistical uncertainty of the LSD measurements due to the limited sam-
pling period. It was suggested to acquire a large number of Mie and PLIF images to
get reliable drop sizing in dilute sprays. Zimmer and Ikeda [78] performed LSD
measurements to study droplet clusters in an industrial gun-type burner. In this
study, the calibration constant (K) was calculated along a line in the image of the
ratio of PLIF and Mie signals and PDAmeasurements, instead of calculating the K at
a point. It was observed that the use of a single constant for calibration underesti-
mates the small droplets. Stojkovic and Sick [79] reported relative SMD measure-
ments of an automotive hollow-cone, transient spray of isooctane with bidirectional
laser sheet illumination in a real engine cylinder head. LSD measurements were
performed to study an air-assisted fuel injector in a constant volume chamber and
an optical engine [47, 48]. The sequential imaging approach has been adopted in
these works. Mie and PLIF signals were over separate injection events to obtain
transient development of the ensemble averaged spray. Anand et al. [42] reported
time-resolved quantitative SMD distributions of PFI sprays from two-hole and four-
hole plate-type injectors using the sequential imaging. In this work, calibration
constant (K) was determined using granulometry with an accuracy of �20%.
Deshmukh and Ravikrishna [80] adopted the sequential imaging approach to study
high-pressure transient diesel sprays of straight vegetable oils under high pressure
conditions. In this work, K was calculated at the edge of the spray using PDIA
technique. Kannaiyan et al. [6] performed simultaneous LSD measurements in
liquid-centered swirl coaxial (LCSC) injector. They argued that the use of point
measurement techniques such as PDI may be difficult to calculate K, as exact
mapping of a small measurement volume (�500μm) in a LSD image of the pixel
resolution of the order of micrometer is difficult. On the other hand, a measurement
diameter of around 10 mm in a line-of-sight measurement technique will be easy
for the calibration. They suggested the use of a line-of-sight measurement over
point measurement for the calibration. The SMD measurements were compared
with that from diffraction-based method, and good agreement was reported. They
observed that the use of line-of-sight measurement technique was more reliable,
which ensures exact mapping of the calibration location in the independent drop
sizing and PLIF and Mie images. Most of the researchers used PLIF signal as a
volume-dependent signal. Malarski et al. [35] suggested using Raman scattering
signal as an alternative to the PLIF signal. However, a weak Raman signal leads to
low signal-to-noise ratio (SNR), which might cause an error in LSD measurements,
particularly in dilute sprays. Pastor et al. [46] compared the influence of natural
fluorescence and doped fluorescence on LSD measurements. Natural fluorescence
gives a weak PLIF signal that may lead to erroneous drop sizing in dilute sprays.
Recently, Mishra et al. [81] demonstrated that the three-dimensional distribution of
SMD can be obtained using SLIPI-LSD method. Koegl et al. [71] studied DISI multi-
hole gasoline sprays of biofuels, ethanol, and butanol in a constant volume chamber
using the SLIPI-LSD measurements. The measurements were carried out at reactive
and engine-relevant conditions using simultaneous approach of the LSD measure-
ments. They observed larger spray tip penetration and bigger droplet SMD in
butanol sprays than those of ethanol sprays, which was attributed to reduced

101

Planar Drop-Sizing in Dense Fuel Sprays Using Advanced Laser Diagnostic Techniques
DOI: http://dx.doi.org/10.5772/intechopen.90527



illumination planar imaging (SLIPI), reduces the contribution of multiple scattering
in a planar imaging [62–66]. The SLIPI technique reduces the effect of multiple
scattering in Mie and PLIF imaging which can be used in dense sprays to get more
accurate measurements of droplet diameter, spray structure, liquid volume frac-
tion, and temperature [62, 63, 66, 67].

A spatially modulated laser sheet is used in the SLIPI technique to reduce multi-
ple scattering in PLIF and Mie signals. The spatial modulation of the structured laser
sheet is obtained by using a Ronchi grating. Three spatially modulated sub-images
(I1, I2, and I3) are acquired at the period of one-third of the modulation [62–66].
The SLIPI image is calculated using modulated images with Eq. (6).
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SLIPI signals require corrections for laser extinction and signal attenuation for
reliable measurements. Various losses in the laser sheet and the signals pose diffi-
culties in extracting reliable quantitative information from these techniques. Loss in
Mie and PLIF signals due to scattering of the laser sheet can be compensated using
Beer–Lambert law as explained by Abu-Gharbieh et al. [60]. Similarly, the loss in
the fluorescence signal due to absorption of the laser sheet and auto-absorption of
the fluorescence signal can be corrected using Beer–Lambert law [52]. Thus, the
SLIPI signal needs to be corrected further for losses due to laser sheet extinction and
signal attenuation. Recently, this methodology is used to improve LSD measure-
ments in dense sprays. More details on the methodology can be found in [53, 68].

7. Applications and limitations of the LSD technique

The LSD technique is well established in the spray diagnostics. The method has
been used in many spray systems, including fuel sprays that include ensembled
SMD measurements and time-resolved SMD measurements. The LSD measure-
ments have been performed using both simultaneous and sequential imaging of the
Mie and PLIF signals. The various sprays are studied at evaporative and non-
evaporative conditions using the LSD technique [36, 43, 44, 69–72].

Yeh et al. [31, 73, 74] developed LSD technique using simultaneous imaging of
the Mie and PLIF signals of transient diesel sprays at non-evaporative conditions.
Sankar et al. [32, 75] termed the technique as optical patternator and applied it to
study the spray characteristics of continuous pressure atomizer. They compared
SMD measurements from the LSD technique with PDPA measurement and found a
good agreement. It was noted that the technique is ideal for dense spray applications
compared to that of the PDPA. A similar observation was reported by Le Gal et al.
[36]. In this study, the LSD was applied to study a small pressure-swirl spray and a
full size industrial air-spray injector. The SMD measurements from the LSD tech-
nique were compared with PDPA measurements, and good agreement was
observed. These studies employed simultaneous imaging of PLIF and Mie signals.
Zelina et al. [43, 44] showed that LSD measurements could be performed by
recording Mie and PLIF signals in a sequence for a steady-state continuous spray.
The SMD distribution of a prefilming airblast atomizer was studied in this work. A
good agreement between SMDmeasurements of LSD and PDPA measurements was
observed with the sequential imaging. Jermy et al. further used sequential imaging
of the Mie and PLIF signals [76] to study a dense cooling spray of water. Park et al.
[77] argued that sequential imaging cannot be applied to the transient spray, as the
images are not taken simultaneously. Hence, they used the simultaneous imaging
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approach to get the time-resolved SMD distribution of a swirl-type GDI spray. The
D3 and D2 proportionality was verified using a droplet generator.

Domann et al. [30] performed planar SMDmeasurement in a spray generated by
a pressure-swirl atomizer in a liquid-fueled burner at isothermal conditions. An
assumption that the calibration constant is independent of a droplet diameter was
analyzed. They found that the assumption was incorrect and can lead to sizing
errors up to 30%. The discrepancies between LSD and PDA measurements were
observed in dilute spray regions. These discrepancies were attributed to the
increased statistical uncertainty of the LSD measurements due to the limited sam-
pling period. It was suggested to acquire a large number of Mie and PLIF images to
get reliable drop sizing in dilute sprays. Zimmer and Ikeda [78] performed LSD
measurements to study droplet clusters in an industrial gun-type burner. In this
study, the calibration constant (K) was calculated along a line in the image of the
ratio of PLIF and Mie signals and PDAmeasurements, instead of calculating the K at
a point. It was observed that the use of a single constant for calibration underesti-
mates the small droplets. Stojkovic and Sick [79] reported relative SMD measure-
ments of an automotive hollow-cone, transient spray of isooctane with bidirectional
laser sheet illumination in a real engine cylinder head. LSD measurements were
performed to study an air-assisted fuel injector in a constant volume chamber and
an optical engine [47, 48]. The sequential imaging approach has been adopted in
these works. Mie and PLIF signals were over separate injection events to obtain
transient development of the ensemble averaged spray. Anand et al. [42] reported
time-resolved quantitative SMD distributions of PFI sprays from two-hole and four-
hole plate-type injectors using the sequential imaging. In this work, calibration
constant (K) was determined using granulometry with an accuracy of �20%.
Deshmukh and Ravikrishna [80] adopted the sequential imaging approach to study
high-pressure transient diesel sprays of straight vegetable oils under high pressure
conditions. In this work, K was calculated at the edge of the spray using PDIA
technique. Kannaiyan et al. [6] performed simultaneous LSD measurements in
liquid-centered swirl coaxial (LCSC) injector. They argued that the use of point
measurement techniques such as PDI may be difficult to calculate K, as exact
mapping of a small measurement volume (�500μm) in a LSD image of the pixel
resolution of the order of micrometer is difficult. On the other hand, a measurement
diameter of around 10 mm in a line-of-sight measurement technique will be easy
for the calibration. They suggested the use of a line-of-sight measurement over
point measurement for the calibration. The SMD measurements were compared
with that from diffraction-based method, and good agreement was reported. They
observed that the use of line-of-sight measurement technique was more reliable,
which ensures exact mapping of the calibration location in the independent drop
sizing and PLIF and Mie images. Most of the researchers used PLIF signal as a
volume-dependent signal. Malarski et al. [35] suggested using Raman scattering
signal as an alternative to the PLIF signal. However, a weak Raman signal leads to
low signal-to-noise ratio (SNR), which might cause an error in LSD measurements,
particularly in dilute sprays. Pastor et al. [46] compared the influence of natural
fluorescence and doped fluorescence on LSD measurements. Natural fluorescence
gives a weak PLIF signal that may lead to erroneous drop sizing in dilute sprays.
Recently, Mishra et al. [81] demonstrated that the three-dimensional distribution of
SMD can be obtained using SLIPI-LSD method. Koegl et al. [71] studied DISI multi-
hole gasoline sprays of biofuels, ethanol, and butanol in a constant volume chamber
using the SLIPI-LSD measurements. The measurements were carried out at reactive
and engine-relevant conditions using simultaneous approach of the LSD measure-
ments. They observed larger spray tip penetration and bigger droplet SMD in
butanol sprays than those of ethanol sprays, which was attributed to reduced
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atomization in butanol sprays due to lower evaporation rate and higher surface
tension and viscosity of butanol fuel. Kapusta [70] adopted simultaneous approach
of LSD measurements to study SMD distributions of urea-water solution (UWS)
sprays for after-treatment devices in diesel engines. SLIPI technique was used to
mitigate multiple scattering in Mie and PLIF signals.

Overall, sequential and simultaneous imaging approaches are employed in many
continuous and transient sprays. It is also possible to get time-resolved SMD mea-
surements using sequential imaging. The LSD measurements are well established at
non-evaporative conditions. At evaporative conditions, it is expected that the loss
due to laser extinction, signal attenuation, and multiple scattering will be less
important than that at non-evaporative conditions due to low droplet number
density. However, extensive studies, e.g., studies on the effect of evaporation rate
on the calibration constant and dye selection, etc., are required to establish LSD
measurements in evaporative conditions.

8. Summary

Laser sheet drop sizing is an attractive technique that can be used in dense fuel
sprays. The LSD technique provides planar SMD and liquid volume fraction distri-
butions in a spray plane. However, the technique suffers from various sources of
error due to multiple scattering, laser extinction due to scattering and absorption of
the laser sheet, and auto-absorption of the PLIF signal. These sources may lead to
significant errors in the LSD measurements, especially in dense sprays due to high
droplet number density. Further, the contribution of the sources in Mie and PLIF
signals might be different, which may lead to error in SMD measurements. There-
fore, it is essential to reduce the contribution of these sources of error to obtain
reliable planar SMD and liquid volume fraction distributions using the LSD tech-
nique in dense sprays.
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Abstract

The IMO (International Maritime Organization) of MARPOL 73/78, Regulations 
for the Prevention of Air Pollution from Ships, has been adopted and took effect from 
May 2005 and had significantly to the present. The increases in a number of ships are 
leading to a large of number of exhaust gas emission into the environment. It is main 
reason that the Annex VI, MARPOL 73/78 is extremely necessary to require the ships 
need to comply. Furthermore, the marine fuel is used mainly for marine diesel engine 
nowadays, heavy fuel oil with high sulphur content. However, the IMO’s regulations 
show that from January 1, 2020, fuel oil that is used on board should have no more than 
0.50% sulphur content in order to protect the environment. Its benefit will have posi-
tive effect to the environment. On another side, the diesel engine operation especially 
the corrosion phenomenon for all piston-cylinder components will have negative effect 
due to the use of low sulphur fuel oil (LSFO). This chapter concentrates on researching 
the above phenomenon and gives some methods to restrict the negative influence on 
using the kind of low sulphur fuel oil. The results are fundamental knowledge for all 
vessels to comply the regulations of MARPOL 73/78 while sailing on ECAs.
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1. Introduction

Marine engines are generally compression ignited two- and four-stroke diesel 
engines. From the environmental and economic point of view, the Specific Fuel Oil 
Consumption (SFOC, measures unit in gram fuel oil/kWh) of engine is one of the 
important factors that contribute to the energy efficiency of ships [1]. On the other 
hand, the other important factors are the emissions of other gases such as NOx, SOx 
and PM (particulate matter). Some factors depend on the quality of fuel oil and 
some on the combustion process in the combustion chamber of the engines [2].

The sulphur content of heavy fuel oil is determined through the content of SOx into 
the exhaust gas from diesel engine combustion process. In the combustion chamber, the 
sulphur content of heavy fuel oil is being oxidised into the primary SO2. A much smaller 
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Marine engines are generally compression ignited two- and four-stroke diesel 
engines. From the environmental and economic point of view, the Specific Fuel Oil 
Consumption (SFOC, measures unit in gram fuel oil/kWh) of engine is one of the 
important factors that contribute to the energy efficiency of ships [1]. On the other 
hand, the other important factors are the emissions of other gases such as NOx, SOx 
and PM (particulate matter). Some factors depend on the quality of fuel oil and 
some on the combustion process in the combustion chamber of the engines [2].

The sulphur content of heavy fuel oil is determined through the content of SOx into 
the exhaust gas from diesel engine combustion process. In the combustion chamber, the 
sulphur content of heavy fuel oil is being oxidised into the primary SO2. A much smaller 
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portion, some 3–5% is further oxidised into SO3. SO2 and SO3 together are called SOx. 
The lubrication oil cylinder contains substances to neutralise the sulphur thus prevent-
ing the damage caused by sulphuric acid in the engine. Only a very small portion of SOx 
is neutralised into calcium sulphate and is considered insignificant.

The exhaust gas emissions are often directly related to the impurities contained 
in fuels that are being used. The high level of sulphur oxides SOx and nitrogen 
oxides NOx is an inevitable result of using heavy fuel oil (HFO). Maximum emis-
sions of these oxides are regulated by IMO (International Maritime Organization). 
The requirements for reducing SOx emissions in certain areas of navigation have 
resulted in using low sulphur fuel oils in diesel engine operation. The use of HFO 
with high sulphur contents become unacceptable after adopting the regulations 
brought by Annex VI of International Convention for the Prevention of Pollution 
from Ships (MARPOL 73/78) at some sensitive areas (emission control areas—
ECAs), and after introducing the monitoring of emissions from ships in ECAs. The 
maximum sulphur content in fuel oil is regulated in European ECAs that amounts 
to 0.10% for ships in ports and all inland waterways across the European Union.

Following the new requirements relate to sulphur content emissions that forced 
into all ships when sailing in emission control areas (ECAs) on January 2015, 
namely that ships trading have to use the heavy fuel oil and marine diesel oil with 
a low sulphur content of no more than 0.10%, do not, strictly speaking, alter the 
regulatory environment.

However, using low sulphur content fuel oil will cause some troubles for techni-
cal engine condition.

At the request of California Air Resources Board, following a series of problems 
that occurred on ship due to fuel switching after the introduction of regulations on 
using low sulphur fuel oils within 24 miles of the California coastline, a research 
was conducted from 2009 to 2010; according to the research findings indicated, the 
fuel switching causes [3]:

• Loss of propulsion and operation instability as the engine reduces speed to 
come to dead slow or slow astern, resulting in revolution per minute (rpm) 
fluctuations or stopping the engine, whereas the engine operation was stable at 
high rpm.

• Failures to start events, including difficulties in starting the engine or inability 
to start the engine due to low pressures in fuel systems, low viscosity of fuel, 
problems related to high-pressure fuel pump operation, fuel injection, leakage 
of oil in the fuel systems, and leakage of sealing rings.

• Inability to reach maximum speed, inability to reserve the engine Ahead/
Astern, most commonly due to pressure of fuel injection.

This chapter is based on the effects of using low sulphur fuel oil to engine opera-
tion. It is significant to give the method to restrict the negative forces to the engine 
technique condition when operation.

2. Literature review

2.1 Marine diesel engine

The diesel engine is an internal combustion engine in which the fuel igni-
tion has been conducted into the combustion chamber at high temperature. 
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The ignition process of diesel engine takes place in the combustion chamber. 
The operational principle of diesel engines is carried out throughout 4 cycles: 
suction—compression—ignition—exhaust.

The compression-ignition engine has the highest thermal efficiency (engine 
efficiency) of any practical internal or external combustion engine due to its high 
expansion ratio and inherent lean burn which enables heat dissipation by the excess 
air. The low-speed compression-ignition engines (as used in ships and other appli-
cations, where overall engine weight is relatively unimportant) can have a thermal 
efficiency that exceeds 50%.

The compression-ignition engines are manufactured in two-stroke and four-
stroke versions. They were originally used as more efficient replacement for station-
ary steam engines. Since the 1910s, they have been used in submarines and ships. 
The use of locomotives, trucks, heavy equipment and electricity generation plants 
followed later. The structure of marine diesel engine is described in Figure 1. The 
main marine diesel engine is a two-stroke diesel engine type with large size, slow 
speed, high power engine that installed on large size ship.

In the true diesel engine, only air is initially introduced into the combustion 
chamber. The air is then compressed with a compression ratio typically between 
15:1 and 23:1. The high compression causes the temperature of the air to rise. At 
about the top of the compression stroke, fuel is injected directly into the com-
pressed air in the combustion chamber. This may be into a (typically toroidal) void 
in the top of the piston or a pre-chamber depending upon the design of the engine. 
The fuel injector ensures that the fuel is broken down into small droplets, and that 
the fuel is distributed evenly. The heat of the compressed air vaporises fuel from the 
surface of the droplets. The vapour is then ignited by the heat from the compressed 

Figure 1. 
The structure of diesel engine.
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air in the combustion chamber, the droplets continue to vaporise from their sur-
faces and burn, getting smaller, until all the fuel in the droplets has been burnt. 
Combustion occurs at a substantially constant pressure during the initial part of 
the power stroke. The start of vaporisation causes a delay before ignition and the 
characteristics diesel knocking sound as the vapour reaches ignition temperature 
and causes an abrupt increase in pressure above the piston (not shown on the P-V 
indicator diagram).

When the combustion process is complete, the combustion gases expand as the 
piston descends further, the high pressure in the cylinder drives the piston down-
ward, supplying power to the crankshaft. The working cycle of two-stroke diesel 
engine has been described on P-V (pressure-volume) diagram in Figure 2.

As well as the high level of compression allowing combustion to take place 
without a separate ignition system, a high compression ratio greatly increases the 
engine’s efficiency. Increasing the compression ratio in a spark-ignition engine 
where fuel and air are mixed before entry to the cylinders is limited by the need to 
prevent damaging pre-ignition. Since only air is compressed in a diesel engine and 
fuel is not introduced into the cylinder until shortly before top dead center (TDC), 
premature detonation is not a problem and compression ratios are much higher.

2.2 Emission control areas

The International Maritime Organization (IMO) member states acknowledged 
the low quality of heavy fuel oil in the field of connection with the high sulphur 
content of fuel on boards. Since the low quality of fuel oil will bring to producing 
exhaust gas fumes such as SOx that leads to acid rain phenomenon. So, it is main 
reason that the most straightway form of reducing acid rain effects is to life crea-
tures due to change-over high sulphur content fuel oil to low sulphur content fuel 
oil at present.

MARPOL 73/78, Annex VI entered into force on May 19, 2005. Regulations 14 
and 18 define the method of controlling sulphur oxide (SOx) emissions on a global 
basis and in defined protected areas called sulphur emission control areas (SECAs 
or ECAs).

Figure 2. 
P-V diagram of 2-stroke diesel engine.
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The aim of the legislation is to reduce SOx emissions from ships to reduce the 
acidification of the atmosphere and the resulting acid rain. This is to be achieved by 
setting a limit on the sulphur content in marine fuels.

Marpol Annex VI, Regulation 14 requires the following:

• A limit on the sulphur content on any fuel used onboard ship, this must not 
exceed 4.5% m/m until January 1, 2012 (currently 3.5% max sulphur).

• The sulphur content on any fuel used onboard a ship operating in a SECA must 
not exceed 1.5% m/m.

• Alternatively, an exhaust gas cleaning system or other approved technological 
method of reducing total SOx emissions from main and auxiliary engines and 
boilers to a maximum of 6.0 g SOx/kWh when operating in a SECA. Controls 
are also set on effluent discharges from such cleaning systems.

• Details of the change-over operation from high sulphur fuel to low sulphur fuel 
when entering a SECA are to be recorded in a log book and also when chang-
ing over to high sulphur fuel when leaving a SECA for an uncontrolled area. 
The procedure is to ensure that all fuels exceeding the 1.5% sulphur limit are 
flushed out of the fuel system prior to entering a SECA.

Marpol Annex VI, Regulation 18 establishes requirements for the quality, sam-
pling and delivery of fuel oil and the keeping of bunker deliver note records.

On the other hand, Annex VI regulations include caps on sulphur content of 
fuel oil when ships sail on ECAs with the SOx emissions and indirectly, PM emis-
sions. Special fuel quality provisions exist for SOx emission control areas (SOx ECA 
or SECA). The sulphur limits and implementation dates are listed in Table 1 and 
illustrated in Figure 3.

Heavy fuel oil (HFO) is used popularly but this fuel needs to meet the require-
ments of MARPOL 83/78 when sailing on ECAs. In addition, the alternative mea-
sures are also allowed (in the SOx ECAs and global) to reduce sulphur emissions, 
such as through the use of scrubbers.

Especially, the Marine Environment Protection Committee, session 69th (MEPC 
69) on April 18–22, 2016 has adopted the limit of low sulphur content fuel oil used 
for marine engines through Table 1 and Figure 3. The MEPC 69 has supplied some 
contents such as mandatory system for collecting ships’ fuel consumption data, 
reduction of Greenhouse Gas (GHG) emissions from ships, the establishment of 
effective dates for the Baltic Sea Special Area, the implementation of the BWM 
(Ballast Water Management) Convention, the energy efficiency of international 

Date Sulphur limit in fuel (% m/m)

SOx ECA (%) Global (%)

2000 1.5 4.5

2010.07 1.0

2012 3.5

2015 0.1

2020 0.5

Table 1. 
Marpol annex VI fuel sulphur limits [4].
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contents such as mandatory system for collecting ships’ fuel consumption data, 
reduction of Greenhouse Gas (GHG) emissions from ships, the establishment of 
effective dates for the Baltic Sea Special Area, the implementation of the BWM 
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Date Sulphur limit in fuel (% m/m)

SOx ECA (%) Global (%)

2000 1.5 4.5

2010.07 1.0

2012 3.5

2015 0.1

2020 0.5

Table 1. 
Marpol annex VI fuel sulphur limits [4].



Diesel and Gasoline Engines

114

shipping, etc. [5]. In where, the fuel oil quality was concerned more since the cost of 
ship operation will be increased due to the requirement of high quality fuel oil. The 
low sulphur content fuel oil will be regulated detail in MEPC 69. Following that, 
to 2020 global sulphur cap implementation date decided in aims with sea envi-
ronmental protection and human health. Due to, January 1st 2020 was confirmed 
as the implementation data for a significant reduction in the sulphur content fuel 
oil used on ships. In addition, the decision about limit of a global sulphur cap of 
0.50% m/m (mass/mass) in 2020 will be applied to all ships. Following discussion, 
the Committee encouraged the fuel oil supply industry to develop the draft best 
practice for fuel oil providers and submit this best practice to the Committee for 
consideration at a future session.

The date of 2020 was agreed in amendments adopted in 2008. In then, those 
amendments were adopted. If it was also agreed that a review should be carried 
out by 2018 in order to assess whether the sufficient compliant fuel oil would be 
available to meet the 2020. On the other hand, the review completed in 2016 and 
submitted to the Marine Environment Protection Committee, session 70th (MEPC 
70) organised in London. So, the new global limit about sulphur content in fuel oil 
of no more than 0.50% m/m in 2020. It is contrasting the current limit of 3.50% 
applied from January 1, 2012 [6].

2.3 MARPOL 73/78, Annex VI (Regulation 14)

The following IMO’s regulations about the International Convention for the 
Prevention of Pollution from Ships, 1974 as modified by the Protocol of 1978 
(MARPOL 73/78) is one of the most important international marine environmen-
tal conventions. This convention was developed by the International Maritime 
Organization (IMO) with a lot of delegates from different country where the 
diversity of ships and nation’s border lies on the sea.

SOx and particular matter (PM) emission controls are applied to all fuel oil, 
combustion equipment and devices due to both of main engine and auxiliary engine 
together generate the harmful gas emission in where contain a lot of other elements 
not only above ones but also carbon dioxide, nitrogen oxide, etc.

Among the SOx controls, the level of sulphur content must be controlled in fuel 
oil varies for designated emission control area (ECA). The existing controls are in 
Table 2.

Under the provisions of MARPOL 73/78, Annex VI, Regulation 14, the avail-
ability of fuel oil to meet the global 0.50% sulphur content in fuel oil used. It is 
determined by the Committee in 2018. Moreover, a Steering Committee (region-
ally represented by Member States) began reviewing of the availability of 0.50% 

Figure 3. 
Marpol annex VI sulphur content limit [4].
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sulphur fuel oil under terms of reference agreed at MEPC 68 with a report submit-
ted to MEPC 70 held in October 2016 [7].

During the period of session time of MEPC 60 has been held from March 22 to 
26, 2010, a lot of views were given out by delegates, a proposal has been adopted 
to amend the MARPOL Convention by designating the areas within 200 nautical 
miles from the coasts of North America and Canada (excluding a part of the areas 
such as the West Coast of Alaska) as the North American Emission Control Area for 
controlling the emissions of NOx, SOx and PM (particulate matter) from August 1, 
2012 (see Figure 4).

Besides that, IMO (International Maritime Organization) also has given out 
the latest emission control regulations about the limit of SOx content exhaust gas 
emission next time. Annex VI, MARPOL 73/78, Regulations for the Prevention of 
Air Pollution from Ships, has been applied since May 2005.

The emission control areas (ECAs) are the Baltic Sea, North Sea and English 
Channel, possibly Mediterranean in August 2007, 200 nautical mile zone at the 
US coast; Californian Air Resources Board (CARB), it is 24 nautical miles of the 
Californian baseline.

Thus, the sulphur oxides (SOx) limit applies to all vessels in the category of ships 
with an engine power output of more than 130 kW. In the regulation 13 of Annex 
VI, MARPOL 73/78 has indicated that NOx emission control requirements for all 
ships installed 130 kW engine. So, the SOx emission control must be complied.

The international general limit on sulphur is reduced from 5% to 4.5% through 
the ISO 8217 fuel standard. International Maritime Organization has specified that 
in the future, this limitation will be imposed on SOx as well as the other components 
into exhaust gas.

Effective date Area other than designated emission 
control area

Designated emission control 
area

Before 1 July 2010 4.50% 1.50%

On and after 1 July 2010 ↓ 1.00%

On and after 1 January 2012 3.50% ↓

On and after 1 January 2015 ↓ 0.10%

On and after 1 January 
2020

0.50% ↓

Table 2. 
Controls on the concentration of sulphur content in fuel oil.

Figure 4. 
The emission control area (ECA).
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Today, ECAs comprise the Baltic Sea, the English Channel and the North Sea, 
however, more areas will be added to these in the future.

California Air Resources Board (CARB) has introduced limits on the use of 
sulphur for distillates [8].

Ports in the European Union Area (European Union—EU) includes EU member 
states, Norway, the Faroe Islands and Iceland applied the regulations about using 
the low sulphur content in shipping transportation industries.

In addition, Ports in Turkey include Istanbul & Marmara, Aegean, 
Mediterranean and Black Sea Regions also admit the limit of sulphur content fuel oil 
in the emission control areas (ECAs).

2.4 Low sulphur fuel oil

The sulphur content of marine fuel depends on the crude oil fuel and the 
refining process. In the combustion process of the engine, sulphur contains into 
the fuel, mixed with oxide after that converted into the sulphur oxides. These 
oxides are corrosive to engine piston liner and must be neutralised by the cylinder 
lubricant. If the correct lubricant is used, the sulphur content of marine fuels is 
technically not important, but sulphur oxides do have environmental implica-
tions. Fuel is the specification of ISO 8217:2010 that is not necessary for compli-
ance with the regulations in force at the vessel’s location. IMO sets the limitation 
regarding the sulphur content of any fuel oil used on board ships. However, the 
low sulphur content fuel oil may have a negative impact on different fuel proper-
ties depending on the fuel type. Table 3 shows the relation between fuel proper-
ties and fuel types.

The types of marine fuel are being used on vessels in order to meet the require-
ments of MARPOL 73/78 Annex VI about low sulphur content fuel oil limit 
including marine gas oil (MGO) and marine diesel oil (MDO). In where, the MGO 
includes DMA, DMX, and DMZ grade. The MDO has DMB grade according to 
ISO 8217. Especially, the ultralow sulphur fuel oil (ULSFO) is a new fuel type 
with sulphur content of no more 0.10% (m/m). It is not traditional distillates, but 
blended products are from refinery streams that have not previously been utilised 
extensively in marine fuel oils [9]. These main properties of fuels above are intro-
duced in Table 4.

The characteristics of ultralow sulphur fuel oil (ULSFO) differ completely 
compared with types of fuel MGO and MDO [11]. There are some other charac-
teristics of fuel oil but in Table 4 only uses the main characteristics include the 
sulphur content, viscosity at 40°C, and flash point of fuel oil. In reality, the ultralow 
sulphur fuel oil is suitable to use low sulphur fuel oil for vessels with advantageous 
characteristics.

2.5 Procedures of change-over HSFO to LSFO for main engine

Emission control areas (ECAs) are designed at sea in order to follow the 
MARPOL 73/78 regulations about reducing of SOx and NOx emissions. In this 
researching, the article is referred to SOx emission into the environment by ships 
due to using the high sulphur content of heavy fuel oil for equipment.

Some local laws regarding air pollution are more stringent than those laid down 
by the IMO. For example, in Europe while the ship is at the port, all the running of 
machinery consumes the type of fuel oil must be less than 0.10% sulphur content.

As the SOx emission is purely dependent on the quality and sulphur content of 
the fuel, while entering emission control areas. It is required to change-over for a 
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low sulphur content fuel oil including flushing of fuel from the system with sulphur 
content more than 1.0% sulphur before entering the emission control areas (ECAs).

For the changing-over to low sulphur fuel oil for main engine is carried out 
under supervising of Chief Engineer. To consider that most of the ships today run at 
high sulphur fuel oil, changing over of fuel at the appropriate time is very impor-
tant. Moreover, looking at today’s economic condition of the industry, it s impera-
tive to change over the fuel from high to low sulphur at the correct time as an early 
change-over will lead to loss of low sulphur oil, which is quite expensive, whereas a 
delay in the changeover procedure will lead to violation of MARPOL Annex VI. This 
is to be done along with using other technologies to reduce SOx and NOx from ships.

Almost all ships are usually installed one service tank and more setting tanks. 
The changing-over of fuel is conducted between tanks each other on ships. So, the 
mixture of two different grades of fuel oils will be happened in order to decrease the 
low sulphur content of fuel oil on ships nowadays [12].

On the other hand, it is provided with changing-over to low sulphur fuel oil 
calculator which tells the correct changing-over time at a certain case that before 
entering an emission control areas (ECAs). This system requires some important 
factors [3]:

• The sulphur content of high sulphur fuel currently in the system;

• The sulphur content of low sulphur fuel;

• The fuel capacities of the main engine system including setting tank, service 
tank, main engine piping and transfer piping from service tank to main engine;

• The capacity of transfer equipment—fuel oil transfers pump and fuel oil 
separators.

Grade MGO MDO ULSFO

DMX DMA DMZ DMB

Sulphur content % (m/m) max. 1.00 max. 1.50 max. 1.50 max. 2.00 max. 0.10

Viscosity at 40°C (cSt) min. 1.40
max. 5.50

min. 1.50
max. 6.00

min. 3.00
max. 6.00

max. 11.0 min. 40
max. 75

Flash point (°C) min. 43 min. 60 min. 60 min. 60 min.70

Table 4. 
Main properties of fuel oil defined in ISO 8217 (2010) [10].

Fuel properties Fuel types

Low viscosity MDO

Lubricity MGO/MDO

Acidity MGO/MDO/HFO

Flash point HGO/MDO/HFO

Ignition and combustion quality HFO

Increased catalytic fines HFO

Table 3. 
Relation between the fuel properties and fuel types.
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high sulphur fuel oil, changing over of fuel at the appropriate time is very impor-
tant. Moreover, looking at today’s economic condition of the industry, it s impera-
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change-over will lead to loss of low sulphur oil, which is quite expensive, whereas a 
delay in the changeover procedure will lead to violation of MARPOL Annex VI. This 
is to be done along with using other technologies to reduce SOx and NOx from ships.

Almost all ships are usually installed one service tank and more setting tanks. 
The changing-over of fuel is conducted between tanks each other on ships. So, the 
mixture of two different grades of fuel oils will be happened in order to decrease the 
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entering an emission control areas (ECAs). This system requires some important 
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Relation between the fuel properties and fuel types.
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Once the change-over time is computed which also accounts for the time of 
intermixing of two different sulphur grades oil (let us suppose 48 h) following 
action are to be taken 48 h prior.

• Ensure that no transfer of high sulphur fuel is carried out any further to set-
tling tank;

• Ensure that the low sulphur bunker tank steam is open for transfer and purifi-
cation of fuel should not have any problem;

• If two separate settling tanks are present, once can be dedicated to low sulphur 
oil which will reduce the changeover period;

• Keep running the separator till the settling tank level reaches minimum;

• If filling of service tank with HSFO increases the calculated time period of 
changeover then stop the separator and drain the settling tank;

• Settling tank can be first drained into fuel oil overflow tank, and then the oil 
drained can be transferred to bunkers tanks containing same grade of oil;

• Once the settling tank is drained from heavy sulphur oil, fill the settling tank 
with low sulphur fuel oil via transfer pump;

• As the separator are stopped, service tank oil will be consumed by main engine 
system;

• Remember not to lower the level of service tank below which the fuel pumps 
cannot take suction;

• Start separators from settling to service tank which be now filling low sulphur 
fuel oil;

• Fill the low sulphur fuel oil into settling tank and service tank as per quantity 
required to cross the ECA calculated by the Chief Engineer as per the voyage 
plan.

3. Impacts on piston-cylinder of main engine using LSFO

3.1 Impact of high sulphur content fuel oil on ship operation

Firstly, to understand the effects of using low sulphur fuel oil to piston-cylinder 
liner component, need to regime of high sulphur content of fuel oil on ship  
operations [9].

The greatest environmental problem of maritime transport is heavy fuel oil 
(HFO) with high value of sulphur content and used popularly for diesel engine. 
Merchant vessels consume the heavy fuel for the marine engines and auxiliary 
engines in order to generate the energy for ship propulsion and electricity, respec-
tively, on board. On the other hand, the unwanted properties elements like as 
incombustible transition metals, polycyclic aromatic hydrocarbons and sulphur 
also exist in heavy fuel oil which are residual oil from petroleum refining process to 
produce the marine diesel oil (MDO), marine gas oil (MGO) and other distillate oil.
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The unwanted properties make HFO price cheaper than distillate fuel oil. 
Intermediate Fuel Oil (IFO) 380 is the most commonly used for ocean-going ves-
sels. Nowadays, some ships usually carry out bunkering oil in Singapore, China, 
Netherland, etc. In reality, the price of fuel oil at some places is different. For 
example, the price of IFO 380 is $311.50/tonne in then the price of DO is $487.00/
tonne in port of Singapore in the year 2017. Port of Rotterdam, the price of IFO 380 
is $282.00/tonne, DO is $460.00/tonne in the year 2017 [13]. The cheaper price of 
HFO is an advantage for ship operators to lower fuel costs considering incremental 
fuel costs if the engine consumes distilled products. It is the main reason why HFO 
is used by most ocean going ships. In fact, fuel costs are a dominant proportion of 
voyage costs accounting for 47%, while voyage costs contribute roughly 40% of 
the total operational costs [14]. Consequently, the fuel costs is the most important 
factor in the voyage costs which should be maintained as low as possible, otherwise 
it will bring negative effects on the total operational costs.

Nevertheless, HFO entails several drawbacks in shipping operation. For exam-
ple, the heavy fuel oil must be heated before injected into the engine combustion 
chamber with the temperature approximately 140°C because of its viscous. Besides 
that it is necessary to equip the sludge tanks to accommodate the sludge of HFO 
which cannot be burnt during combustion process of engine and it must be moved 
on shore. The methods which are treated include as burning into an incinerator on 
ship or transferred to the reception facilities. So, the exhaust fumes are released 
from the combustion process using HFO in diesel engines which is vastly more 
harmful to human health and life environment.

Until now, marine low speed engines and their lubricants have been optimised 
for operation on heavy fuel oil (HFO) with a high sulphur S content. During the 
combustion process is happening, the sulphur S is converted to the sulphur trioxide 
(SO3). In combination with water from the combustion and the scavenge air, SO3 
forms sulphuric acid (H2SO4) is be generated.

When the liner temperature drops below the dew point of sulphuric acid and 
water, a corrosive on the liner wall. The high alkaline lubricants (high-BN oils) 
neutralise the acid and prevent corrosion of piston rings and cylinder liner surfaces.

3.2 Impact of low sulphur content on engine operation

Secondly, when operating on fuels with less than 0.10% S, such as distillates, 
ultra-low sulphur fuel oil (ULSFO) with less than 0.10% S, LNG, methanol, ethane 
and LPG, only small amounts of sulphuric acid are formed in the combustion 
chamber. The cylinder lube oil additives are then not used for the designed purpose 
and they tend to build up as deposits. These deposits may disturb the lube oil film 
and obstruct the piston ring movement, which could lead to micro-seizures on the 
piston rings and liner and increase the risk of scuffing. Deposit formation and the 
total lack of corrosion increase the risk of bore-polishing, which could also lead to 
increased wear and scuffing. For engines operating continuously on fuels with less 
than 0.10% S.

3.3 Impact of emission control area (ECA) on the ship operation

Emission control area (ECA) has been adopted by IMO members, the countries 
need follow the IMO’s regulations about using low sulphur content fuel oil from 
now until 2020.

The availability of low sulphur fuel oil is a major issue in ECA implementa-
tion. For this purpose, EPA (Environmental Protection Agency) confirms LSFO 
under 1% available within the US ECA [15]. Therefore, Canada should also be able 
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to provide adequate LSFO in the ports in its territorial waters. Since the scheme 
requires more stringent control of sulphur content in fuel to 0.10% from 2015, due 
to the fuel consumption is the greatest problem for all ships and ship owners under 
pressure of high fuel price nowadays (Figure 5). Table 5 describes the cost of SOx 
and NOx emission regulation.

Table 5 shows that operating costs will attribute to the total costs to comply with 
ECA standard. For the existing ships, the changeable prices will be varied around 
$2.07 billions in 2020. In then, the new building ships will spend at least $3.2 bil-
lions to install appropriate hardware and to use distillate fuel and urea in 2020.

3.4 Impact of low sulphur fuel oil on diesel engine

3.4.1 Lack of lubricity

Lubricity is the ability to generate a hydrodynamic lubrication film (oil wedge). 
To ensure that a given low sulphur marine gas oil, the significant value of the 
lubrication oil needs to provide enough. Following the fuel is tested under the 
ISO 12156-1 (EN 590) High Frequency Reciprocating Rig (HFRR) protocol. This 
standard is required at a maximum wear scare rate if 460 μm. However, the refiner-
ies add a lubricity additive in case of EN 590 requirements are not completed. The 
higher value of HFRR is showed in Figure 6.

The reduction of the lubricity in low sulphur fuel oil will be risked to the 
marine fuel oil pump system. Its result will be caused the excessive wear and 
premature failure. So, the special lubrication oil must be used to add lubricity and 
prevent carbon deposition that is called lacquering. On the other hand, the largest 
contribution to diesel engine lubricity system comes from the trace amounts of 
surface-active polar compounds forming a protective layer on the metal surface, 
thus enhancement of the boundary lubrication. The most active polar materials 
naturally occurring in diesel fuel are hetero-compounds containing nitrogen and 
oxygen. The hydro-desulphurization (HDS) process which removes sulphur content 
also removes these polar compounds, resulting in very poor lubricity characteristics 
and exposing pumping systems to damage and potential catastrophic failure. It is 
main reason that the lower fuel lubricity can be seen as abrasive wear of fuel system 
components. It is not sufficient fuel to supply to the plungers, barrels and injectors.

The proper lubrication in a marine plunger/barrel fuel pump depends on a 
balance between both hydrodynamic lubrication (Figure 7) and boundary lubrica-
tion (Figure 8). Hydrodynamic lubrication occurs when two surfaces are in motion 
to each other and are separated by a liquid film that carries the applied load. The 
result is collected to make a low friction and minimal wear between two surfaces 
(Figure 7).

Type of cost Compliance strategy Cost in 2020 
(billions USD)

Operating costs (apply to all ships) Fuel switching $ 1.9

Urea consumption (for SCR-equipped 
engines)

$ 0.17

Hardware costs (apply to ships built 
in 2020)

Fuel switching $ 0.03

SCR $ 1.1

Total costs $ 3.2

Table 5. 
The total of compliant SOx and NOx emission regulation.
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In contrast, the boundary lubrication happens when the liquid film becomes thin 
to the point that it attains the same thickness as the surface roughness of the high 
points of the two interfacing solid surface contact, the fuel must have sufficient 

Figure 5. 
The diagram of sulphur content limit in ECAs.

Figure 6. 
HFRR test.

Figure 7. 
Hydrodynamic lubrication.
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lubricity to prevent increased friction and wear. The boundary lubrication is critical 
in three different situations, namely on initial start-up with insufficient liquid film, 
at low speed operations when not enough fuel is pumped to provide a satisfactory 
film and at very high speed operation when high pressure within the pump dimin-
ishes the film thickness (Figure 8).

A viscosity range 12–16 centistokes is sufficient to provide adequate hydrody-
namic lubrication. Viscosity of low sulphur MGO varies from 1.5 to 3.0 cSt. In that 
case the protective fuel film between the surfaces of the barrel and plunger becomes 
dangerously thinner resulting is increased metal to metal contact even if fuel 
viscosity is increased through chilling or cooling. The difference between boundary 
and hydrodynamic lubrication is depicted.

Unfortunately the IMO regulation only regulates the sulphur content and 
no other fuel specifications are addressed. Low sulphur fuel with good lubricity 
characteristics is expected to be more expensive. Owners should not opt for less 
expensive fuel quantities, which will result in wear of fuel pump and injection 
components, bad combustion and engine wear and damages.

3.4.2 Fuel stability

The hydro-desulphurization (HDS) removes a large measure of aromatic 
content, resulting in reduced ignition quality. It also removes naturally occurring 
anti-oxidants that provide both physical and thermal stability of the fuel. Absence 
of natural anti-oxidants leads to the formation of hyper-peroxides, which can result 
in acid corrosion attach of fuel pump systems and pump seal failure. Especially, the 
formation of hyper-peroxide in fuel oil happens quickly at high temperature and it 
causes the negative influence on the fuel oil system. Oxidation process also produces 
gums, polymers and other insolubles. Standards to detect hyper-peroxide contami-
nation are available.

The inherent instability of low sulphur fuel poses four critical threats to safe 
marine engine operation, namely degraded ignition quality, excessive engine 
deposits, an increase in visible particular emissions and excessive sludge production 
and fuel system fouling. Reduced stability of the fuel can also result increased emis-
sions. Low sulphur marine fuels often produce excessive unburned hydrocarbon 
and visible particulate emissions (smoke opacity). Poor stability may result in the 
formation of gum and sludge during storage as well as deposit formation on injec-
tion nozzles and gumming of valves.

Poor physical stability can result in problems with fuel compatibility, particular 
when transitioning from operation on heavy fuel to low sulphur marine gas oil. 
Since some marine gas oils will be stored aboard the vessel for prolonged time 

Figure 8. 
Boundary lubrication.
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periods, fuels of poor stability characteristics will suffer accelerated degradation, 
resulting in reduced ignition quality and degraded engine operation.

3.4.3 Low fuel viscosity

Low sulphur distillates have relatively low viscosity, ranging from 1.5 to 3.0 cSt. 
Fuel pumps depend upon an appropriate viscosity to meet required volumetric 
capacity, an especially important consideration in maintaining proper feed rates. 
ISO 8217 states minimum viscosities for DMX, Distillate Marine Oil of Class X, 
of 1.4 cSt at 40°C and DMA, Distillate Marine Oil of Class A, of 1.5 cSt at 40°C. A 
rule of thumb value advised by the makers is 2 cSt at engine inlet [10]. Ambient 
temperature in an engine room easily reaches 40°C and sometimes even higher—in 
some cases as much as 55°C. Adding excessive heat from pipes and engines will 
raise the temperature even further and as consequence viscosity will fall, causing 
a significant change of operating conditions in the system. Mercifully, the lower 
the viscosity at 40°C the more gradual the fall of viscosity with temperature rise as 
depicted in Figure 9.

The lower viscosity will reduce the film thickness between the fuel pump 
plunger and casing and in the fuel valves leading to excessive wear and possible 
sticking, causing failure of the fuel pump. Special fuel injection pumps may be 
available that are more suitable for this type of fuel, such as tungsten carbide coated 
pumps, or a fuel pump lubrication system could be installed. Any new types of fuel 
injection equipment installed to address lubrication issues shall be certified by the 
engine maker to maintain engine compliance with emission standards and may 
require re-certification of engines.

4.  Methods to restrict from affectation of using low sulphur  
fuel oil (LSFO)

Following the operation experience associates with the properties of the low 
sulphur fuel oil. The use of low sulphur fuel oil for marine diesel engine has caused 
the corrosion between piston-cylinder liner components due to the cylinder liner 

Figure 9. 
Viscosity versus temperature [16].



Diesel and Gasoline Engines

122

lubricity to prevent increased friction and wear. The boundary lubrication is critical 
in three different situations, namely on initial start-up with insufficient liquid film, 
at low speed operations when not enough fuel is pumped to provide a satisfactory 
film and at very high speed operation when high pressure within the pump dimin-
ishes the film thickness (Figure 8).

A viscosity range 12–16 centistokes is sufficient to provide adequate hydrody-
namic lubrication. Viscosity of low sulphur MGO varies from 1.5 to 3.0 cSt. In that 
case the protective fuel film between the surfaces of the barrel and plunger becomes 
dangerously thinner resulting is increased metal to metal contact even if fuel 
viscosity is increased through chilling or cooling. The difference between boundary 
and hydrodynamic lubrication is depicted.

Unfortunately the IMO regulation only regulates the sulphur content and 
no other fuel specifications are addressed. Low sulphur fuel with good lubricity 
characteristics is expected to be more expensive. Owners should not opt for less 
expensive fuel quantities, which will result in wear of fuel pump and injection 
components, bad combustion and engine wear and damages.

3.4.2 Fuel stability

The hydro-desulphurization (HDS) removes a large measure of aromatic 
content, resulting in reduced ignition quality. It also removes naturally occurring 
anti-oxidants that provide both physical and thermal stability of the fuel. Absence 
of natural anti-oxidants leads to the formation of hyper-peroxides, which can result 
in acid corrosion attach of fuel pump systems and pump seal failure. Especially, the 
formation of hyper-peroxide in fuel oil happens quickly at high temperature and it 
causes the negative influence on the fuel oil system. Oxidation process also produces 
gums, polymers and other insolubles. Standards to detect hyper-peroxide contami-
nation are available.

The inherent instability of low sulphur fuel poses four critical threats to safe 
marine engine operation, namely degraded ignition quality, excessive engine 
deposits, an increase in visible particular emissions and excessive sludge production 
and fuel system fouling. Reduced stability of the fuel can also result increased emis-
sions. Low sulphur marine fuels often produce excessive unburned hydrocarbon 
and visible particulate emissions (smoke opacity). Poor stability may result in the 
formation of gum and sludge during storage as well as deposit formation on injec-
tion nozzles and gumming of valves.

Poor physical stability can result in problems with fuel compatibility, particular 
when transitioning from operation on heavy fuel to low sulphur marine gas oil. 
Since some marine gas oils will be stored aboard the vessel for prolonged time 

Figure 8. 
Boundary lubrication.

123

Some Methods to Prevent the Wear of Piston-Cylinder When Using Low Sulphur Fuel Oil…
DOI: http://dx.doi.org/10.5772/intechopen.89400

periods, fuels of poor stability characteristics will suffer accelerated degradation, 
resulting in reduced ignition quality and degraded engine operation.

3.4.3 Low fuel viscosity

Low sulphur distillates have relatively low viscosity, ranging from 1.5 to 3.0 cSt. 
Fuel pumps depend upon an appropriate viscosity to meet required volumetric 
capacity, an especially important consideration in maintaining proper feed rates. 
ISO 8217 states minimum viscosities for DMX, Distillate Marine Oil of Class X, 
of 1.4 cSt at 40°C and DMA, Distillate Marine Oil of Class A, of 1.5 cSt at 40°C. A 
rule of thumb value advised by the makers is 2 cSt at engine inlet [10]. Ambient 
temperature in an engine room easily reaches 40°C and sometimes even higher—in 
some cases as much as 55°C. Adding excessive heat from pipes and engines will 
raise the temperature even further and as consequence viscosity will fall, causing 
a significant change of operating conditions in the system. Mercifully, the lower 
the viscosity at 40°C the more gradual the fall of viscosity with temperature rise as 
depicted in Figure 9.

The lower viscosity will reduce the film thickness between the fuel pump 
plunger and casing and in the fuel valves leading to excessive wear and possible 
sticking, causing failure of the fuel pump. Special fuel injection pumps may be 
available that are more suitable for this type of fuel, such as tungsten carbide coated 
pumps, or a fuel pump lubrication system could be installed. Any new types of fuel 
injection equipment installed to address lubrication issues shall be certified by the 
engine maker to maintain engine compliance with emission standards and may 
require re-certification of engines.

4.  Methods to restrict from affectation of using low sulphur  
fuel oil (LSFO)

Following the operation experience associates with the properties of the low 
sulphur fuel oil. The use of low sulphur fuel oil for marine diesel engine has caused 
the corrosion between piston-cylinder liner components due to the cylinder liner 

Figure 9. 
Viscosity versus temperature [16].



Diesel and Gasoline Engines

124

lubrication oil with low BN (Base Number). It is primarily obtained from stationary 
engines, operating at 100% load and 100% rpm in high ambient conditions.

4.1 To provide the appropriate lubrication oil quality

Using of low sulphur fuel oil for marine diesel engine will be momentum for 
causing the sulphuric acid (H2SO4) in the combustion chamber. This process is 
made from the progress chain in Figure 10.

To neutralise the acid generated, the cylinder liner lubrication oil must contain 
alkaline components by mean of using calcium salts. Normally, the Base Number 
(BN or TBN) is a measure of the cylinder liner lubrication oil’s ability to neutralise 
acid because the higher BN, the more acid can be neutralised.

So the Base Number (BN) is very important parameter in controlling the corro-
sion on the cylinder liner surface. To control corrosion is not avoiding corrosion so it 
is important to ensure the proper tribology needed for creation of the lubrication oil 
film. It the neutralisation of the acid is too efficient, the cylinder liner surface has a 
risk of being polished. It is leading to the lubrication oil film damaged and the risk 
of the scuffing increases.

On the other hand, the operation of engine with an unmatched BN/fuel sulphur 
content could increase the risk of either scuffing or excessive corrosive wear.

To make a comparison between using of the different BN lubrication oil for the 
cylinder line with the same type of low sulphur fuel oil.

Figure 11. 
Cylinder liner surface with BN40. ‘Open’ graphite structure with good tribological abilities.

Figure 10. 
Chemical conversion of sulphur to sulphuric acid.
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Like as Figures 11 and 12, it is used the different BN lubrication oil will make 
the changeable graphite structure on the cylinder liner surface. By using of BN40 
lubrication oil will create the ‘open’ graphite structure with good tribological abili-
ties in contrast to using BN70 lubrication oil has the ‘closed’ graphite structure with 
reduced tribological abilities.

It is essential for a good cylinder condition and performance that keeps an ‘open’ 
graphic structure on the cylinder liner surface so that a hydro-dynamic oil film is 
always kept between the piston-rings and cylinder walls at all times.

Therefore, it runs on low sulphur fuel oil that is considered more complex due 
to the relationship between liner corrosion and scuffing resistance, dry lubrication 
properties from elements in the fuel (or lack of same), the interaction between the 
BN in the cylinder oil and the detergency level, possible sulphur of alkaline addi-
tives, the piston ring pack, etc.

The appropriate operation of diesel engine is very important especially when it 
operate at the low sulphur fuel oil. Due to the selection of the low BN cylinder liner 

Figure 12. 
Cylinder liner surface with BN70. ‘Closed’ graphite structure with reduced tribological abilities.

Figure 13. 
The blend on board (BOB) system for main diesel engine lubricating oil.
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lubrication oil is carried out carefully. In this research, OEMs (Original Equipment 
Manufactures) recommend the regular testing of scrape down oil for residual BN 
and Fe content and adjustments to BN of cylinder oil and feed rate to suit. They pro-
vide the charts showing the safe zones for the results of the testing and adjustments. 
In Figure 13, the blending on board system is given out in aim with regulating the 
lubricating oil quality for main diesel engines according to the use of low sulphur 
content fuel oil nowadays.

The lubricating oil for main diesel engine is regulated through onboard 
blender from using the system lubricating oil and additives. This task will meet 
the BN characteristics of lubricating oil in process of using low sulphur content 
fuel oil for main diesel engines. The scheme of blend on board system is repre-
sented in Figure 13.

The use of BOB system will get benefit to obtain the lubricating oil feed rate 
depending on variable BN characteristic. And then, it will increase the lubricity of 
lubricating oil for main diesel engines in case of using low sulphur content fuel oil 
onboards.

In a result, it is recommended for using the BN40-BN70 for cylinder liner 
lubrication oil at feed rate of large bore (Figure 14). The selection of appropriate 
lubrication oil depends on the low sulphur content in marine fuel.

4.2 To equip the cooler in the fuel oil system

The fuel oil viscosity is very important because it decides the ignition quality of 
fuel oil in diesel engine combustion chamber. Since the main engine must change-
over to low sulphur fuel oil when the ship sails into the emission control areas 
(ECAs) with low viscosity. So, the best method that has solved this problem is the 
cooler in the fuel oil system.

It is necessary to instant cooler in the fuel oil system in order to maintain the 
required viscosity at the engine inlet fuel oil (Figure 15).

On the other hand, the hydrodynamic characteristics of fuel oil are completely 
dependent on the fuel oil temperature and fuel oil viscosity. The fuel oil system con-
tains supporting equipment such as pumps (transfer pump, supply pump, booter 
pump, fuel oil pump, etc.), filters, heaters and coolers. So it is necessary to concern 

Figure 14. 
Use of BN40, BN50, BN60 and BN70 for cylinder liner lubrication oil.
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about the fuel oil viscosity. In this chapter, it describes the depend between the fuel 
oil viscosity and temperature in Figure 16. It is useful to ensure the appropriate 
temperature of fuel oil flows in the system.

The horizontal axis shows the fuel viscosity in cSt. Its value is taken from the 
bunker analysis report. In the case if the temperature of the MGO (marine gas oil) 
is below the lower blue curve at engine inlet, the viscosity must be above 3 cSt.

Furthermore, the black thick line shows the viscosity at reference condition at 
40°C according to ISO 8217. Minimum viscosity for marine distillate DMX, DMA, 
DMB and DMZ are indicated.

Moreover, there are a lot of factors that influence the viscosity tolerance during 
the engine operation during of the time from the start point to the normal opera-
tion. These include engine condition and maintenance, fuel pump wear, engine 

Figure 15. 
Fuel oil system with fuel oil cooler.

Figure 16. 
Fuel oil temperature and viscosity [9].
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fuel oil for main diesel engines. The scheme of blend on board system is repre-
sented in Figure 13.
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It is necessary to instant cooler in the fuel oil system in order to maintain the 
required viscosity at the engine inlet fuel oil (Figure 15).

On the other hand, the hydrodynamic characteristics of fuel oil are completely 
dependent on the fuel oil temperature and fuel oil viscosity. The fuel oil system con-
tains supporting equipment such as pumps (transfer pump, supply pump, booter 
pump, fuel oil pump, etc.), filters, heaters and coolers. So it is necessary to concern 

Figure 14. 
Use of BN40, BN50, BN60 and BN70 for cylinder liner lubrication oil.
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about the fuel oil viscosity. In this chapter, it describes the depend between the fuel 
oil viscosity and temperature in Figure 16. It is useful to ensure the appropriate 
temperature of fuel oil flows in the system.

The horizontal axis shows the fuel viscosity in cSt. Its value is taken from the 
bunker analysis report. In the case if the temperature of the MGO (marine gas oil) 
is below the lower blue curve at engine inlet, the viscosity must be above 3 cSt.

Furthermore, the black thick line shows the viscosity at reference condition at 
40°C according to ISO 8217. Minimum viscosity for marine distillate DMX, DMA, 
DMB and DMZ are indicated.

Moreover, there are a lot of factors that influence the viscosity tolerance during 
the engine operation during of the time from the start point to the normal opera-
tion. These include engine condition and maintenance, fuel pump wear, engine 

Figure 15. 
Fuel oil system with fuel oil cooler.

Figure 16. 
Fuel oil temperature and viscosity [9].
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pump wear, engine adjustment, actual fuel temperature in the fuel system, human 
factor, etc.

The effective operation plays an important role to maintain in good condition for 
devices and equipment in the fuel oil system. The makers of marine diesel engine 
(MAN B&W) recommend to operate the engine with viscosity of fuel oil above 3 
cSt when using the low sulphur content fuel oil.

4.3 Lubricity-improvement additive for low sulphur diesel oil

The use of low sulphur content fuel oil will be applied widely for all ships oper-
ate outside the emission control areas (ECAs) from 2020 with no more of 0.50% 
m/m. This regulation will impact positively on the environment due to the reduc-
tion of sulphur dioxide (SO2) emissions from engine exhaust gas. However, there 
will be a lack of lubrication oil. Its effect includes abnormal friction and operational 
defects, crucial parts of engines such as the fuel-supply pumps and fuel-injection 
pumps. As a result, the additives for low sulphur diesel oil are used in order to 
improve the lubricity of low sulphur marine gas oils with aims in keeping the safe 
vessel operations as well as protecting the environment.

Yunic 700LS is used in order to improve the lubricity for low sulphur marine gas 
oil (LSMGO) and low sulphur marine diesel oil (LSMDO) with standard dosing rate 
of 1/2500 (Figure 17). Its effect is addressed to prevent the abnormal wear and stick 
the fuel injection pump and fuel pump of marine diesel engine by the low lubricity 
of fuel oil. There are lots of other similar products which are used for increasing the 
lubricity ability of low sulphur diesel oil. The comparison between other products is 
showed in Table 6.

In addition, the blending Yunic 700LS into the low sulphur, the low lubricity 
ability of marine gas oils (MGO) was verified through an HFRR (High Frequency 
Reciprocating Rig) test (Figure 18). The HFRR is currently approved and then 
it is a standard index for evaluating lubricative ability of low sulphur fuel oil. 

Figure 17. 
Yunic 700LS.
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In particular, the HFRR uses a ball in which a load is applied. Then, the ball will 
reciprocate on a metal surface immersed in the test of fuel oil. Finally, the size of the 
scars created on the ball is used to assess the lubricative ability of fuel oil.

Products Advantages Inconvenients

Yunic 
700LS

• Improve the lubricity of low sulphur fuel oil

• Prevent the stick phenomenon of fuel oil 
injection pumps

• Disable to prevent the emulsion 
phenomenon

• Disable to prevent the sludge dispersion 
of low sulphur heavy fuel oil

• Lower price than Yunic 750 LS-F

Yunic 300 Separate the water out of oil from emulsion 
phenomenon

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
555D

• Increase the sludge dispersion of low 
sulphur heavy fuel oil

• Improve the combustion process of diesel 
engine when using low sulphur fuel oil

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
650-II

• Increase the sludge dispersion of low 
suphur fuel oil

• Increase the melting point of ash factor of 
low sulphur fuel oil

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
600S-II

• Increase the melting point of ash factor of 
low sulphur fuel oil

• Decrease the gas leakage phenomenon from 
exhaust valve of diesel engine

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
600SX

Prevent the slag formation with high content 
of vanadium of low sulphur fuel oil

• Disable to increase the lubricity ability 
of low sulphur fuel oil

• Normally used for marine boiler

Yunic 
750LS-F

• Increase the lubricity ability of low sulphur 
fuel oil

• Prevent the mould sludge of fuel oil

• Disable to prevent the emulsion 
phenomenon

• Disable to prevent the sludge dispersion 
of low sulphur heavy fuel oil

Table 6. 
The comparison between same other products.

Figure 18. 
High Frequency Reciprocating Rig (HFRR) test method.



Diesel and Gasoline Engines

128

pump wear, engine adjustment, actual fuel temperature in the fuel system, human 
factor, etc.

The effective operation plays an important role to maintain in good condition for 
devices and equipment in the fuel oil system. The makers of marine diesel engine 
(MAN B&W) recommend to operate the engine with viscosity of fuel oil above 3 
cSt when using the low sulphur content fuel oil.

4.3 Lubricity-improvement additive for low sulphur diesel oil

The use of low sulphur content fuel oil will be applied widely for all ships oper-
ate outside the emission control areas (ECAs) from 2020 with no more of 0.50% 
m/m. This regulation will impact positively on the environment due to the reduc-
tion of sulphur dioxide (SO2) emissions from engine exhaust gas. However, there 
will be a lack of lubrication oil. Its effect includes abnormal friction and operational 
defects, crucial parts of engines such as the fuel-supply pumps and fuel-injection 
pumps. As a result, the additives for low sulphur diesel oil are used in order to 
improve the lubricity of low sulphur marine gas oils with aims in keeping the safe 
vessel operations as well as protecting the environment.

Yunic 700LS is used in order to improve the lubricity for low sulphur marine gas 
oil (LSMGO) and low sulphur marine diesel oil (LSMDO) with standard dosing rate 
of 1/2500 (Figure 17). Its effect is addressed to prevent the abnormal wear and stick 
the fuel injection pump and fuel pump of marine diesel engine by the low lubricity 
of fuel oil. There are lots of other similar products which are used for increasing the 
lubricity ability of low sulphur diesel oil. The comparison between other products is 
showed in Table 6.

In addition, the blending Yunic 700LS into the low sulphur, the low lubricity 
ability of marine gas oils (MGO) was verified through an HFRR (High Frequency 
Reciprocating Rig) test (Figure 18). The HFRR is currently approved and then 
it is a standard index for evaluating lubricative ability of low sulphur fuel oil. 

Figure 17. 
Yunic 700LS.

129

Some Methods to Prevent the Wear of Piston-Cylinder When Using Low Sulphur Fuel Oil…
DOI: http://dx.doi.org/10.5772/intechopen.89400

In particular, the HFRR uses a ball in which a load is applied. Then, the ball will 
reciprocate on a metal surface immersed in the test of fuel oil. Finally, the size of the 
scars created on the ball is used to assess the lubricative ability of fuel oil.

Products Advantages Inconvenients

Yunic 
700LS

• Improve the lubricity of low sulphur fuel oil

• Prevent the stick phenomenon of fuel oil 
injection pumps

• Disable to prevent the emulsion 
phenomenon

• Disable to prevent the sludge dispersion 
of low sulphur heavy fuel oil

• Lower price than Yunic 750 LS-F

Yunic 300 Separate the water out of oil from emulsion 
phenomenon

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
555D

• Increase the sludge dispersion of low 
sulphur heavy fuel oil

• Improve the combustion process of diesel 
engine when using low sulphur fuel oil

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
650-II

• Increase the sludge dispersion of low 
suphur fuel oil

• Increase the melting point of ash factor of 
low sulphur fuel oil

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
600S-II

• Increase the melting point of ash factor of 
low sulphur fuel oil

• Decrease the gas leakage phenomenon from 
exhaust valve of diesel engine

Disable to increase the lubricity ability of 
low sulphur fuel oil

Yunic 
600SX

Prevent the slag formation with high content 
of vanadium of low sulphur fuel oil

• Disable to increase the lubricity ability 
of low sulphur fuel oil

• Normally used for marine boiler

Yunic 
750LS-F

• Increase the lubricity ability of low sulphur 
fuel oil

• Prevent the mould sludge of fuel oil

• Disable to prevent the emulsion 
phenomenon

• Disable to prevent the sludge dispersion 
of low sulphur heavy fuel oil

Table 6. 
The comparison between same other products.

Figure 18. 
High Frequency Reciprocating Rig (HFRR) test method.



Diesel and Gasoline Engines

130

In HFRR test, the lubricity indexes of light fuel oil are tested, the wear scar 
diameter of low sulphur fuel oil is about 600 μm. Addition of 200 pm with 1/5000 
is standard addition rate of Yunic 700LS, the wear scar diameter is reduced to 
460 μm or less, which is the specification recommended by engine manufacturers 
(Figure 19).

So, the engine manufacturers suggest using with HFRR wear scar diameter of 
460–520 μm or less. In reality, the use of fuel oil has a lower lubricity that will lead 
to the corrosion of fuel injection pump and fuel pump of main diesel engine on 
ships.

4.4 Alpha adaptive cylinder-oil control (alpha ACC)

The Alpha Lubricator System is available for all MAN B&W MC/MC-C two-
stroke diesel engines (Figure 20) [16].

The Alpha Lubricator System has an algorithm controlling cylinder oil dosage 
proportional to the sulphur content in the fuel. And, this algorithm is considered as 
Alpha Adaptive Cylinder-oil Control (Alpha ACC).

Figure 20. 
Alpha lubricator system.

Figure 19. 
Relationship of addition rate of Yunic 700LS and HFRR.

131

Some Methods to Prevent the Wear of Piston-Cylinder When Using Low Sulphur Fuel Oil…
DOI: http://dx.doi.org/10.5772/intechopen.89400

The advantage of Alpha Adaptive Cylinder-oil Control (Alpha ACC) in field 
of saving cylinder oil then a large scale testing programme is in progress on MAN 
B&W MC/MC-C type engines in service for a number of owners. In addition, to 
save the cylinder oil consumption will protect the environment from impacting on 
ship operation by Alpha Lubricator System.

The testing programme includes large bore engines for both container ships 
(K-MC/MC-C) and for VLCC propulsion (S-MC/MC-C), as well as small and 
medium bore MC/MC-C engines [16].

The cylinder oil dosage is proposed to an amount of sulphur content percentage 
in fuel oil. The cylinder oil dosage shall be proportional to the sulphur percent-
age in the fuel oil in Figure 21. On the other hand, the cylinder oil dosage shall be 

Figure 21. 
Cylinder oil dosage versus sulphur percentage in the fuel oil.

Figure 22. 
Load-proportional cylinder oil dosage is used by alpha ACC.
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proportional to the engine load like this amount of fuel admitted into the cylinders. 
This one will decide an optimal cylinder oil dosage with sulphur content in the fuel 
oil admitted into the cylinders.

Furthermore, it is very important to determine the cylinder oil dosage admit-
ted into the cylinder line in aims with saving amount of cylinder oil following the 
sulphur content percentage in fuel oil used.

In Figure 22, the control of cylinder oil dosage proportional to the engine load 
together with revolution per minute (rpm)-proportional and mep-proportional 
lubrication. In case of part load, load-proportional cylinder oil dosage will provide 
large cost saving and reduce environmental pollution due to excessive lubrication. 
Additionally, if it is below 25% load, the load-proportional lubrication will stop and 
rpm-proportional lubrication will take over.

5. Conclusion

In this chapter, the new regulations for sea environment protection have been 
introduced through IMO and MARPOL 73/78 for all vessels that operate on special 
areas (ECAs). Especially, the IMO decision of 0.50% m/m sulphur content limit in 
marine fuel oil after 2020 is definite and no further decision till the date has hap-
pened. So, some methods have been represented including the use of an appropriate 
lubrication oil quality for diesel engine on ships, installing the cooler in fuel oil 
system, improving the additive for low sulphur fuel oil and using the alpha adaptive 
cylinder oil control (Alpha ACC). This research will be meaningful solutions for all 
ships to comply with the new regulations when sailing on ECAs.
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Chapter 7

Ecological Predictive Maintenance
of Diesel Engines
António Simões, José Torres Farinha and Inácio Fonseca

Abstract

The ecological predictive maintenance (EPM) of diesel engines is a great contri-
bution to improve the environment and to stimulate good practices with good
impact in the human health. The ecology is a rapidly developing scientific discipline
with great relevance to a sustainable world, whose development is not complete as a
mature theory. There are, however, general principles emerging that may facilitate
the development of such theory. In the meantime, these principles can serve as
useful guides for EPM. According to the state of the art, it can be stated that through
prediction algorithms, the equipment’s performance can be improved. To support
this approach, it is necessary to implement a good condition monitoring mainte-
nance. The result permits to maximise the time spacing between interventions and
to increase the reliability levels. The condition variables of each equipment can be
monitored according to their specificity, such as temperature, humidity, pollutant
emissions (NOx, CO2, HC and PM), emitted noise, etc. The environment where the
equipment is inserted also must be considered. The assessment of the equipment’s
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The e-maintenance is expanding in many industrial domains. Diesel engines
segment is being revealed as one of the most important in its application. e-
Maintenance is synonymous of effectiveness and efficiency, both by operators and
the society in general. It permits to make anticipate diagnosis and prognosis
conducting to a better organisation and people performance. This is the way to
increase data precision and the decision confidence level.

To summarise, it can be said that e-maintenance allows to reduce human inter-
vention, because it is a powerful mechanism, used in automatic mode to determine
on-the-fly changes in the engine condition. This approach uses information and
communication technologies (ICT) to provide, automatically, logistical support for
the technicians.

The development presented in this chapter is supported on a distributed acqui-
sition system with intelligent processing. This process helps to reduce engine
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emissions and, simultaneously, decreases costs for people, families, companies and
organisations.

The solution can be extended to alert in general for the need of inspection of the
vehicles that circulate in a certain street arch. This is one way to contribute to
reduce the environmental impact and to improve the life quality in the urban
centres.

An application was developed using MatLab, in which the algorithms based on
HMM were coded. Other specific developments have been added by other lan-
guages such as PHP, SQL, etc. The sensing equipment includes vibration monitor-
ing, emission gas analysis, sonometer, opacimeter and high-resolution digital
camera. Some of these devices already integrate a remote transmission system.

Detection and decision of the action to be done and the alarm triggering are
made in worthy time, allowing to schedule interventions before failures and high
damages.

The equipment that emits pollutants can be monitored through the measure-
ment of HC, CO2, NOx, PM, vibration and noise, allowing to determine the state of
the equipment [1].

The focus is to implement a model that aggregates the contributions of the
information obtained from the monitored variables and their behaviour over time,
in order to determine the current state and the next one. Usually, the following
situations may happen: the sequence of states is linked; the current state can be
predicted by the previous ones. The precedent cases are suitable to be managed by
HMM that can handle many variables.

The positioning among well-defined objectives, like maintenance, costs and
operational processes, is fundamental.

In the case of diesel engines, the usual is to use schedule maintenance based on
distance travelled or time elapsed. Another less frequent, but available, hypothesis
is to check the quality of the oil and replace it if necessary. Recent models of some
brands already have an oil sensor that gives this information to the vehicle’s com-
puter and the driver’s panel.

e-Maintenance is an e-management supporting tool based on several views and
perspectives. It can be defined as:

• Intelligent system with resources for information gathering, processing and
decision-making. It includes transmission technology, sensor technology,
maintenance activities—logistics, maintenance plans, etc., as well as diagnostic
and prognostic capabilities—sensors, computer power, digital information and
smart algorithms.

• e-Maintenance gives access to maintenance aspects like the following:

i. Remote maintenance

ii. Predictive maintenance

iii. Real-time maintenance

iv. Collaborative maintenance

The increasingly technological development allows the construction of intelli-
gent equipment with the capacity for sensing, processing and transmission,
allowing alarms and real-time events depending on the diesel engine’s state.

This digital information allows to use condition-based maintenance (CBM) as
part of the e-maintenance solution.
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Maintenance information enables not only to increase the effectiveness and
efficiency of the diesel engines but also to provide the persons with informative
internet services. For example, the information about unexpected maintenance
activities within a diesel engine and maintenance process enables opportunistic
maintenance in order to reduce the negative impact [2].

Simultaneously, the same information can be correlated to spatial data in order
to provide better decision support for a route planning aimed for the consumer—
offering good information is essential about the services that support the perfor-
mance contributing to greater consumer satisfaction of services. Managers and
technicians recognise the relevance of the oil analysis applied to fleet predictive
maintenance based on condition monitoring [3]. This considerably decreases the
reaction time to solve critical problems of diesel engines and optimises overall
equipment and vehicle trustworthiness [4].

The projected model (Figure 1) describes an integrated platform that is called
the diesel engine e-maintenance (DEEM) that includes the items of the subsystem
visible in Figure 1.

This model contains a sub-item called ecological predictive maintenance (EPM)
based on environmental indicators [5].

In the EPM, the emission spectrum and the HMM are the innovative matter
presented in this chapter. The motivation is based on the usefulness of the emission
spectrum and its coherence, which can be used in a viable way by specialists who
perform condition monitoring through wireless technology.

At present time, the new hardware and software solutions require a more com-
plex integration and communication among the several pieces of this complex
“puzzle”.

One thing that concerns since the first time is the simplicity, friendliness and
low cost of all system. The central system is based on a Linux server running Apache
web server and PostgreSQL database. All system is available through IPv4 connec-
tivity from the acquisition system level to the Linux server. Data acquisition can be
done using special low-cost hardware, as also by high-performance acquisition
systems, like National acquisition hardware using LabView, obtainable by IPv4
connectivity and Ethernet PLC’s. It is also available by Transmission Control Proto-
col/Internet Protocol (TCP/IP) server for reception of data acquired from different

Figure 1.
Diesel engines e-maintenance.
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acquisition hardware, using Unreliable Datagram Protocol (UDP) packets with
acknowledgement.

Nowadays, e-maintenance systems have new adding, like the following:

• Wireless communication to IP devices to receive measurements from diesel
engines or any others

• Condition monitoring modules to predict interventions based on variables that
are regularly measured by remote way, by physical connecting or by human
reading

2. Ecological diesel engines e-maintenance

New trends in this new paradigm are to diminish faults and respect the
environment.

The system has included a prediction algorithm for condition monitoring main-
tenance that uses a new forecast paradigm based on HMM [6, 7].

The use of artificial intelligence, as neural networks with the objective to maximise
chances of success, is a great challenge. The presented model begins with the measure
of condition variables as source data that will permit to forecast the condition moni-
toring indicators, now through HMMmodels, and after, predicts the new state.

To be able to measure the condition monitoring signals in an optimal approach
and to support the diagnostic and prognostic phases of e-maintenance, the analysis
of refined signals must be used.

The Ecological Maintenance Performance Indicators (EMPI) are based on safety,
reduction of downtime, health, pollution mitigation, costs and waste and on
improving productivity, capacity utilisation and quality [8].

Thus, using a specific group of statistics and reference conditions (require-
ments/targets), the EMPI evaluates the actual conditions.

Figure 2 shows an e-maintenance framework proposed for maintenance man-
agement. The local platform involves the condition monitoring system and the
monitored systems and vehicles. Performance and health data for vehicles and
systems are logged by the condition monitoring system [3].

The CPU processing power is very important, but some sensors already integrate
processing capabilities, what provides information already processed for the
analysis.

Based on reviews, it appears that, despite much research ongoing, several arti-
cles on various signal analysis techniques have been published, on essential
methods, and have achieved viable success.

In order to implement the acquisition of monitored signals, an acquisition sys-
tem is proposed in Figure 3.

The back-office server system runs Linux and MySQL to store the values of the
physical variables in their digital format. The acquisition system installed on the
vehicles has four possible options:

1. Beckhoff PLC with Ethernet and acquisition cards

2.ARM microcontroller with Ethernet and ADCs

3.National CompactRio with LabView for prototyping research

4.Compact PC for local installation
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The physical variables can be acquired by each solution and transmitted via
Ethernet to the back-office Linux server.

Typical key performance indicators used in fleet management include operating
cost, asset availability and lost-time injuries.

In our analyses, we have defined an emission spectrum to characterise the pollu-
tion impact and to infer the engine vehicle class state (Figure 4). This matrix includes
effluents and noise. At the same time, the Vehicle Specific Power (VSP) is used.

To reduce downtime, improve the environment, reduce waste and costs and
increase process capability, emission spectra (ES) and overall equipment efficiency
(OEE) evaluate the performance, as the main key performance indicators that the
fleet maintenance needs for continuous improvement.

Figure 2.
Framework for e-maintenance [9].

Figure 3.
Data acquisition system.

141

Ecological Predictive Maintenance of Diesel Engines
DOI: http://dx.doi.org/10.5772/intechopen.82599



acquisition hardware, using Unreliable Datagram Protocol (UDP) packets with
acknowledgement.

Nowadays, e-maintenance systems have new adding, like the following:

• Wireless communication to IP devices to receive measurements from diesel
engines or any others

• Condition monitoring modules to predict interventions based on variables that
are regularly measured by remote way, by physical connecting or by human
reading

2. Ecological diesel engines e-maintenance

New trends in this new paradigm are to diminish faults and respect the
environment.

The system has included a prediction algorithm for condition monitoring main-
tenance that uses a new forecast paradigm based on HMM [6, 7].

The use of artificial intelligence, as neural networks with the objective to maximise
chances of success, is a great challenge. The presented model begins with the measure
of condition variables as source data that will permit to forecast the condition moni-
toring indicators, now through HMMmodels, and after, predicts the new state.

To be able to measure the condition monitoring signals in an optimal approach
and to support the diagnostic and prognostic phases of e-maintenance, the analysis
of refined signals must be used.

The Ecological Maintenance Performance Indicators (EMPI) are based on safety,
reduction of downtime, health, pollution mitigation, costs and waste and on
improving productivity, capacity utilisation and quality [8].

Thus, using a specific group of statistics and reference conditions (require-
ments/targets), the EMPI evaluates the actual conditions.

Figure 2 shows an e-maintenance framework proposed for maintenance man-
agement. The local platform involves the condition monitoring system and the
monitored systems and vehicles. Performance and health data for vehicles and
systems are logged by the condition monitoring system [3].

The CPU processing power is very important, but some sensors already integrate
processing capabilities, what provides information already processed for the
analysis.

Based on reviews, it appears that, despite much research ongoing, several arti-
cles on various signal analysis techniques have been published, on essential
methods, and have achieved viable success.

In order to implement the acquisition of monitored signals, an acquisition sys-
tem is proposed in Figure 3.

The back-office server system runs Linux and MySQL to store the values of the
physical variables in their digital format. The acquisition system installed on the
vehicles has four possible options:

1. Beckhoff PLC with Ethernet and acquisition cards

2.ARM microcontroller with Ethernet and ADCs

3.National CompactRio with LabView for prototyping research

4.Compact PC for local installation

140

Diesel and Gasoline Engines

The physical variables can be acquired by each solution and transmitted via
Ethernet to the back-office Linux server.

Typical key performance indicators used in fleet management include operating
cost, asset availability and lost-time injuries.

In our analyses, we have defined an emission spectrum to characterise the pollu-
tion impact and to infer the engine vehicle class state (Figure 4). This matrix includes
effluents and noise. At the same time, the Vehicle Specific Power (VSP) is used.

To reduce downtime, improve the environment, reduce waste and costs and
increase process capability, emission spectra (ES) and overall equipment efficiency
(OEE) evaluate the performance, as the main key performance indicators that the
fleet maintenance needs for continuous improvement.

Figure 2.
Framework for e-maintenance [9].

Figure 3.
Data acquisition system.

141

Ecological Predictive Maintenance of Diesel Engines
DOI: http://dx.doi.org/10.5772/intechopen.82599



To determine the impact on the environment and performance for each indi-
vidual vehicle, maintenance, OEE, the four ES elements (Noise, NOx, Opacity (or
PM) and CO2), quality of service and availability are very important.

The important variable CO was not used because this pollutant is not significant
in diesel engines. However, it is very relevant in spark ignition vehicles.

Preventive maintenance services and activities are driven by road side sensors or
vehicle metre readings. To help and simplify the fleet maintenance management
process, all e-maintenance features are combined.

The platform provides the fleet managers with the necessary tools to supervise
the operation, such as report generation and others, anytime, anywhere. All those
involved in the fleet management increase their degree of satisfaction.

In the development of diesel engines e-maintenance (DEEM), the platform uses
the following modules/resources:

• Technical management: methods of condition monitoring and tools, prognosis
and state diagnosis.

• Data acquisition and reporting: use of wireless internet when possible, the
concepts of e-maintenance management, the newest information technologies,
mobile communications for data collection and reporting of malfunctions.

• Analysis and modelling of technical data: tools with advanced techniques that
allow to perform environmental impact analysis, HMM analysis, maintenance
engineering analysis, reliability block diagram, cause and consequence
analysis, life cycle cost, FTA, FMECA, ETA, part counting analysis and
tolerance analysis. MatLab was used to construct the model matrix and the
response matrix with the predicted values.

• Logistics and systems design: tools that streamline data and information
between institutions and departments, aiming to assist management and
business decisions. They also assure the project selection of variables and
maintenance levels and evaluate diversity and redundancy, levels and factors,
maintainability versus reliability, diagnosis and modularity, trade-off studies,
ecological predictive maintenance versus preventive maintenance programme,
replacement and part control programme.

Figure 4.
Vehicle class of state evaluation.
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The relationship between dysfunctions and symptoms plays a relevant role in
the understanding (i.e. diagnosis) of the health condition. A lot of work has been
implemented, in order to anticipate the demand for spare parts in the future, almost
always automatically.

The environmental specifications and regulations applicable to each case, as well
as international standards, help to define the classes and thus adopting a set of
limits.

Figure 5 shows DEEM’s architecture.
There is a high correlation between the diesel engine states, the diagnosis

obtained and the emissions spectra data. However, automatic diagnosis is still not
the rule, despite countless successful research applications.

In the future, with data available from numerous sensors, their analysis will be
done by automatic programmes to support diagnosis and prognosis. Determining
the physical and ecological state of the fleets based on the mixing of emission signals
and the dynamic signals of vehicles combined with the OEE is a major challenge.
With the automatic acquisition of emissions spectra and traffic signals and
advanced processing, even because the volume of data and its relationship cannot
be perceived by humans in time, there is a new step in maintenance. So, for
humans, this intelligent processing is like a black box: the inputs and the result are
known—inside there are algorithms and technologies not noticeable. The future

Figure 5.
Diesel vehicle e-maintenance layout.
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goes in this direction of all digitization and entry of artificial intelligence in the
study of the resolution of these problems.

Surprisingly, automatic diagnostics are little used in transport, although much
research is done to solve the problem.

The central and municipal administrations have still adhered little, although
there are strong indications of new ways. The big challenge is to tailor the entire
infrastructure to install sensors and tools, communications and signal analysis to
produce useful results.

Figure 6.
Fleet model conceptualization.

Figure 7.
Availability factors groups.
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Obviously, the correct sensors must be used with appropriate techniques,
although the operators have not yet adhered to and facilitated this path.

As a result, continuous research and the obtained results point to obtaining
usable knowledge in the scope of the component wear and the correct detection of
the prognosis, with the possibility of automating the process. In the future, both the
actual data and the simulations for the situations experienced will be available to
support the prognosis, diagnosis and monitoring of the condition state.

Maintenance beyond tomorrow solutions can carry out the requests, the
acts of management and allocation of the human resources, automatically. If
there are errors, neural networks or HMM are important because they evaluate
and adapt.

Each fleet has its own context, operational service and performance [10].
The corresponding component and context can define the meaningful health

indicator. For example, the system environment may cause abnormal behaviour. In
this case, contextual information does not only use technical or service level issues
but also environmental issues.

Different criteria or contextualization can help assess the health status of a
component. Abnormal behaviours can be defined by symptom indicators,
representing the health condition.

The performance context is one of the main objectives in a fleet and is associated
to the optimisation capacity (costs and equipment availability).

The relation between dysfunctions and symptoms helps to understand the health
condition of the equipment designated by diagnosis (Figure 6).

Achieving the objectives of a company goes through the fleet to meet
performance and availability goals, both now and in the future, and for this
e-platform, there is a programme for systematic monitoring and evaluation of
various aspects of technical activities and services for diesel engine management
(Figure 7).

In the operation phase, observations of the fleet availability performance should
be used to evaluate the need for corrective actions, that is, improvements and
modifications. Feedback should identify [11]:

1. The performance of the fleet according to the established goals and
requirements

2. In the case of goals and requirements not reached, where and why the
deviations occur

3.The improvements implemented through reliable and low-cost solutions

The main conclusions reported in this article are the following: Why use HMM?
How and what model to build? How the values observed can be read? How the
model is trained? Why the model is appropriate and how to assess the perplexity
index [12].

3. Hidden markov model

Markov processes are a class of probabilistic models used to study the evolution
of systems along time. Transition probabilities help to identify the evolution of the
system between periods. The Markov chain, within its logic, characterises the
temporal behaviour of the system, as described in the probability matrix in the first
state.
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index [12].

3. Hidden markov model

Markov processes are a class of probabilistic models used to study the evolution
of systems along time. Transition probabilities help to identify the evolution of the
system between periods. The Markov chain, within its logic, characterises the
temporal behaviour of the system, as described in the probability matrix in the first
state.
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In order to apply an HMM to the process, it must fall in the next requirements:

• The process must be stochastic.

• The probability to move from one to another state does not depend on the
transitions of earlier times. Thus, in calculations only the previous state is
necessary.

A Hidden Markov Model inherits from the Markov Model (first order) [13]:

• The states of the model are only observable indirectly and must be inferred
(hidden states).

• The measurable variables (emissions, in the present case) depend on the
probability of the hidden states.

• Hidden states inherited the behaviour of states from a first-orderMarkov process.

The next set of probabilities and states/emissions (in this approach) is a set of
correlated states of the Hidden Markov Model, that is:

• The hidden states: represent the true state, referring to the Markov process.

• The observable variables (emissions): the visible face of the process, which
allow to infer the hidden states.

• The probabilities of the states hidden in the initial step.

• The matrix of transition probabilities: related to hidden states.

• The probability matrix of the output symbol of the model: each element
exposes the probability of generating an emission symbol, considering the state
in which the model is the probability matrix of the observations.

The present chapter, in the next sections, both in the simplicity and performance
of the model, shows that the Hidden Markov Model (HMM) can be used to predict
the equipment condition.

There is an initial state probability vector, which represents the probability of
the system starting in a given class that links to a state.

In practice, the emissions of a vehicle depend on many factors (variables), such
as temperature and engine condition, but also driving, operating conditions and
maintenance.

System planning performs cycles between interventions, starting at zero (new
vehicle or repaired as new), evolving over time with maintenance and exploration
leading to evolution in the states.

In some cases, it is interesting to apply the HMM to continuous densities of
observations. For this to be possible, some constraints have to be applied to the
probability density function of the model, thus ensuring a consistent re-estimation
of the parameters of this function.

A discrete or continuous HMM have the following properties:

• The time of permanence in a state is Markovian (process without memory).

• The next state depends only on the instant of transition and the current state:
Markovian property.
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The process can only be discrete (HMM) due to the following two reasons:

1. The dwell time in a state does not need to follow an exponential distribution.

2. In the present approach, this time depends on the climate, the acceleration and
other changeable variables. In addition, it is not possible to continuously
measure emissions.

The classification of the data introduces difficulties. Researchers using complex
classifiers admit that they can solve almost the entire problem. It is a signal that a
good classifier gives better performance and avoids system malfunction—which is
not always the case.

The present work uses statistics, but the use of neural networks may be a good
option.

3.1 Emissions and states

Emissions from a diesel engine is a specific situation assumed that there is an
initial state (when the engine is new or rebuilt like new), referenced as the state at
instant zero. Next states evolve until the limits imposed by international standards,
environmental rules and some requisites of each real situation are reached. Figure 8
shows a generic evolution of states and observations in diesel engines context [14].

• Q: {q1…qN}—Set of possible values for the hidden states, designated as “states
vector” or “states library”

• V: {V1…VM}—Set of possible values for the observations, designated as
“observations vector” or “emissions collection”

The time evolution of vectors associated with the emission matrix and transition
matrix is presented in Figure 9, that is:

• A = {aij}—Probability matrix (state transition)

• B = {bik}—Probability matrix (state observation)

The vector for the initial instant must be known as the start model:

•
Q

= {
Q

i}—Probability matrix (initial state)

The HMM Model comes as:

Q ;V;
Y

;A;B
n o

(1)

Figure 8.
Hidden states and observed symbols in a diesel engine.
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The implementation of HMM follows the following points:

1. To determine the probability of the observation sequence

2. To know the sequence of observations and to determine the most appropriate
sequence of hidden states

3. To know the set of possible models and the observation sequence and to
determine which model best fits the data

For a model and an observation sequence, the corresponding sequence proba-
bility is as follows:

O ¼ o1…oTð Þ, λ ¼ A;B;Πð Þ (2)

One should calculate P Ojλð Þ. A hypothesis for this calculation, the sum of the
probabilities of the possible state sequences (which lead to this state), is equal to the
probability of the observation sequence. However:

• The calculation to the gross force takes time, because in the observations T and
N, there is NT sequence of possible states.

• If the HMM is small, e.g. T = 9 and N = 9, there are approximately 387.5 million
hypotheses.

Dynamic programming is one way of solving the problem. The steps to achieve
this solution are the following:

P OjS; λð Þ ¼ bs1o1bs2o2…bsToT (3)

P Sjλð Þ ¼ πs1as1s2as2s3…asT�1sT (4)

P Ojλð Þ ¼ ∑
S
P OjS; λð ÞP Sjλð Þ (5)

P O; Sjλð Þ ¼ P OjS; λð ÞP Sjλð Þ (6)

that can be resumed by:

P Ojλð Þ ¼ ∑
S1…STf g

πs1bs1o1 Π
T�1

t¼1
aststþ1bstþ1otþ1 (7)

which is the basis of the forward-backward algorithm described in the next section.
The HMM algorithm has quite a few unsolved problems that lead to many

answers, giving to the succeeding actions:

Figure 9.
HMM with transition probability matrixes.
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I. Assessment:

1. Problem: Are there several possible HMMs and a number of observations
where HMM probably generate the given sequence?

2. Solution

• For each HMM calculates the probability of the observed sequences.

• The most likely sequence must be chosen.

• Reduce complexity through the Forward algorithm.

II. Interpreting:

1. Problem: For an observation sequence and a given HMM, determine the
most likely sequence (underlying hidden sequence) that gave rise to the
observations sequence.

2. Solution:

• In a possible sequence of underlying hidden states, determine the
probability of the observed sequences.

• The most likely sequence must be chosen.

• Reduce complexity with the Viterbi algorithm.

III.Knowledge:

1. Problem: It does estimate the probabilities of the HMM from the training
data.

2. Solution:

a. Train with labelled data [15]:

• To evaluate the transition probability

• P(qi,qj) = (number of transitions from qi to qj)/(total number of
transitions of qi)

• The observation probability matrix P(qi,V) = (number of symbol
V occurrences in state qi)/(number of all symbol occurrences in
state qi)

b.Train with the unlabelled data:

• Baum-Welch algorithm basic idea:

i. To maximise the probability of the observation
sequence, given the model

ii. Toestimatenewprobability fromthepreviousHMMuntilP
(current HMM) – P (previousHMM) < e (a small number)
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3. Problem: Use training data to estimate HMM probabilities.

4.Solution:

a. Train using marked data [15]:

• Transition probability

• P(qi,qj) = (transitions number from qi to qj)/(entire number of
transitions of qi)

• Observation likelihood matrix P(qi,V) = (number of symbol V
incidences in state qi)/(number of all symbol incidences in
state qi)

b.Train with unmarked data:

• Basic idea—Baum-Welch algorithm:

i. For the model, maximise the probability of the
observation sequence.

ii. Evaluate new probability from the precedingHMMuntil P
(currentHMM)–P (previousHMM) < e (a lessernumber).

For unmarked and marked data [16], the following sections provide a solution to
solve this problem.

3.2 Forward-backward algorithm

Predicting hidden states is complex and requires efficient algorithms to solve the
problem, which can be solved by applying the principles of dynamic programming
through the forward-backward algorithm.

It uses the auxiliary variable forward αt (i) that is the probability of observing
the partial sequence “O1, O2, ..., Ot” and that at time t we have state Si. This can be
defined by Eq. (5):

αt ið Þ ¼ P O1;O2;O3;……;Ot; St ¼ qi
��λ� �

(8)

that is the basis of the forward procedure.
The calculation of αt ið Þis achieved by the following steps:

α1 ið Þ ¼ πibi O1ð Þ, 1≤ i≤N

αtþ1 jð Þ ¼ P O1;……;Ot;Otþ1; Stþ1 ¼ qj
���λ

� �
¼

∑
N

i¼1
P O1; :…;Ot;Otþ1; Stþ1 ¼ qj

���St ¼ qi; λ
h i

:P St ¼ qi
��λ� � ¼

∑
N

i¼1
P O1;O2:…;OtjSt ¼ qi; λ
� �

:P St ¼ qi
��λ� �

:P Otþ1; Stþ1 ¼ qj
���St ¼ qi; λ

h i
: ¼

∑
N

i¼1
P O1; :…;Ot; St ¼ qi

��λ� �
:P Otþ1jStþ1 ¼ qj; St ¼ qi; λ
h i

:P Stþ1 ¼ qj
���St ¼ qi; λ

h i

(9)
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αtþ1 jð Þ ¼ bj Otþ1ð Þ ∑
N

i¼1
αt ið Þaij

� �
(10)

αtþ1 jð Þ ¼ ∑
N

i¼1
αt ið Þaij

� �
bj Otþ1ð Þ, 1≤ t≤T, 1≤ j≤N (11)

Given a known state at time t, the next step is the backward algorithm, which
calculates the sequence of probabilities in the observations. The following equations
formalise the process:

βt ið Þ ¼ P Otþ1;Otþ2;Otþ3;……;OTjSt ¼ qi; λ
� �

(12)

• Initialization:

βT ið Þ ¼ 1, 1≤ i≤N (13)

• Induction:

βt ið Þ ¼ ∑
N

j¼1
aijbj Otþ1ð Þβtþ1 jð Þ, t ¼ T � 1, T � 2, :::1 and 1≤ i≤N (14)

The final steps for decoding the solution are

P Ojλð Þ ¼ ∑
N

i¼1
αT ið Þ (15)

That is, the forward procedure, and

P Ojλð Þ ¼ ∑
N

i¼1
πibi O1ð Þβ1 ið Þ (16)

that is, the backward procedure.

3.3 Viterbi algorithm

Now we will try to find the states sequence that best explains the observations.
This can be done by the Viterbi algorithm, synthesised by Eq. (12):

S∗ ¼ argḿax
S

P S;Oð jλÞ (17)

To evaluate this equation, an auxiliary variable δt ið Þis defined. This variable
corresponds to the maximum result (or higher probability) of the recorded
sequence of observations, assuming that the end state is stage qi:

δt ið Þ ¼ ḿax
S1, S2, S3, :…St�1

P S1S2S3……St�1; St ¼ qi; O1O2O3……Ot
��λ� �

(18)
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The algorithm may be compactly stated by:
- Initialization:

δ1 ið Þ ¼ πibi O1ð Þ, 1≤ i≤N
ψ1 ið Þ ¼ 0

(19)

• Recursive computation:

δt jð Þ ¼ ḿax
1≤ i≤N

δt�1 ið Þaij
� �

bj Otð Þ, 2≤ t≤T and 1≤ j≤N (20)

ψ t jð Þ ¼ arg ḿax
1≤ i≤N

δt�1 ið Þaij
� �

, 2≤ t≤T and 1≤ j≤N (21)

• Termination:

P∗ ¼ ḿax
1≤ i≤N

δT ið Þ½ � (22)

ST∗ ¼ arg ḿax
1≤ i≤N

δT ið Þ½ � (23)

Next step consists of computing the most likely state sequence by backtracking:

St∗ ¼ arg ḿax
1≤ i≤N

δt ið Þaiq∗tþ1

h i
(24)

St∗ ¼ ψ tþ1 S∗tþ1

� �
, t ¼ T � 1, T � 2, ::…, 1 (25)

The result is the generation of the sequence:

S1, S2, S3……St�1, St (26)

3.4 Baum-Welch algorithm

The final step is the calibration of the parameters to fully define the HMM; for a
sequence of observations, the question is: what is the corresponding model with the
same behaviour? For a model and a sequence of observations, adjust the parameters
of this model in order to more accurately approximate the observations.

ξt i; jð Þ defines the probability of the system being in the state qi at time t and in
state qj at time t + 1:

ξt i; jð Þ ¼ αt ið Þaijbj Otþ1ð Þβtþ1 jð Þ
∑N

i¼1∑
N
j¼1αt ið Þaijbj Otþ1ð Þβtþ1 jð Þ (27)

Eq. (19) gives the probability of to occur an i-j transition.

γt ið Þ ¼ ∑
N

j¼1
ξt i; jð Þ t ¼ 1…:T (28)

Eq. (20) gives the probability of being in state i at time t.
Now it is possible to compute new estimates for the model parameters:

π̂ i ¼ γ1 ið Þ (29)

âij ¼ ∑T�1
t¼1 ξt i; jð Þ

∑T�1
t¼1 γt ið Þ

(30)

b̂j kð Þ ¼ ∑T
t¼1γt jð ÞFor Ot¼Vk

∑T
t¼1γt jð Þ

(31)
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3.5 Perplexity measurement

The performance of the HMM model can be measured in two ways:

1. By classification accuracy

2. By perplexity

The ratio of the number of correct predictions of the state vector hidden by
the total number of hidden states (the analysed candidates) defines the accuracy
of the classification. For a small sample, the classification accuracy is unreliable
and is contaminated with noise, since a sample can be assigned to a single class.
For this reason, the perplexity of the data set is a more appropriate alternative.
This metric measures the confidence of the predictors of the classifier through the
function of the average log-likelihoods L (of N data sequence), described by
Eq. (24):

Li ¼ log p qijoi1…Ti
; λ

� �
perp ¼ e

� 1
Ns

∑
Ns

i¼1
Li

(32)

where oi1…Ts
represents for the ith sequences of observations of length Ts and qi is

the type of hidden states i; Ns is the number of sequences and λ the model parame-
ters. The value one is the best quantity for the perplexity, giving probability 1 for
the correct task type. A perplexity of 3 means a random decision, with a probability
of one-third for each hidden state [17].

4. Implementation

Maintenance performance indicators (MPI) are a metric to gauge how the sys-
tem behaves, that is, measure availability, costs and wastes, process capacity, pro-
ductivity, quality, health, safety and environmental impact. The objective allows a
macro idea of the state of operation of the fleet [18].

The targets for each of the MPIs used can be established as a requirement to
compare each measure during the operation period in the future.

The metric associated with OEE, consisting of three elements, Quality, Perfor-
mance and Availability, allows to calculate the influence of the performance of an
equipment’s part. The concept of e-maintenance was used in cars and buses to
automatically manage the fleet. Their particularities are the following:

a. Notifications of anomalies by email.

b.Detect problems in advance before they occur and undetectable for drivers.

c. Automated system, either at the level of requirements or at the level of
consumables, indicates a loss of performance, parts to be replaced and so on.

It is possible to make a remote access to the computers of the buses—the
technical assistance can unlock some anomalous situations.

In the case of diesel engines, as mentioned above, they can be represented by a
matrix of states taking into account the following variables: {CO2, NOx, PM,
NOISE, HC}; the combinations/intercepts designate the observable emission vari-
ables {V1, V2, V3, V4 ……. VM}.
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� �

bj Otð Þ, 2≤ t≤T and 1≤ j≤N (20)

ψ t jð Þ ¼ arg ḿax
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δt�1 ið Þaij
� �
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δT ið Þ½ � (23)
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1≤ i≤N

δt ið Þaiq∗tþ1

h i
(24)

St∗ ¼ ψ tþ1 S∗tþ1

� �
, t ¼ T � 1, T � 2, ::…, 1 (25)

The result is the generation of the sequence:

S1, S2, S3……St�1, St (26)

3.4 Baum-Welch algorithm
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∑N

i¼1∑
N
j¼1αt ið Þaijbj Otþ1ð Þβtþ1 jð Þ (27)
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γt ið Þ ¼ ∑
N

j¼1
ξt i; jð Þ t ¼ 1…:T (28)
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âij ¼ ∑T�1
t¼1 ξt i; jð Þ

∑T�1
t¼1 γt ið Þ

(30)

b̂j kð Þ ¼ ∑T
t¼1γt jð ÞFor Ot¼Vk

∑T
t¼1γt jð Þ

(31)
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3.5 Perplexity measurement
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This metric measures the confidence of the predictors of the classifier through the
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Li ¼ log p qijoi1…Ti
; λ

� �
perp ¼ e

� 1
Ns

∑
Ns

i¼1
Li

(32)
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Thus, including the initial, there are five possible states, and the boundaries to
segment the states are:

1. Bad

2.Dysfunctional

3. Tolerable

4.Good

5. Excellent

As the transition matrix is 5 � 5, q1, q2, q3, q4 and q5, t is necessary to identify
the four state classes.

Of course, the decision thresholds are four for each variable:

1. Poor or bad

2.Acceptable

3.Good

4.Excellent

At the moment, the model incorporates the variables {PM, NOx and NOISE}.
If the equipment is new or after a maintenance intervention has gone into effect,

the hidden and actual initial states may overlap. Generally:

πi ¼ P S1 ¼ qi
��� �
, 1≤ i≤N (33)

where πi ¼ Number of times in state qi at time t ¼ 1:
The elements of the matrix q must be calculated using

aij ¼ P Stþ1 ¼ qj
���St ¼ qi

h i
¼

number of transitions from qi to qj
number of times in state qi

(34)

aij ¼ P Stþ1 ¼ qj
���St ¼ qi

h i
¼

number of transitions from qi to qj
number of times in state qi

(35)

There are 64 combinations for the 4 levels associated with each. These 64
combinations are grouped into 11 emission classes, namely: V1, V2, V3, V4, ……V11.

A ¼

a11 a12 a13 a14 a15
a21 a22 a23 a24 a25
a31 a32 a33 a34 a35
a41 a42 a43 a44 a45
a51 a52 a53 a54 a55

2
6666664

3
7777775

The library of emissions is much more complex, since it integrates the environ-
mental impact of different variables:
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B ¼

b1 1ð Þ b1 2ð Þ b1 3ð Þ b1 4ð Þ b1 5ð Þ b1 6ð Þ b1 7ð Þ b1 8ð Þ b1 9ð Þ b1 10ð Þ b1 11ð Þ
b2 1ð Þ b2 2ð Þ b2 3ð Þ b2 4ð Þ b2 5ð Þ b2 6ð Þ b2 7ð Þ b2 8ð Þ b2 9ð Þ b2 10ð Þ b2 11ð Þ
b3 1ð Þ b3 2ð Þ b3 3ð Þ b3 4ð Þ b3 5ð Þ b3 6ð Þ b3 7ð Þ b3 8ð Þ b3 9ð Þ b3 10ð Þ b3 11ð Þ
b4 1ð Þ b4 2ð Þ b4 3ð Þ b4 4ð Þ b4 5ð Þ b4 6ð Þ b4 7ð Þ b4 8ð Þ b4 9ð Þ b4 10ð Þ b4 11ð Þ
b5 1ð Þ b5 2ð Þ b5 3ð Þ b5 4ð Þ b5 5ð Þ b5 6ð Þ b5 7ð Þ b5 8ð Þ b5 9ð Þ b5 10ð Þ b5 11ð Þ

2
6666664

3
7777775

Next step is to test the model as exemplified in (Table 3).
The challenge is to diagnose not just the state associated to a combination of

emissions, but also to the prognoses of the next emission level and correspondent
states of health.

Using the operating conditions, one can obtain the degradation models and thus
update the initial state probability matrix [8].

The current monitoring systems are enough from the point of view of the
predictive diagnosis because, depending on the case, they can anticipate the failure.

As soon as the monitoring system gives the alarm, according to what you read
from the sensors, depending on the case, the time to correct the problem is short,
otherwise the fault will happen—it requires a detailed analysis of the alarms before
or after.

The present model can determine this monitoring data with the corresponding
situation at different levels.

About diagnostic results for some of the buses of a fleet are proposed in sum-
mary form. A specialist, when using a system like this, in a specific situation, should
first focus on the modes of degradation already observed that are re-incidents and/
or associate already solved cases that are similar to the case at hand. The system
helps to perceive the behaviour without hiding its complexity, whenever different
contextual information is available.

For each model a transition state matrix is created. At the same time, another
matrix is created, which associates the probabilities of different classes of the
emission indicators to each state.

As an example, if we consider four states and six different emission scenarios,
the instructions in MatLab and outputs will be two matrixes “4�4” and “4�6”:

• seq1 = xlsread(‘inputsallbuses’,'ENGINE’,'b72:ao72’)

• states1 = xlsread (‘inputsallbusesenginesandparts’,'b18:ao18’)

• [TRANS_EST, EMIS_EST] = hmmestimate (seq1, states1)

In the present case study, the transition matrix is shown in Table 1.
And the emission matrix in Table 2.

Table 1.
Transition matrix.
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Transition matrix.
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In the present case, it is intended to determine the next health state and the
respective level of emissions and also to diagnose the state associated to the combi-
nation of emissions as shown in Table 3.

We can to test several models to choose the better one. Table 4 exemplifies how
different models generate different outputs of actual states. Each tested model
generates the probability of the system to be in one of the possible four states. At the
same time is finding the occurrence probability of unfavourable different states (Ps,
m – s-state; m-model).

Therefore, the calibration of the model assumes as an important step in the
construction of an asset management solution.

The model ends with a part of the forecast, in which the most probable sequence
of future emissions and the corresponding states are generated. It calculates until
two periods after the current remote sensing reading.

5. Conclusions

The chapter gives an overview of an open system approach to e-maintenance
with an innovative proposal of how a conventional enterprise can be transformed to
a fully automated e-maintenance solution based on an ecologic condition monitor-
ing model.

Emission time t = 1 t = 2 t = 3 t = 4 t = 5 t = 6 t = 7

Emissions classification V4 V5 V7 V7 V4 V9 V10

Real hidden state S1 = q1 S2 = q4 S3 = q4 S4 = q5 S5 = q2 S6 =q 5 S7 = q5

Hidden state classification q1 q4 q5 q5 q2 q5 q5

Table 3.
Main outputs of ecological HMM.

Table 2.
Emission matrix.

Table 4.
Outputs of actual states.
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The chapter corresponds to a basis for a more in-depth study based on extensive
literature review and a case study from which demonstrates how e-maintenance can
influence the business model of an organisation and the improvement of the envi-
ronment in the cities.

The application context of the model and case study presented allow to consider
the fleet components’ similarities and heterogeneities. Data of the monitored diesel
vehicles are considered within their context and enhance the identification of the
corresponding health condition. The case study points new ways for the future.

All the developments presented are supported on an information system. The
new hardware and software solutions require complex integration and communi-
cation among the several pieces of these complex technological devices but are
presented to the final user as a friendly solution.

The chapter also mentions the capabilities of the proposed architecture and
addresses certain challenges faced in order to enable an open framework.

The findings suggest that the different traditional practices used in preventive
and condition monitoring maintenance strategies require the building of
customised solutions, according to the specificity of each organisation. An open
system solution can tackle the associated problem in a fairly cost-effective way.

A new development, ubiquitous and intelligent system of e-maintenance using
standards “on demand”, shall facilitate interoperability with existing legacy
systems.

The interval between interventions in diesel engines was improved through
condition monitoring maintenance planning with the input of condition variables:
CO2, NOx, HC, NOISE and PM. The HMMmodel has been shown to be adequate for
maintenance planning based on these variables despite the complexity of it. The
Viterbi and Baum-Welch algorithms are used in the present model.

For automatic detection of environmental impacts, the efficiency of the predic-
tion model depends on the characteristics of the system and the sampling frequency
of the measured physical variables.

Urban areas can improve environmental quality, if we reduce emissions—this is
a new paradigm for building a better world.

The model has a potential versatility to be applied in various fields to evaluate
the health status of the equipment.

The upcoming work will involve research towards a decision tool to assess the
need for vehicle maintenance, as well as actions to be taken—an integrated appli-
cation for urban transport. Remote sensor devices will be used by the system to
measure emissions. The chapter also mentions the capabilities of the proposed
architecture and addresses some challenges in order to enable an open framework.

Acronyms

CBM condition-based maintenance.
CO2 carbon dioxide
DEEM diesel engines e-maintenance
EMPI ecological maintenance performance indicators
EPM ecological predictive maintenance
ES emissions spectrums
ETA estimated time for accomplishment
FMECA failure mode, effects and criticality analysis
FTA fault tree analysis
HC hydrocarbons
HMM Hidden Markov Model
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ICT information and communication technology
NOx nitrogen oxides
OEE overall equipment effectiveness
PM particulate matter
TCP/IP transmission control protocol/internet protocol
UDP unreliable datagram protocol
VSP vehicle specific power
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Chapter 8

NOx Pollutants from Diesel 
Vehicles and Trends in the Control 
Technologies
İbrahim Aslan Reşitoğlu

Abstract

Nowadays, climate change that caused from air pollution has become a major 
problem on the agenda of almost all countries around the world. Compared to 
other air pollutants, NOx emissions have an important share in climate change, and 
especially diesel vehicles are one of the most important sources for the formation 
of NOx pollutants. This chapter focused on NOx emissions from diesel vehicles and 
the trends in NOx control technologies; Exhaust Gas Recirculation (EGR), Lean 
NOx trap (LNT) and Selective Catalytic Reduction of NOx by ammonia (NH3-SCR) 
and hydrocarbons (HC-SCR). The reasons of the NOx emissions, environmental 
effects and damages on human health, NOx emissions from diesel engines and 
diesel engine parameters affecting NOx emissions are handled in detail. The EGR, 
LNT and SCR technologies that had large reduction rates of NOx emissions and the 
latest developments in these systems are comprehensively explained.

Keywords: air pollution, NOx emissions, diesel engine, EGR, LNT, SCR

1. NOx emissions in the window of life cycle

Air pollution causes serious damage to human health and the environment. 
The World Health Organization reported that 9 out of every 10 people in the 
world breathe polluted air and 7 million people lost their lives due to air pollution 
[1]. Harmful gases, which are released from industrial facilities, power plants, 
automobiles and other transport vehicles, threaten human health by entering the 
airways, the lungs and the bloodstream from there. In addition to human health, 
biodiversity and ecosystems are also endangered by air pollution. The damages of 
air pollution at financial level reach very serious figures [2]. It is reported that in 
2015, air pollution caused USD 280 billion expense only in social assistance costs 
worldwide [3]. From past to present, dozens of reports on air pollution and its 
effects have been published by various organizations, and various policies and 
plans have been drafted and regulations and laws have been enacted in order to 
prevent air pollution [4–10].

NOx emissions are one of the most important pollutants causing air pollution 
and climatic change. NOx emissions are in the most effective pollutant class with 
PM and ozone (O3) [8]. All kinds of sources where combustion is performed at high 
temperatures (internal combustion engines, gas turbines, power plants, industry 
etc.) create NOx emissions and 95% of NOx emission is made by these sources [4].
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NOx emissions are called nitrogen oxides and are usually in the form of nitrogen 
monoxide (NO) and nitrogen dioxide (NO2). NO emission is a colorless and odor-
less gas and poisonous to humans. NO2 gas is a highly reactive gas in red-brown 
color and has a suffocating odor and high oxidizing property. Compared with NO 
gas, the toxic effect of NO2 gases is 5 times higher [11, 12].

The effects of NOx emissions on human health are on a frightening scale. Today, 
pollutant emissions and especially NOx emissions lie behind the problems, which 
about many individuals complain. The report of the European Environment Agency 
(EEA), published in 2017, shows the extent of the air pollution and the threat of 
global warming caused by NOx emissions. It is stated in this report that NOx emis-
sions in 2014 caused about 80,000 premature deaths in Europe [8].

The effects of NOx gases on human health are directly proportionate to the 
density and inhalation period. Low rates or short-term inhalation of NOx emissions 
can cause health problems such as eye and throat irritation, chest tightness, nausea, 
headache and loss of strength. Long-term or large amount of exposure to NOx gases 
causes severe coughing, difficulty in breathing, asthma, cyanosis, and sometimes 
give rise to even death [13]. The World Health Organization (WHO) states that 
80% of lung diseases and lung cancer are caused by air pollution, particularly by 
NOx [9]. A study found that NOx emissions causes premature birth resulting from 
asthma in pregnant women [14].

NOx pollutant emissions also play an important role in ground-level ozone 
formation, which has serious adverse effects on human health and the environment. 
In the natural process, ozone (O3) is a very reactive form of oxygen formed in the 
upper layer of the atmosphere and protects the earth from the sun’s ultraviolet rays. 
However, the ozone layer that takes place due to the pollutant emissions under the 
atmosphere is very dangerous. When NO emissions are released into the air, they 
react with O2 in the air and form NO2 and cause formation of undesirable ground-
level ozone. Ozone formed in this way leads to global warming, causing serious 
damage to human health and environment [15].

Ground-level ozone formation, which is caused by NOx emissions, invites global 
warming by increasing the greenhouse effect. Due to the undesirable ozone forma-
tion, the year 2015 has been the hottest year since the past [8].

Figure 1 shows the effect of NOx emissions on ozone and greenhouse gases. The 
rays coming on the Earth are reflected by the earth and are absorbed by the gases 
(mainly carbon dioxide (CO2), methane (CH4) and water vapor) in the atmosphere. 
This natural process called the greenhouse effect give rise earth to warm. The presence 
of redundant gases in the atmosphere causes the reflected radiation to be held at a high 
level, resulting increase in warming and temperatures than the normal level in the 
earth. The activity of the people, especially the emissions of NOx pollutants formed 
from the consumption of fossil fuels, cause the greenhouse effect to intensify by 
increasing the amount of greenhouse gases. The formation of greenhouse gases more 
than normal in the atmosphere, brings with it climate change and global warming.

Rain is very effective in removing NO2 gases from the atmosphere. However, the 
contact of NO2 gas with water produces nitrous acid (HNO2) and nitric acid (HNO3), 
which have a very corrosive effect (Figure 2). This leads to acid rain, which is harm-
ful particularly for plants. In addition to acid rain, the combination of NO2 emissions 
with hydrocarbon (HC) emissions leads to the formation of photochemical smog.

Many precautions are taken by various organizations to reduce the negative 
effects of NOx emissions on human health and the environment, and various poli-
cies and laws are being established. In 2030, if severe climatic policies are imple-
mented, two-thirds of the NOx emissions in 2005 will be reduced [16]. Creation 
of clean air zones, establishment of emissions standards by various organizations, 
taking necessary measures to eliminate pollutant emissions are among the policies 
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that developed to prevent NOx emissions. Significant work is being done around the 
world to remove old model vehicles which are far from emissions standards, and 
which cause high levels of pollutant emissions and leading to serious environmental 
and human health problems. As a result of established policies and measures taken, 
in many countries, NOx emissions and other pollutant emissions have been signifi-
cantly reduced compared to previous periods [7, 10, 17–19].

2. NOx emissions from diesel engines

Road transport takes place on the top among sources that bring on the forma-
tion of NOx emissions. Due to its high efficiency and low fuel consumption, diesel 
engines with a wide range of applications in the transportation sector lead a high 
rate of NOx emission. Diesel vehicles play an important role in the formation of NOx 
emissions causing air pollution.

Figure 2. 
The formation of acid rains.

Figure 1. 
Ozone & ground level ozone and greenhouse effect.
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There are three different mechanisms of NOx formation in diesel engines, prompt 
NOx, fuel NOx and thermal NOx. Prompt NOx formation occurs because of rapid 
reactions between the nitrogen, oxygen and hydrocarbon radicals. In case of the 
presence of nitrogen content in the fuel, the nitrogen contained in the fuel reacts 
with oxygen and this mechanism defined as fuel NOx. In the thermal NOx mecha-
nism, nitrogen and oxygen react at high temperatures and cause NOx formation [20].

The thermal NOx mechanism is generally seen as the main source of NOx forma-
tion in diesel engines. The Zeldovich model given below explains this mechanism.

  O +  N  2   ↔ NO + N  (1)

  N +  O  2   ↔ NO + O  (2)

  N + OH ↔ NO + H  (3)

The NO emissions resulting from the reaction (1)–(3) can be converted to NO2 
or back to NO form with the following reactions.

  NO +  HO  2   →  NO  2   + OH  (4)

   NO  2   + O → NO +  O  2    (5)

Temperature and oxygen content are the two basic parameters affected the 
thermal NOx mechanism. Diesel engines are operated with lean mixtures that had 
high air excess coefficients. Thus, the combustion process involves more oxygen 
than necessary. On the other hand, the high compression ratios of diesel engines 
create high combustion end temperatures in combustion chamber. Therefore, diesel 
engines offer a very effective infrastructure for the formation of NOx emissions. 
Compression ratio and air excess coefficient values of diesel engines are considerably 
higher than those of gasoline engines. In this case, when compared with gasoline 
engines, diesel engines causes the generation of NOx emissions at much higher rates.

When cylinder temperature exceeds about 1500°C, N2 gas in the air taken into 
the cylinder reacts with oxygen to form NOx [21]. Depending on the increase in 
temperature, NOx also increase. Each increase of 1% in temperature over 1700°C 
causes 20% increase in NOx [22].

Besides the combustion end temperature, thermodynamic conditions, combus-
tion reaction, flame speed and the time that the burned gases exposed to high 
temperature are the main parameters affected the formation of NOx emissions. All 
kinds of engine specifications, which have an effect on these parameters, play an 
effective role in the formation of NOx. Some of these specifications include com-
pression ratio, injection system, injection timing, combustion chamber geometry, 
air excess coefficient, engine speed and fuel composition.

The air excess coefficient, which is the function of the amount of oxygen present 
in the cylinder, is obtained by dividing the actual air/fuel ratio received into the 
cylinder to the theoretical air/fuel ratio required to burn a unit fuel. The air excess 
coefficient is denoted by the symbol λ. When λ is bigger than 1, it means that the 
mixture inside the cylinder is lean and when it is smaller than 1, it means that the 
mixture inside the cylinder is rich and when it is equal to 1, it means that it is  
the stoichiometric ratio. When λ is around 1.1, maximum NOx formation occurs.  
As the air/fuel ratio increases above 1.1 and the mixture becomes leaner, the cylin-
der temperature decreases and NOx emissions decrease.
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In diesel engines, a large majority (80–85%) of NOx emissions formed as a result 
of combustion are in NO form. Almost all of the NOx emissions occur during 20 
CAD (Crank Angle Degree) following the start of combustion [23].

The fact that diesel-powered vehicles have more widespread use due to their 
superiority over gasoline-powered vehicles and the ever-increasing number of 
diesel-powered vehicles leads to a significant increase in NOx emissions released to 
the environment.

Figure 3 presents the Euro Standards of NOx emission for heavy-duty vehicles. 
The European Union first introduced euro standards for heavy-duty vehicles in 1993 
to reduce the damages of NOx emissions from diesel vehicles on human health and 
environment.

The amount of NOx applicable to heavy-duty vehicles under Euro VI standards, 
which has been in effect since 2013, has been reduced to 0.4 g/kWh. This value is 
exactly 92% lower compared to the Euro III standard which was implemented in 
2001. It is aimed to reduce the amount of NOx to below 0.1 g/kWh in 2023.

Many research and development activities are carried out scientifically or com-
mercially to eliminate NOx emissions from diesel engines. Developed methods for 
reducing NOx emissions in these activities are divided into pre-treatment and after-
treatment methods. Reducing of NOx emissions before directing to the exhaust port 
of the engine is called pre-treatment method and reducing of NOx emissions after 
directing to the exhaust port of engine is called after-treatment method. Exhaust Gas 
Recirculation (EGR), electronically controlled fuel injection, engine modification, 
increasing injection timing, water spray in the combustion chamber, improvement 
of fuel properties, use of fuel additives, etc. are pre-treatment methods of reducing 
NOx emissions. Lean NOx trap (LNT) catalysts and the Selective Catalytic Reduction 
System are the examples of after treatment methods. This study focuses on Exhaust 
Gas Recirculation (EGR), Lean NOx trap (LNT) catalysts and Selective Catalytic 
Reduction (SCR) systems, which have been developed to prevent NOx emissions and 
which are widely used in diesel engines. Since they are the most effective methods 
for eliminating NOx emissions, these three systems are focused on. Each NOx emis-
sion control system is addressed in detail in the light of current information.

3. Exhaust gas recirculation (EGR)

EGR is a system developed to incorporate some of the exhaust gases in the cylin-
der into the combustion process with the intake air. The purpose here is to lower the  

Figure 3. 
Euro standards of NOx emission for heavy-duty vehicles [24].
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Figure 3. 
Euro standards of NOx emission for heavy-duty vehicles [24].
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combustion end temperature and thus the NOx emission values by deteriorating 
the combustion performance, because high temperature is the main influence in 
the formation of NOx emissions. The use of the EGR system reduces the amount 
of oxygen in the cylinder, and therefore resulting in a decrease in the combustion 
end pressure and temperature. The decrease in the amount of oxygen suppresses 
the formation of NOx. The exhaust gas recirculated in the cylinder and containing 
large amounts of CO2 and H2O increases the specific heat capacity of the intake 
charge, and this reduces the temperature values in the compression and combustion 
processes [25]. Displacement of some of the oxygen content in the intake charge by 
the exiting exhaust gases reduces the air excess coefficient and increases the ignition 
delay by diluting the intake charge. This slows the mixture of oxygen with fuel and 
therefore the combustion rate.

The EGR system developed to reduce the combustion end temperature in the 
cylinder has been widely used by automobile manufacturers since the past. The cir-
culation of the exhaust gas with the intake air can be achieved in two different ways; 
external and internal [26]. In the external exhaust gas recirculation, the exhaust gas 
taken from the exhaust manifold is sent to the intake stream through a valve and a 
coolant. In the internal exhaust gas recirculation, unlike the external exhaust gas 
recirculation, some of the combustion exhaust gas is withdrawn to the combustion 
chamber before exiting the exhaust valve. This is accomplished by delaying the 
camshaft and closing the exhaust valves a little later than normal. The late closing of 
the exhaust valve allows the piston to draw a portion of the exhaust gas at the outlet 
of the exhaust valve into the cylinder while the piston is moving downward at intake 
stroke. The engines, which have the internal EGR systems, are run with variable 
valve timing. Compared with external EGR, the internal EGR system remains weak 
in controlling exhaust gas into the cylinder. In addition, since no cooling opera-
tion can be performed on the recirculated exhaust gas, desired reductions in NOx 
emission values are not achieved. The internal EGR system is generally preferred for 
gasoline engines, which have lower NOx emissions compared to diesel engines. On 
the other hand, external EGR systems are widely used in diesel engines.

Figure 4 shows the structure of a conventional EGR system used in diesel 
engines. The system simply consists of valve, control unit and coolant. The EGR 
valve mounted on the intake manifold is controlled by the control unit. The func-
tion of the EGR valve is to control the flow of exhaust gas to intake port depend-
ing on the engine load. The amount of exhaust gas sent to the intake port may 
constitute a maximum of 50% of the air taken into the combustion chamber [27]. 
Because of the high exhaust gas content included in the combustion, the combus-
tion performance is greatly affected; therefore the engine performance can decrease 
significantly. For this reason, the exhaust gas content mixed with the intake air does 
not exceed 20% in practice.

The cooling of the exhaust gas included in the combustion process in the EGR 
system allows the higher amount of exhaust gas to be included in the combustion 
process and at the same time the combustion chamber temperature and hence NOx 
emissions can be further reduced. For this reason, in the EGR systems, the exhaust 
gas is passed through a cooler and sent to the intake stream. Cooling is carried 
out using engine coolant. In an electronically controlled cooling system, the cool-
ing process is optimized depending on different engine loads, temperatures and 
conditions.

In turbocharged diesel engines, the use of EGR takes place in two different ways; 
high pressure and low pressure. In a high-pressure EGR system, the exhaust gas is 
recirculated to the intake channel before the exhaust gas goes to the turbine and in 
the low-pressure EGR system the exhaust gas is recirculated after passing through 
the turbine.
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Thanks to the EGR system, the NOx emission in diesel engines can be reduced by 
up to 50% [26]. However, in this method, combustion is worsened, engine perfor-
mance decreases, and other pollutants, especially particulate emissions (PM) slightly 
increases. At the same time, the EGR system leads to an increase of about 2% in fuel 
consumption [28]. Due to the flow of the exhaust gas, EGR system can affect the 
quality of lubrication oil and the engine durability negatively, and erosion on piston 
rings and cylinder liner can increase [29]. These disadvantages and developed after-
treatment emission control technologies have overshadowed the EGR system [30].

4. Lean NOx trap (LNT)

Lean NOx trap (LNT) technology, also referred to as NOx absorber catalyst (NAC), 
NOx storage catalyst (NSC) or NOx storage/reduction (NSR) catalyst, is a method 
used to convert NOx emissions at particularly low exhaust gas temperatures. At low 
exhaust gas temperatures, NOx emissions in the exhaust gas content are absorbed at 
the catalyst surface and released when the exhaust temperature reaches high values.

Coating surface in LNT catalyst consists of an oxidation catalyst, an absorbent 
combined with alkali metals and a reduction catalyst. In LNT catalysts, there is 
usually Platinum and Rhodium supported by Al2O3 structure with component that 
has a NOx storage property such as barium carbonate (BaCO3). The reactions in the 
LNT catalyst occur in two different cycles; lean and rich. In the lean cycle, NO is 
absorbed into the storage component and converted to NO2 by being oxidizing on 
the catalyst surface and stored in the nitrate form on the surface. In the rich cycle, 
the stored NOx is released from the surface and converted to N2 on the catalyst 
surface via CO, HC and H2, which are formed due to incomplete combustion. All of 
the reactions taking place in the LNT catalyst are given in Eqs. (6)–(11).

  NO + ½  O  2   →  NO  2    (6)

   BaCO  3   +  NO  2   + ½  O  2   → Ba   ( NO  3  )   2   +  CO  2    (7)

Figure 4. 
Exhaust gas recirculation (EGR).
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combustion end temperature and thus the NOx emission values by deteriorating 
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end pressure and temperature. The decrease in the amount of oxygen suppresses 
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large amounts of CO2 and H2O increases the specific heat capacity of the intake 
charge, and this reduces the temperature values in the compression and combustion 
processes [25]. Displacement of some of the oxygen content in the intake charge by 
the exiting exhaust gases reduces the air excess coefficient and increases the ignition 
delay by diluting the intake charge. This slows the mixture of oxygen with fuel and 
therefore the combustion rate.
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culation of the exhaust gas with the intake air can be achieved in two different ways; 
external and internal [26]. In the external exhaust gas recirculation, the exhaust gas 
taken from the exhaust manifold is sent to the intake stream through a valve and a 
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recirculation, some of the combustion exhaust gas is withdrawn to the combustion 
chamber before exiting the exhaust valve. This is accomplished by delaying the 
camshaft and closing the exhaust valves a little later than normal. The late closing of 
the exhaust valve allows the piston to draw a portion of the exhaust gas at the outlet 
of the exhaust valve into the cylinder while the piston is moving downward at intake 
stroke. The engines, which have the internal EGR systems, are run with variable 
valve timing. Compared with external EGR, the internal EGR system remains weak 
in controlling exhaust gas into the cylinder. In addition, since no cooling opera-
tion can be performed on the recirculated exhaust gas, desired reductions in NOx 
emission values are not achieved. The internal EGR system is generally preferred for 
gasoline engines, which have lower NOx emissions compared to diesel engines. On 
the other hand, external EGR systems are widely used in diesel engines.

Figure 4 shows the structure of a conventional EGR system used in diesel 
engines. The system simply consists of valve, control unit and coolant. The EGR 
valve mounted on the intake manifold is controlled by the control unit. The func-
tion of the EGR valve is to control the flow of exhaust gas to intake port depend-
ing on the engine load. The amount of exhaust gas sent to the intake port may 
constitute a maximum of 50% of the air taken into the combustion chamber [27]. 
Because of the high exhaust gas content included in the combustion, the combus-
tion performance is greatly affected; therefore the engine performance can decrease 
significantly. For this reason, the exhaust gas content mixed with the intake air does 
not exceed 20% in practice.

The cooling of the exhaust gas included in the combustion process in the EGR 
system allows the higher amount of exhaust gas to be included in the combustion 
process and at the same time the combustion chamber temperature and hence NOx 
emissions can be further reduced. For this reason, in the EGR systems, the exhaust 
gas is passed through a cooler and sent to the intake stream. Cooling is carried 
out using engine coolant. In an electronically controlled cooling system, the cool-
ing process is optimized depending on different engine loads, temperatures and 
conditions.

In turbocharged diesel engines, the use of EGR takes place in two different ways; 
high pressure and low pressure. In a high-pressure EGR system, the exhaust gas is 
recirculated to the intake channel before the exhaust gas goes to the turbine and in 
the low-pressure EGR system the exhaust gas is recirculated after passing through 
the turbine.
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Thanks to the EGR system, the NOx emission in diesel engines can be reduced by 
up to 50% [26]. However, in this method, combustion is worsened, engine perfor-
mance decreases, and other pollutants, especially particulate emissions (PM) slightly 
increases. At the same time, the EGR system leads to an increase of about 2% in fuel 
consumption [28]. Due to the flow of the exhaust gas, EGR system can affect the 
quality of lubrication oil and the engine durability negatively, and erosion on piston 
rings and cylinder liner can increase [29]. These disadvantages and developed after-
treatment emission control technologies have overshadowed the EGR system [30].

4. Lean NOx trap (LNT)

Lean NOx trap (LNT) technology, also referred to as NOx absorber catalyst (NAC), 
NOx storage catalyst (NSC) or NOx storage/reduction (NSR) catalyst, is a method 
used to convert NOx emissions at particularly low exhaust gas temperatures. At low 
exhaust gas temperatures, NOx emissions in the exhaust gas content are absorbed at 
the catalyst surface and released when the exhaust temperature reaches high values.

Coating surface in LNT catalyst consists of an oxidation catalyst, an absorbent 
combined with alkali metals and a reduction catalyst. In LNT catalysts, there is 
usually Platinum and Rhodium supported by Al2O3 structure with component that 
has a NOx storage property such as barium carbonate (BaCO3). The reactions in the 
LNT catalyst occur in two different cycles; lean and rich. In the lean cycle, NO is 
absorbed into the storage component and converted to NO2 by being oxidizing on 
the catalyst surface and stored in the nitrate form on the surface. In the rich cycle, 
the stored NOx is released from the surface and converted to N2 on the catalyst 
surface via CO, HC and H2, which are formed due to incomplete combustion. All of 
the reactions taking place in the LNT catalyst are given in Eqs. (6)–(11).

  NO + ½  O  2   →  NO  2    (6)

   BaCO  3   +  NO  2   + ½  O  2   → Ba   ( NO  3  )   2   +  CO  2    (7)
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  Ba   ( NO  3  )   2   → BaO + 2NO + ½  O  2    (8)

  Ba   ( NO  3  )   2   → BaO +  2NO  2   + ½  O  2    (9)

   NO  2   + CO → NO +  CO  2    (10)

  NO + CO / HC → ½  N  2   +  CO  2   /  H  2   O  (11)

In Eq. (6), NO emissions at low exhaust gas temperatures are oxidized on the 
Platinum catalyst and converted to NO2 form. NO2 emissions are then absorbed in 
the Barium nitrate form, which has a storage feature of NOx emissions (Eq. (7)). 
When the storage capacity is full, regeneration is started by increasing the exhaust 
gas temperature to high levels. During the regeneration process, the stored nitrogen 
compounds become thermodynamically unstable and decomposed into NO and 
NO2 forms (Eqs. (8) and (9)). In the presence of CO, HC and H2, the released NO 
and NO2 components are then reacted on catalyst to form N2.

Increasing the exhaust gas temperature for regeneration in LNT systems can be 
achieved by injecting extra diesel fuel or hydrogen into the cylinder. Since diesel 
engines have lean mixture, HC is included externally by being injected into the 
exhaust gas. In the LNT technology, the amount of injected fuel, injecting timing 
and the ability of the catalyst to store NOx are parameters that must be optimized to 
ensure fuel economy.

Although LNT technology is a suitable solution for NOx conversion at low 
exhaust gas temperatures, it has some disadvantages. LNT catalysts usually contain 
precious metals such as Pt at high level to increase the oxidation process of NO 
emissions and to ensure their continuity. However, this situation increases the 
cost. At the same time, LNT catalysts need the supply of NO2 with NO oxidation 
to provide storage. For this reason, they do not have high NOx storage efficiency at 
exhaust gas temperatures below 150°C. On the other hand, Nitrates (NO3) formed 
as a result of storage are highly stable and they need to be decomposed in rich oper-
ating conditions for reacting of NOx emissions with reductants such as HC, CO 
and H2 on the catalyst surface to form N2. This affects the fuel economy negatively, 
and undesirable increases can happen in CO, HC and PM emissions. In the LNT 
catalysis, NOx adsorption can be poisoned by sulfur compounds and this undesir-
able sulfur poisoning causes the catalyst to lose its properties. Sulfur poisoning can 
be removed by desulphurization at exhaust gas temperatures of 600–750°C. This 
increases fuel consumption and other pollutant emissions. The use of low sulfur 
diesel fuel (ULSD) reduces sulfur poisoning and the frequency of desulphuriza-
tion. To overcome these disadvantages of LNT catalysts, different catalyst types 
such as Ce, Paladium and different methods have been investigated [31].

LNT technology has a wide range commercial application worldwide. Yang et al. 
[30] indicated that the LNT technology was adapted to more than half a million 
vehicles by many manufacturers, including VW and BMW. Up to 90% conversion 
efficiency at the low engine loads and its combination with the SCR system has 
raised the use of LNT technology in market.

5. Selective catalytic reduction of NOx emissions

The selective catalytic reduction of NOx emissions was dates back to 1970s but 
was used commercially in heavy-duty vehicles in 2005 [32, 33]. In the selective 
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catalytic reduction process, NOx emissions in the exhaust gas are converted to N2 
and H2O via a reducing agent. NH3-SCR and HC-SCR systems, where NOx emis-
sions are eliminated by the use of ammonia and hydrocarbons, are the most widely 
used technologies.

5.1 Selective catalytic reduction of NOx by Ammonia (NH3-SCR)

In SCR systems, ammonia (NH3) which is generally highly efficient is used 
as reducer. Ammonia is obtained from aqueous urea solution called AdBlue in 
the market to prevent burning due to high exhaust gas temperatures. The aque-
ous urea solution consists of 67% purified water (H2O) and 33% urea solution 
((NH2)2CO). Aqueous urea solution (AdBlue) is the most commonly used reduc-
tant in SCR systems. Particularly at high exhaust gas temperatures (350–450°C), 
NOx emissions in exhaust gas can be eliminated at high rates using AdBlue [34]. 
However, at low exhaust gas temperatures below 200°C, the conversion efficiency 
is underperforming and ammonia accumulates on the exhaust line and the catalyst 
surfaces. Temperatures above 600°C are a major problem for the NH3-SCR system. 
Because high temperatures can cause the reductant to burn before reaching the 
catalyst, and at the same time cause catalyst deformation. The active operating 
range of the NH3-SCR system is between 200 and 600°C exhaust gas tempera-
tures. A maximum conversion efficiency can be achieved about 350°C [35].

Figure 5 visually shows the reactions that occur when the aqueous urea solution 
is sprayed onto the exhaust gas.

In NH3-SCR system, the aqueous urea solution sprayed on the exhaust gas is 
first subjected to thermolysis and hydrolysis reactions under the influence of high 
temperature (Eqs. (12) and (13)). These reactions result in the production of two 
molecules of ammonia from one molecule urea.

    ( NH  2  )   2   CO →  NH  3   + HNCO  (thermolysis)   (12)

  HNCO +  H  2   O →  NH  3   +  CO  2    (hydrolysis)   (13)

The main reactions occurring in the system after the thermolysis and hydrolysis 
reactions are given in Eqs. (14)–(16).

  2NO +  2NO  2   +  4NH  3   →  4N  2   +  6H  2   O  (14)

  4NO +  4NH  3   +  O  2   →  4N  2   +  6H  2   O  (15)

   6NO  2   +  8NH  3   →  7N  2   + 12  H  2   O  (16)

Eq. (14) provides the highest conversion efficiency in the conversion reactions 
taking place in the NH3-SCR system. This reaction usually takes place when a diesel 
oxidation catalyst (DOC) is present before the NH3-SCR system. DOC converts NO 
emissions to NO2 form and when the content of NO and NO2 in the exhaust gas get 
close to each other, higher efficiency is achieved in the NH3-SCR system. Therefore, 
NH3-SCR system usually needs DOC and they are used together in applications. 
Eq. (15) occurs when there isn’t any DOC before the NH3-SCR system and NO 
emissions are included with large amount in the exhaust exit. If the DOC catalyst 
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engines have lean mixture, HC is included externally by being injected into the 
exhaust gas. In the LNT technology, the amount of injected fuel, injecting timing 
and the ability of the catalyst to store NOx are parameters that must be optimized to 
ensure fuel economy.

Although LNT technology is a suitable solution for NOx conversion at low 
exhaust gas temperatures, it has some disadvantages. LNT catalysts usually contain 
precious metals such as Pt at high level to increase the oxidation process of NO 
emissions and to ensure their continuity. However, this situation increases the 
cost. At the same time, LNT catalysts need the supply of NO2 with NO oxidation 
to provide storage. For this reason, they do not have high NOx storage efficiency at 
exhaust gas temperatures below 150°C. On the other hand, Nitrates (NO3) formed 
as a result of storage are highly stable and they need to be decomposed in rich oper-
ating conditions for reacting of NOx emissions with reductants such as HC, CO 
and H2 on the catalyst surface to form N2. This affects the fuel economy negatively, 
and undesirable increases can happen in CO, HC and PM emissions. In the LNT 
catalysis, NOx adsorption can be poisoned by sulfur compounds and this undesir-
able sulfur poisoning causes the catalyst to lose its properties. Sulfur poisoning can 
be removed by desulphurization at exhaust gas temperatures of 600–750°C. This 
increases fuel consumption and other pollutant emissions. The use of low sulfur 
diesel fuel (ULSD) reduces sulfur poisoning and the frequency of desulphuriza-
tion. To overcome these disadvantages of LNT catalysts, different catalyst types 
such as Ce, Paladium and different methods have been investigated [31].

LNT technology has a wide range commercial application worldwide. Yang et al. 
[30] indicated that the LNT technology was adapted to more than half a million 
vehicles by many manufacturers, including VW and BMW. Up to 90% conversion 
efficiency at the low engine loads and its combination with the SCR system has 
raised the use of LNT technology in market.
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catalytic reduction process, NOx emissions in the exhaust gas are converted to N2 
and H2O via a reducing agent. NH3-SCR and HC-SCR systems, where NOx emis-
sions are eliminated by the use of ammonia and hydrocarbons, are the most widely 
used technologies.

5.1 Selective catalytic reduction of NOx by Ammonia (NH3-SCR)

In SCR systems, ammonia (NH3) which is generally highly efficient is used 
as reducer. Ammonia is obtained from aqueous urea solution called AdBlue in 
the market to prevent burning due to high exhaust gas temperatures. The aque-
ous urea solution consists of 67% purified water (H2O) and 33% urea solution 
((NH2)2CO). Aqueous urea solution (AdBlue) is the most commonly used reduc-
tant in SCR systems. Particularly at high exhaust gas temperatures (350–450°C), 
NOx emissions in exhaust gas can be eliminated at high rates using AdBlue [34]. 
However, at low exhaust gas temperatures below 200°C, the conversion efficiency 
is underperforming and ammonia accumulates on the exhaust line and the catalyst 
surfaces. Temperatures above 600°C are a major problem for the NH3-SCR system. 
Because high temperatures can cause the reductant to burn before reaching the 
catalyst, and at the same time cause catalyst deformation. The active operating 
range of the NH3-SCR system is between 200 and 600°C exhaust gas tempera-
tures. A maximum conversion efficiency can be achieved about 350°C [35].

Figure 5 visually shows the reactions that occur when the aqueous urea solution 
is sprayed onto the exhaust gas.

In NH3-SCR system, the aqueous urea solution sprayed on the exhaust gas is 
first subjected to thermolysis and hydrolysis reactions under the influence of high 
temperature (Eqs. (12) and (13)). These reactions result in the production of two 
molecules of ammonia from one molecule urea.

    ( NH  2  )   2   CO →  NH  3   + HNCO  (thermolysis)   (12)

  HNCO +  H  2   O →  NH  3   +  CO  2    (hydrolysis)   (13)

The main reactions occurring in the system after the thermolysis and hydrolysis 
reactions are given in Eqs. (14)–(16).

  2NO +  2NO  2   +  4NH  3   →  4N  2   +  6H  2   O  (14)

  4NO +  4NH  3   +  O  2   →  4N  2   +  6H  2   O  (15)

   6NO  2   +  8NH  3   →  7N  2   + 12  H  2   O  (16)

Eq. (14) provides the highest conversion efficiency in the conversion reactions 
taking place in the NH3-SCR system. This reaction usually takes place when a diesel 
oxidation catalyst (DOC) is present before the NH3-SCR system. DOC converts NO 
emissions to NO2 form and when the content of NO and NO2 in the exhaust gas get 
close to each other, higher efficiency is achieved in the NH3-SCR system. Therefore, 
NH3-SCR system usually needs DOC and they are used together in applications. 
Eq. (15) occurs when there isn’t any DOC before the NH3-SCR system and NO 
emissions are included with large amount in the exhaust exit. If the DOC catalyst 
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is larger than the necessary and consequently the vast majority of NO emissions 
are converted to NO2, the Eq. (16) is realized. In terms of efficiency, this equation 
exhibits the worst conversion performance [36].

Figure 6 presents a schematic view of a classical NH3-SCR system. In this system 
managed by an electronic control unit, the data from the NOx and temperature 
sensors is evaluated and injector sprays the reductant with an optimized rate onto 
the exhaust gas.

Thanks to the NH3-SCR system, diesel engines can be operated at high combus-
tion end temperatures, thus resulting in improved engine performance and fuel 
consumption. With the use of the NH3-SCR system, fuel consumption can be 
reduced by 5% [37].

Metal oxides and zeolites are the most commonly used catalyst types in NH3-
SCR systems. Metal oxide catalysts are a group of catalysts produced from metals 
such as vanadium and titanium (V2O5-WO3/TiO2), which operate efficiently gener-
ally between 250 and 400°C [38]. When compared to metal oxide catalysts, zeolite 
catalysts are capable of operating in the high temperature range of 400–550°C [39]. 
While V2O5-WO3/TiO2 catalysts were preferred for commercial use of NH3-SCR in 
the vehicles in 2005, Fe-zeolites began to be used more widespread in the period 
after 2010 [40]. In addition to these catalysts, Cu-ZSM5 and Ag/Al2O3 catalysts 

Figure 5. 
NOx conversion reactions in NH3-SCR.
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may be preferred in applications. In particular, Ag/Al2O3 catalysts can exhibit high 
performance at low exhaust temperatures.

Cost, an extra storage that it requires and the space that it takes up on the vehicle 
are the biggest problem in using the NH3-SCR system. However, as a result of the 
studies performed in the NH3-SCR system, it is achieved that a volume reduction 
of 60%, a weight reduction of 40% and a cost reduction of 30% when compared to 
2010 [41]. Low efficiency at low exhaust gas temperatures, ammonia slip, lifetime, 
adaptation to different operating conditions, integration with other oxidation and 
particulate filter systems are the negative aspects of NH3-SCR systems. In addition, 
the NH3-SCR system requires a pre-catalyst (DOC) because they exhibit the best 
performance while NO/NO2 ratio is 1.

Even if NH3-SCR system has been developed for heavy-duty vehicles in general, 
it is widely used in many automobiles thanks to innovations (electronic injection, 
etc.) in the system [42]. NH3-SCR is the most effective system to meet the NOx 
emission values determined by the organizations in the current situation [40]. 
In addition, the fuel consumption of engine improves with the use of NH3-SCR 
system.

5.2 Selective catalytic reduction of NOx by hydrocarbons (HC-SCR)

When compared to NH3-SCR, HC-SCR systems have stayed in the background 
due to their low efficiency, but the catalysts in which hydrocarbons are used as 
reductant have been developed since 1980 [33].

As an alternative to NH3 reductant in SCR systems, the use of HCs improves 
the performance of the SCR system at low temperature. The use of diesel fuel or 
unburned HCs in the exhaust stream simplifies the system and reduces the cost. 
In addition to diesel fuel, oxygen-containing HCs such as ethanol, methanol, and 
propanol are highly effective in NOx conversions [43].

The NOx conversion reactions occurred in HC-SCR systems are given below.

  NO +  O  2   →  NO  2    (17)

   C  x    H  y    O  z   +  NO  2   →  N  2   +  CO  2   +  H  2   O  (18)

HC-SCR system is an up-to-date field of study, where many researches has 
been made on. The studies have focused especially on the development of catalysts 

Figure 6. 
NH3-SCR system.
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may be preferred in applications. In particular, Ag/Al2O3 catalysts can exhibit high 
performance at low exhaust temperatures.

Cost, an extra storage that it requires and the space that it takes up on the vehicle 
are the biggest problem in using the NH3-SCR system. However, as a result of the 
studies performed in the NH3-SCR system, it is achieved that a volume reduction 
of 60%, a weight reduction of 40% and a cost reduction of 30% when compared to 
2010 [41]. Low efficiency at low exhaust gas temperatures, ammonia slip, lifetime, 
adaptation to different operating conditions, integration with other oxidation and 
particulate filter systems are the negative aspects of NH3-SCR systems. In addition, 
the NH3-SCR system requires a pre-catalyst (DOC) because they exhibit the best 
performance while NO/NO2 ratio is 1.

Even if NH3-SCR system has been developed for heavy-duty vehicles in general, 
it is widely used in many automobiles thanks to innovations (electronic injection, 
etc.) in the system [42]. NH3-SCR is the most effective system to meet the NOx 
emission values determined by the organizations in the current situation [40]. 
In addition, the fuel consumption of engine improves with the use of NH3-SCR 
system.

5.2 Selective catalytic reduction of NOx by hydrocarbons (HC-SCR)

When compared to NH3-SCR, HC-SCR systems have stayed in the background 
due to their low efficiency, but the catalysts in which hydrocarbons are used as 
reductant have been developed since 1980 [33].

As an alternative to NH3 reductant in SCR systems, the use of HCs improves 
the performance of the SCR system at low temperature. The use of diesel fuel or 
unburned HCs in the exhaust stream simplifies the system and reduces the cost. 
In addition to diesel fuel, oxygen-containing HCs such as ethanol, methanol, and 
propanol are highly effective in NOx conversions [43].

The NOx conversion reactions occurred in HC-SCR systems are given below.

  NO +  O  2   →  NO  2    (17)

   C  x    H  y    O  z   +  NO  2   →  N  2   +  CO  2   +  H  2   O  (18)

HC-SCR system is an up-to-date field of study, where many researches has 
been made on. The studies have focused especially on the development of catalysts 

Figure 6. 
NH3-SCR system.
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for HC-SCR systems. Ag/Al2O3 catalysts are the most preferred type of catalyst in 
HC-SCR systems. Besides, silver, gold, copper, platinum, rhodium, cobalt and iron-
based zeolites are used as catalysts in HC-SCR systems [44].

In the HC-SCR systems where conventional Ag-containing Al2 O3 structures are 
used as catalysts, NOx conversions exceeding 80% can be achieved in the tempera-
ture range of 350–500°C. At the same time, these structures are very resistant to the 
adverse effects of water and sulfur. It is even indicated that the sulfur formation on 
the silver catalyst enhances the conversion efficiency [45]. In Ag-containing cata-
lysts, hydrogen accelerates the oxidation of HC, thereby increasing NOx conversion 
efficiency. In addition, the use of hydrogen increases NOx conversion efficiency at 
low temperatures by retaining radicals in reducing NOx emissions [46].

The conversion efficiency of NOx emissions in HC-SCR systems varies depend-
ing on the HC and NOx ratio in the exhaust gas content. That the amount HC is 
2–4 times higher than NOx emission can provide conversion in NOx emissions up 
to 80%. However, in diesel engines, the exhaust gas does not contain HC in this 
amount. Therefore, the amount of HC in the exhaust gas content must be provided 
by enriching the mixture during combustion or spraying it directly on the exhaust 
gas [47]. Direct injection of HC’s onto the exhaust gas can be controlled by different 
parameters via an injector and control unit. Increasing the amount of HC in the 
exhaust gas content by enriching the mixture in the engine is an indirect method 
and high NOx conversion efficiency cannot be obtained.

6. Conclusion

NOx emissions and the air pollution resulting from it are not the precepts of the 
countries. Establishing policies, making regulations, taking the necessary measures 
and making them sustainable for reducing pollutant emissions, especially NOx 
emissions in the world, will prevent air pollution and global warming and thus the 
world will become more liveable in terms of environment and human health.

Although diesel engines cause high level NOx emissions in the combustion stage, 
these harmful gases can be disposed of at very high rates by improving the emission 
control systems before and after the engine.

Although the EGR system which is one of the pre-engine emission control sys-
tems can provide up to 50% NOx conversion, it is inadequate to provide the desired 
emission values. In the present case, the desired reductions in NOx emissions can be 
achieved with post-engine emission control systems.

In post-engine control systems, NOx emissions can be reduced in the desired 
level without any reduction in engine performance due to the catalysts used. LNT 
and SCR technologies are effective post-engine emission control systems used in 
NOx disposal.

In LNT technology, NOx emissions absorbed at low exhaust temperatures 
are released at high exhaust gas temperatures and reacted with HC, CO and/
or H2 and converted to nitrogen. LNT technology can especially provide suit-
able solutions for light duty vehicles. However, LNT systems doesn’t have high 
NOx storage capacity, it is highly susceptible to sulfur poisoning and it needs 
rich operating conditions for regeneration process. These problems restrict the 
efficiency of LNT system.

Thanks to SCR technology, high conversion rates can be achieved in NOx emis-
sions. Today, the SCR system is the most efficient of the post-engine emission 
control systems used to reduce NOx emissions. However, even though the SCR 
systems perform well at temperatures above 200°C, they do not perform well when 
the exhaust gas temperature is below 200°C during initial operation of engine. 
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In the years to come, it is inevitable that emissions standards put into effect by 
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control systems will maintain their continuity for a long time. Future standard 
values to be determined can only be achieved with post-engine emission control 
systems. The use of post-engine emission control systems is essential to ensure the 
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Future studies to be performed on NOx emission control methods will focus on 
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temperatures. The findings and innovations to be achieved as a result of these stud-
ies will enable the development of more environmentally friendly diesel vehicles.
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Abstract

In this research, we investigate the minor chemical elements contained in the 
particulate matter (PM) exhaust emissions, generated by in-use diesel engine 
passenger vehicles. For this purpose, we apply a high-resolution optical emission 
spectroscopy technique, for precise, spectrochemical analysis of diesel particulate 
matter (DPM). By means of the laser-induced breakdown spectroscopy analyti-
cal method, we analyse PM from different road diesel engine vehicles. DPM were 
obtained from miscellaneous in-use diesel engine passenger vehicles of diverse 
types and models from major brand car producers in Europe. We analysed particu-
late matter extracted from the exhaust manifold part, from 67 different passenger 
vehicles, which are used in daily life environment.
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1. Introduction

Problems with diesel engine emissions and control failures [1–3] are present 
in public perception around the world. To breathe clean air is very important for 
human health not only for lungs and cardiovascular system, but also for the brain 
and central nervous system [4, 5]. Therefore, it should be amongst our highest 
priorities to find new techniques and technology to successfully solve the emission 
issues.

In this study, we applied a laser-induced breakdown spectroscopy technique [6] 
for qualitative spectrochemical analysis of diesel particulate matter (DPM) emitted 
from in-use diesel engine passenger vehicles.

We analysed particulate matter from 67 different diesel engine passenger 
vehicles of major EU car producers, used in daily life environment. The aim of this 
study is to compare particulate matter (PM) composition, mainly agglomerated 
minor chemical elements. Special attention is given to the analysis of different PM 
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1. Introduction

Problems with diesel engine emissions and control failures [1–3] are present 
in public perception around the world. To breathe clean air is very important for 
human health not only for lungs and cardiovascular system, but also for the brain 
and central nervous system [4, 5]. Therefore, it should be amongst our highest 
priorities to find new techniques and technology to successfully solve the emission 
issues.

In this study, we applied a laser-induced breakdown spectroscopy technique [6] 
for qualitative spectrochemical analysis of diesel particulate matter (DPM) emitted 
from in-use diesel engine passenger vehicles.

We analysed particulate matter from 67 different diesel engine passenger 
vehicles of major EU car producers, used in daily life environment. The aim of this 
study is to compare particulate matter (PM) composition, mainly agglomerated 
minor chemical elements. Special attention is given to the analysis of different PM 
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for a qualitative comparison of the Laser induced breakdown spectroscopy (LIBS) 
spectral signal. The presence of agglomerate chemical elements in diesel exhaust 
emissions is due to different processes involved within the combustion. These are 
mainly related to the diesel fuel, fuel additives, engine lubricants, engine perfor-
mance, applied aftertreatment devices like selective catalytic reduction devices and 
diesel particulate filtering techniques. All these input parameters influence the final 
chemical composition of exhaust emissions and consequently the diesel particulate 
matter emitted from in-use diesel engine vehicles.

The current existing emission standards in the European Union, like European 
emission standards – Euro [7, 8], or in USA – Tier [9], or LEV [10], for diesel 
engine vehicles specify the maximum allowable emissions of hydrocarbons, carbon 
monoxide, nitrogen oxides, and particulate matter (PM). PM is measured as the 
total number of all generated particles from diesel exhaust, expelled from diesel 
exhaust fumes. Currently, there are no specific emission standards for additional 
compounds or chemical elements contained in the exhaust emissions, i.e., exhaust 
vapour, diesel particulate matter, particulate matter, black carbon, or in the soot, 
formed by the diesel or biodiesel, from internal combustion engines. The agglomer-
ated chemical elements in diesel particulate matter additional to carbon, presents 
a very large fraction of the total DPM or soot emission contents. Particularly, the 
inhalation of metal dusts and ions has numerous negative health effects, especially 
upon long-term exposure. Automotive emissions are considered as the dominant 
source for air-borne metal pollution in urban areas. Therefore, accurate in-situ 
technique to assess the on-line elemental composition of particulate matter from 
automotive emissions would be desirable.

Generally, exhaust emissions from diesel engines can form a very complex 
mixture of gases, vapour, and particles consisting of countless elements and 
compounds. Gaseous compounds of diesel emission include carbon dioxide, 
oxygen, nitrogen, water vapour, carbon monoxide, nitrogen compounds, sulphur 
compounds, and numerous low molecular weight compounds [11]. The vapour 
phase contains larger molecular weight compounds, located in unburned tailpipe 
emissions. The diesel exhaust particles are agglomerates of many primary spherical 
particles that differ in size [12], composition [13], and solubility [14]. The particles 
in diesel exhaust emission consist of particulate matter – diesel particulate matter. 
This is further classified, depending on the size of particles as particulates of an 
aerodynamic diameter of less than 10 μm, fine particles of diameters below 2.5 μm, 
ultra-fine particles – below 0.1 μm, and nanoparticles – characterised by diameter 
less than 50 nm. DPM is composed of elemental carbon in core and adsorbed 
compound. The elemental carbon core has a high specific surface area and serves as 
a nucleus for condensation of compounds with good adsorption properties mainly 
from the unburned or incompletely burned diesel, particles or from crankcase oil 
volatilised metallic nano-particles from the cylinder walls.

Amongst the early pioneers in measurement of particulate trace emissions from 
vehicles was the group of Schauer et al. [15] as they used a comprehensive dilution 
source sampler, organic chemical analysis, and X-ray fluorescence analysis for 
mass and chemical composition measurements of fine particles. Other groups [13, 
16–18], used inductively-coupled plasma mass spectrometry ICP-MS and XRF for 
characterisation of metals and other particle-phase species from on-road motor 
vehicles. They found the following trace elements in the particles: Al, Ba, Be, Ca, 
Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Pt, S, Sr, Ti, V and Zn.

Other groups [19–23], used ICP-OES to characterise the different biodiesel 
samples with special concern to quantify the Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, 
P, Sr, B and Cl content, to evaluate the fuel quality and to control the emission of 
pollutants to the atmosphere. In this case, the samples were prepared using a high 
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pressure ashier digestion procedure for metal determination in biodiesel samples. 
Different groups used ICP-MS to characterise additional bound elements, like Cd, 
As, Ba and Ti in the particulate matter collected from ultra-low sulphur diesel and 
biodiesel-powered engine exhaust emissions [24].

The first pioneering group investigated the metallic elements in diesel soot 
collected on filter by means of laser-induced breakdown spectroscopy was by 
Lombaert et al. [25]. They found that Fe, Cu, Ca, Zn and Mg appear as the main 
metallic species deposited within diesel particles on the reference filter.

The qualitative and quantitative characterisation of major chemical elements 
in different types of diesel particulate matter collected from in-use diesel engine 
passenger vehicles, analysed by laser-induced breakdown spectroscopy have been 
studied by Viskup et al. [26].

The aim of this research is to investigate the minor chemical elements contained 
in the particulate matter exhaust emissions, generated from diesel engine passenger 
vehicles equipped with internal combustion engines. For this purpose, we apply 
high-resolution optical emission spectroscopy technique for precise spectrochemi-
cal analysis of DPM. By means of the laser-induced breakdown spectroscopy 
analytical method, we analyse PM from different on-road diesel engine vehicles. 
DPM were obtained from miscellaneous in-use diesel engine passenger vehicles of 
diverse types and models from major brand car producers in Europe.

2. Methodology

Laser-induced breakdown spectroscopy (LIBS) [27–29] is an optical measure-
ment technique [30] for rapid qualitative [31] and sensitive quantitative [32] 
compositional analysis of various forms of materials like solids [33], liquids [34], 
gases [35], powders [36] or nanoparticles [37].

In laser-induced breakdown spectroscopy, a high-power laser radiation, with 
nanosecond or shorter pulse duration, is interacting with the investigating material 
[38]. This short light-matter interaction generates a plasma, of which the opti-
cal emission spectrum is collected by the optical spectrometer and then further 
processed by computer. From LIBS spectra, the elemental chemical composition 
of the examined sample can be obtained. The qualitative spectral information can 
be further calibrated, to obtain quantitative results. The LIBS technique provides 
very sensitive and rapid analytical measurements, without sample pre-treatment, 
in the range of ppm levels [39], almost instantaneously. This advantage pushes the 
LIBS technique forward in many new research areas and makes it also attractive for 
industrial applications [40].

The LIBS technique can almost instantly measure the minor compounds of DPM 
and provide the qualitative results about the chemical composition. The finger-
prints of minor chemical elements in PM exhaust emissions are related to different 
processes. These are fuel oil type, fuel quality, fuel composition, fuel additives, 
engine lubricants, performance of combustion engine, catalytic reaction, particu-
late filtering technique, deterioration of engine or some parts, etc.

3. Experimental setup

3.1 Experimental LIBS setup

The experimental setup for LIBS measurement consists of high-intensity pulsed 
laser system, experimental chamber, collection optics and with high precision 
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for a qualitative comparison of the Laser induced breakdown spectroscopy (LIBS) 
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emissions is due to different processes involved within the combustion. These are 
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from the unburned or incompletely burned diesel, particles or from crankcase oil 
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Amongst the early pioneers in measurement of particulate trace emissions from 
vehicles was the group of Schauer et al. [15] as they used a comprehensive dilution 
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mass and chemical composition measurements of fine particles. Other groups [13, 
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pressure ashier digestion procedure for metal determination in biodiesel samples. 
Different groups used ICP-MS to characterise additional bound elements, like Cd, 
As, Ba and Ti in the particulate matter collected from ultra-low sulphur diesel and 
biodiesel-powered engine exhaust emissions [24].

The first pioneering group investigated the metallic elements in diesel soot 
collected on filter by means of laser-induced breakdown spectroscopy was by 
Lombaert et al. [25]. They found that Fe, Cu, Ca, Zn and Mg appear as the main 
metallic species deposited within diesel particles on the reference filter.

The qualitative and quantitative characterisation of major chemical elements 
in different types of diesel particulate matter collected from in-use diesel engine 
passenger vehicles, analysed by laser-induced breakdown spectroscopy have been 
studied by Viskup et al. [26].

The aim of this research is to investigate the minor chemical elements contained 
in the particulate matter exhaust emissions, generated from diesel engine passenger 
vehicles equipped with internal combustion engines. For this purpose, we apply 
high-resolution optical emission spectroscopy technique for precise spectrochemi-
cal analysis of DPM. By means of the laser-induced breakdown spectroscopy 
analytical method, we analyse PM from different on-road diesel engine vehicles. 
DPM were obtained from miscellaneous in-use diesel engine passenger vehicles of 
diverse types and models from major brand car producers in Europe.

2. Methodology

Laser-induced breakdown spectroscopy (LIBS) [27–29] is an optical measure-
ment technique [30] for rapid qualitative [31] and sensitive quantitative [32] 
compositional analysis of various forms of materials like solids [33], liquids [34], 
gases [35], powders [36] or nanoparticles [37].

In laser-induced breakdown spectroscopy, a high-power laser radiation, with 
nanosecond or shorter pulse duration, is interacting with the investigating material 
[38]. This short light-matter interaction generates a plasma, of which the opti-
cal emission spectrum is collected by the optical spectrometer and then further 
processed by computer. From LIBS spectra, the elemental chemical composition 
of the examined sample can be obtained. The qualitative spectral information can 
be further calibrated, to obtain quantitative results. The LIBS technique provides 
very sensitive and rapid analytical measurements, without sample pre-treatment, 
in the range of ppm levels [39], almost instantaneously. This advantage pushes the 
LIBS technique forward in many new research areas and makes it also attractive for 
industrial applications [40].

The LIBS technique can almost instantly measure the minor compounds of DPM 
and provide the qualitative results about the chemical composition. The finger-
prints of minor chemical elements in PM exhaust emissions are related to different 
processes. These are fuel oil type, fuel quality, fuel composition, fuel additives, 
engine lubricants, performance of combustion engine, catalytic reaction, particu-
late filtering technique, deterioration of engine or some parts, etc.

3. Experimental setup

3.1 Experimental LIBS setup

The experimental setup for LIBS measurement consists of high-intensity pulsed 
laser system, experimental chamber, collection optics and with high precision 
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optical spectrometer. Laser beam is guided via optical mirrors into the focusing 
lens. Plasma is generated by focusing of laser radiation into the material. Schema of 
LIBS experimental set-up is shown in Figure 1.

For laser-induced plasma, we have used solid state Nd:YAG laser from Quantel. 
The laser has 8.5 ns pulse duration, and fundamental laser wavelength operating 
at 1064 nm in invisible infrared spectrum. For the measurements, we have used 
the laser energy of 300 mJ per single pulse. Due to the large variations of different 
DPM samples, we apply higher laser energy, to enhance the plasma emission and 
to ensure the gain in overall optical signal for all spectra lines and samples. The 
laser radiation has been focused with 10 cm focusing lens into the plane solid target 
surface to create plasma. Optical emission from plasma has been collected perpen-
dicularly via optical telescope into the high resolution Echelle spectrograph model 
Aryelle Butterfly from LTB Berlin equipped with ICCD detector. Spectrometer con-
sists of two separate spectrographs, one part for UV range from 190 to 440 nm and 
the second part for VIS optical spectrum in range 440–800 nm. Spectral resolution 
capability is from 3 to 7 pm for VUV part and 4–8 pm for VIS part, thus providing 
spectral information of a broad spectral range with high resolution and variability. 
The delay time 1 μs and gate width 2 μs after the trigger signal has been used. The 
LIBS emission has been recorded in open air atmosphere under an atmospheric 
pressure at room temperature.

3.2 Particulate matter collection and sample preparation

Sixty-seven different samples from in-use diesel engine passenger vehicles of 
major brand car producers in Europe have been analysed by LIBS. Vehicles selected 
for the DPM sample collection were from our daily life environment, as anyone 
is using to drive to work, etc. Generally, neither special test vehicles, nor driving 
test cycles or test engines were used. Diesel particulate matter was collected and 
extracted directly from the tail pipe at the end of the exhaust system. We analysed 
particulate matter (PM) extracted from the exhaust tail pipe, from 67 different 
passenger vehicles. Selections of the vehicles were performed randomly and no 
company, brand or vehicle type was given preference. The collected DPM from 
Diesel engine vehicles tail pipe deposits has been mechanically pressed into small 
pellets with 6 mm diameter and with a flat, disc-like shape.

Figure 1. 
Layout of LIBS experimental setup.
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We are well aware, that it is uncommon to use tail pipe deposits for exhaust par-
ticulate matter analysis. It is also worth noting, that the actual composition of this 
material may differ largely from the particulate matter, which leaves the exhaust 
system together with the gases. The reason, why we chose to use deposit material is 
of purely practical nature: As our main goal in this project was to establish the LIBS 
method for Diesel PM trace element analysis, we needed large sample volumes for 
many repetitive measurements and the samples needed to provide a shelf life over 
the entire project time frame. Therefore, this study is not meant to provide repre-
sentative composition data for airborne particulate matter, but rather to present a 
methodological approach, that can easily be applied to airborne DPM composition 
analysis. However, one can still expect to find significant differences amongst indi-
vidual samples, which arise from the many factors, some of which were enumerated 
above. Thus, this method of sample collection can be considered sufficient for the 
declared goal of the project.

4. Results and discussion

4.1 Identification of the major elements in the DPM

Obtained signal from laser-induced breakdown spectroscopy measurements 
of diesel particulate matter from three selected samples are shown in Figure 2. 
The strong optical emission is characterised from Carbon, Iron, Magnesium, 
Aluminium, Chromium, Zinc, Sodium and Calcium. These elements were 
previously identified in PM as major components of diesel particulate matter 
[26]. LIBS spectra generated from particulate matter collected from in-use 
diesel engine passenger vehicles exhibits characteristic spikes – optical emis-
sion lines with distinct peaks of atomic, ionic and molecular origin included in 
the signal.

4.2 Identification of the minor elements in the DPM

To identify the minor elements of DPM, the state-of-the-art laboratory laser-
induced breakdown spectroscopy setup has been used to obtain high-resolution 
optical emission spectral images. Here, we restrict our attention to minor chemical 
elements, particularly to dominant spectral lines from atomic and ionic emission 
from: Silicon, Nickel, Titan, Potassium, Strontium and Molybdenum.

Minor elements of DPM matrices:
Silicon spectral line: atomic emission from Si I @ 288.16 nm is shown in 

Figure 3a. In this figure, the raw spectral signal from LIBS measurements of 67 
different samples of diesel particulate matter is shown. From these spectroscopical 
results, one can observe that the silicon signal, mainly peak shape, peak intensity 
and peak width at FWHM varies for each DPM sample. The strength of the LIBS 
signal of particular atomic or ionic line is basically proportional to the concen-
tration of the analyte in studied sample. Therefore, for detail comparison, we 
numerically calculated the integral values of each signal peak to obtain qualitative 
information about chemical composition of diesel particulate matter. The results 
from these calculations are shown in Figure 3b. Here, one can easily compare the 
variations of silicon signal/concentrations (a.u.) within diverse DPM matrices. 
However, for detail quantitative analytical characterisation of Si in DPM, the 
calibration of LIBS signal would be desirable. To compare, very high content of Si 
is in the sample # 25, 31, 51, 55. From LIBS analytical measurements and numerical 
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optical spectrometer. Laser beam is guided via optical mirrors into the focusing 
lens. Plasma is generated by focusing of laser radiation into the material. Schema of 
LIBS experimental set-up is shown in Figure 1.

For laser-induced plasma, we have used solid state Nd:YAG laser from Quantel. 
The laser has 8.5 ns pulse duration, and fundamental laser wavelength operating 
at 1064 nm in invisible infrared spectrum. For the measurements, we have used 
the laser energy of 300 mJ per single pulse. Due to the large variations of different 
DPM samples, we apply higher laser energy, to enhance the plasma emission and 
to ensure the gain in overall optical signal for all spectra lines and samples. The 
laser radiation has been focused with 10 cm focusing lens into the plane solid target 
surface to create plasma. Optical emission from plasma has been collected perpen-
dicularly via optical telescope into the high resolution Echelle spectrograph model 
Aryelle Butterfly from LTB Berlin equipped with ICCD detector. Spectrometer con-
sists of two separate spectrographs, one part for UV range from 190 to 440 nm and 
the second part for VIS optical spectrum in range 440–800 nm. Spectral resolution 
capability is from 3 to 7 pm for VUV part and 4–8 pm for VIS part, thus providing 
spectral information of a broad spectral range with high resolution and variability. 
The delay time 1 μs and gate width 2 μs after the trigger signal has been used. The 
LIBS emission has been recorded in open air atmosphere under an atmospheric 
pressure at room temperature.

3.2 Particulate matter collection and sample preparation

Sixty-seven different samples from in-use diesel engine passenger vehicles of 
major brand car producers in Europe have been analysed by LIBS. Vehicles selected 
for the DPM sample collection were from our daily life environment, as anyone 
is using to drive to work, etc. Generally, neither special test vehicles, nor driving 
test cycles or test engines were used. Diesel particulate matter was collected and 
extracted directly from the tail pipe at the end of the exhaust system. We analysed 
particulate matter (PM) extracted from the exhaust tail pipe, from 67 different 
passenger vehicles. Selections of the vehicles were performed randomly and no 
company, brand or vehicle type was given preference. The collected DPM from 
Diesel engine vehicles tail pipe deposits has been mechanically pressed into small 
pellets with 6 mm diameter and with a flat, disc-like shape.

Figure 1. 
Layout of LIBS experimental setup.
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We are well aware, that it is uncommon to use tail pipe deposits for exhaust par-
ticulate matter analysis. It is also worth noting, that the actual composition of this 
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system together with the gases. The reason, why we chose to use deposit material is 
of purely practical nature: As our main goal in this project was to establish the LIBS 
method for Diesel PM trace element analysis, we needed large sample volumes for 
many repetitive measurements and the samples needed to provide a shelf life over 
the entire project time frame. Therefore, this study is not meant to provide repre-
sentative composition data for airborne particulate matter, but rather to present a 
methodological approach, that can easily be applied to airborne DPM composition 
analysis. However, one can still expect to find significant differences amongst indi-
vidual samples, which arise from the many factors, some of which were enumerated 
above. Thus, this method of sample collection can be considered sufficient for the 
declared goal of the project.

4. Results and discussion

4.1 Identification of the major elements in the DPM

Obtained signal from laser-induced breakdown spectroscopy measurements 
of diesel particulate matter from three selected samples are shown in Figure 2. 
The strong optical emission is characterised from Carbon, Iron, Magnesium, 
Aluminium, Chromium, Zinc, Sodium and Calcium. These elements were 
previously identified in PM as major components of diesel particulate matter 
[26]. LIBS spectra generated from particulate matter collected from in-use 
diesel engine passenger vehicles exhibits characteristic spikes – optical emis-
sion lines with distinct peaks of atomic, ionic and molecular origin included in 
the signal.

4.2 Identification of the minor elements in the DPM

To identify the minor elements of DPM, the state-of-the-art laboratory laser-
induced breakdown spectroscopy setup has been used to obtain high-resolution 
optical emission spectral images. Here, we restrict our attention to minor chemical 
elements, particularly to dominant spectral lines from atomic and ionic emission 
from: Silicon, Nickel, Titan, Potassium, Strontium and Molybdenum.

Minor elements of DPM matrices:
Silicon spectral line: atomic emission from Si I @ 288.16 nm is shown in 

Figure 3a. In this figure, the raw spectral signal from LIBS measurements of 67 
different samples of diesel particulate matter is shown. From these spectroscopical 
results, one can observe that the silicon signal, mainly peak shape, peak intensity 
and peak width at FWHM varies for each DPM sample. The strength of the LIBS 
signal of particular atomic or ionic line is basically proportional to the concen-
tration of the analyte in studied sample. Therefore, for detail comparison, we 
numerically calculated the integral values of each signal peak to obtain qualitative 
information about chemical composition of diesel particulate matter. The results 
from these calculations are shown in Figure 3b. Here, one can easily compare the 
variations of silicon signal/concentrations (a.u.) within diverse DPM matrices. 
However, for detail quantitative analytical characterisation of Si in DPM, the 
calibration of LIBS signal would be desirable. To compare, very high content of Si 
is in the sample # 25, 31, 51, 55. From LIBS analytical measurements and numerical 
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Figure 2. 
Optical emission LIBS spectra from three different particulate matter matrices. High intensity spectral lines are 
from major chemical elements - carbon, iron, magnesium, aluminium, chromium, zinc, sodium and calcium. 
(a) C, Mg, Ca and Al; (b) Fe, Cr and Ca, Mg; and (c) C, Ca, and Mg.

Figure 3. 
(a) Optical emission spectra from silicon measured by high resolution LIBS technique from 67 different diesel 
particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral values 
from Si peak optical emission spectra.
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calculations, we can conclude that silicon is minor element and it has been mea-
sured in 63 from 67 different DPM samples.

Nickel spectral line: in Figure 4a, the comparisons of ionic emission from Nickel, 
spectra line Ni II at 221.64 nm are shown. One can see that this signal response is 
quite strong. The results from calculation of peak signal integral values are shown in 
Figure 4b. Samples with high content of Nickel are # 4, 5, 12, 20 and 34. Nickel in 
DPM is present as minor element in 43 samples.

Titan spectral line: is compared in Figure 5a, where the ionic spectra lines Ti II at 
334.94 nm are shown. From the numerical calculation in Figure 5b, one can see that 
optical emission from this element is present in 32 DPM matrices. High content of 
Titan is present in sample # 51, 55 and 59.

Potassium spectral line: is shown in Figure 6a, as atomic line K I at 766.48 nm in 
infrared spectral range. High content has been measured in sample # 4, 8, 25, 26, 
28 and 51. The comparison of integral spectral peak calculated values are shown in 
Figure 6b. Potassium is present in 50 different samples.

Strontium spectral line: the raw peak signal from 67 different DPM samples is 
shown in Figure 7a. The Sr ionic line Sr II at 407.77 nm, is present in visible spectral 
range. From numerical calculation in Figure 7b, the Strontium as minor element 
has been measured in 35 different DPM samples. Strong signal from Sr is in sample 
# 4, 5, 41 and 51.

Molybdenum spectral line: atomic emission from Mo I @ 390.29 nm is shown in 
Figure 8a. From this figure, higher content of molybdenum is in five samples, # 12, 

Figure 4. 
(a) Optical emission spectra from Nickel measured by high resolution LIBS technique from 67 different diesel 
particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral values 
from Ni peak optical emission spectra.
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Figure 2. 
Optical emission LIBS spectra from three different particulate matter matrices. High intensity spectral lines are 
from major chemical elements - carbon, iron, magnesium, aluminium, chromium, zinc, sodium and calcium. 
(a) C, Mg, Ca and Al; (b) Fe, Cr and Ca, Mg; and (c) C, Ca, and Mg.

Figure 3. 
(a) Optical emission spectra from silicon measured by high resolution LIBS technique from 67 different diesel 
particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral values 
from Si peak optical emission spectra.
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calculations, we can conclude that silicon is minor element and it has been mea-
sured in 63 from 67 different DPM samples.

Nickel spectral line: in Figure 4a, the comparisons of ionic emission from Nickel, 
spectra line Ni II at 221.64 nm are shown. One can see that this signal response is 
quite strong. The results from calculation of peak signal integral values are shown in 
Figure 4b. Samples with high content of Nickel are # 4, 5, 12, 20 and 34. Nickel in 
DPM is present as minor element in 43 samples.

Titan spectral line: is compared in Figure 5a, where the ionic spectra lines Ti II at 
334.94 nm are shown. From the numerical calculation in Figure 5b, one can see that 
optical emission from this element is present in 32 DPM matrices. High content of 
Titan is present in sample # 51, 55 and 59.

Potassium spectral line: is shown in Figure 6a, as atomic line K I at 766.48 nm in 
infrared spectral range. High content has been measured in sample # 4, 8, 25, 26, 
28 and 51. The comparison of integral spectral peak calculated values are shown in 
Figure 6b. Potassium is present in 50 different samples.

Strontium spectral line: the raw peak signal from 67 different DPM samples is 
shown in Figure 7a. The Sr ionic line Sr II at 407.77 nm, is present in visible spectral 
range. From numerical calculation in Figure 7b, the Strontium as minor element 
has been measured in 35 different DPM samples. Strong signal from Sr is in sample 
# 4, 5, 41 and 51.

Molybdenum spectral line: atomic emission from Mo I @ 390.29 nm is shown in 
Figure 8a. From this figure, higher content of molybdenum is in five samples, # 12, 

Figure 4. 
(a) Optical emission spectra from Nickel measured by high resolution LIBS technique from 67 different diesel 
particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral values 
from Ni peak optical emission spectra.
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Figure 6. 
(a) Optical emission spectra from potassium measured by high resolution LIBS technique from 67 different 
diesel particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral 
values from K peak optical emission spectra.

Figure 5. 
(a) Optical emission spectra from Titan measured by high resolution LIBS technique from 67 
different diesel particulate matter samples collected from in-use passenger diesel engine vehicles. 
(b) Calculated integral values from Ti peak optical emission spectra.

185

Identification of the Minor Chemical Elements in the Particulate Matter Exhaust Emissions…
DOI: http://dx.doi.org/10.5772/intechopen.90760

Figure 7. 
(a) Optical emission spectra from Strontium measured by high resolution LIBS technique from 67 different 
diesel particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral 
values from Sr peak optical emission spectra.

Figure 8. 
(a) Optical emission spectra from Molybdenum measured by high resolution LIBS technique from 67 different 
diesel particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral 
values from Mo peak optical emission spectra.
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Figure 6. 
(a) Optical emission spectra from potassium measured by high resolution LIBS technique from 67 different 
diesel particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral 
values from K peak optical emission spectra.

Figure 5. 
(a) Optical emission spectra from Titan measured by high resolution LIBS technique from 67 
different diesel particulate matter samples collected from in-use passenger diesel engine vehicles. 
(b) Calculated integral values from Ti peak optical emission spectra.
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Figure 7. 
(a) Optical emission spectra from Strontium measured by high resolution LIBS technique from 67 different 
diesel particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral 
values from Sr peak optical emission spectra.

Figure 8. 
(a) Optical emission spectra from Molybdenum measured by high resolution LIBS technique from 67 different 
diesel particulate matter samples collected from in-use passenger diesel engine vehicles. (b) Calculated integral 
values from Mo peak optical emission spectra.
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34, 55, 58 and 59. Molybdenum as minor element has been measured in 55 different 
DPM samples. The comparison of calculated integral values from Mo peak optical 
emission spectra is shown in Figure 8b.

Table 1 summarised measured analytes, the spectral atomic or ionic lines used 
for analytical LIBS measurements and number of samples where the minor element 
has been successfully detected.

5. Conclusions

In this chapter, we have shown an exemplary investigation of the minor chemical 
elements present in diesel particulate matter. The DPM have been collected from 67 
different in-use diesel engine passenger vehicles. Selections of diesel passenger vehicles 
have been performed randomly, from daily life environment and from major brand car 
producers in Europe. Particulate matter samples have been analysed spectrochemicaly 
by means of a high-resolution laser-induced breakdown spectroscopy (LIBS) tech-
nique. The qualitative analytical results have shown the presence of minor chemical 
elements: Silicon, Nickel, Titan, Potassium, Strontium and Molybdenum in diesel 
particulate matter. These elements were measured by LIBS as strong spectral lines of 
atomic and ionic emissions in laser induced plasma. The spectral LIBS signal from each 
minor element was further numerically processed. The integral values of individual 
signal lines have been calculated to obtain qualitative comparison of individual minor 
elements in different diesel particulate matter matrices. From analytical measure-
ments and numerical calculations, we can conclude that Silicon as minor element has 
been detected in 63 from 67 DPM samples. Nickel and potassium have been detected 
in 43 and 50 samples, respectively. Titan has been detected in 32 and Strontium has 
been detected in 35 samples of DPM. The element Molybdenum has been detected in 
55 DPM samples from different in-use diesel engine passenger vehicles.

Measured minor elements Si, Ni, Ti, K, Sr and Mo together with major ele-
ments C, Fe, Mg, Al, Cr, Zn, Na and Ca are forming an important part of the Diesel 
particulate matter composition. All these elements are altogether contributing to 
overall exhaust emissions from diesel engine passenger vehicles.

We can conclude that the LIBS technique can almost instantly measure the major 
and minor compounds of DPM to provide qualitative information about the chemi-
cal composition. The presence of these chemical elements in PM exhaust emissions 
is related to different processes in Diesel combustion engine.

However, in the future, a detailed quantitative analytical characterisation of 
minor elements, together with a calibration procedure would be necessary to 
obtain. This would help to understand the minor element concentrations in diesel 
particulate matter.

Analyte Spectral line Wavelength (nm) Detected in/total number of samples

Si Si I 288.16 63/67

Ni Ni II 221.64 43/67

Ti Ti II 334.94 32/67

K K I 766.48 50/67

Sr Sr II 407.77 35/67

Mo Mo I 390.29 55/67

Table 1. 
Spectral lines used for analytical measurements and number of samples with detected element.
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34, 55, 58 and 59. Molybdenum as minor element has been measured in 55 different 
DPM samples. The comparison of calculated integral values from Mo peak optical 
emission spectra is shown in Figure 8b.

Table 1 summarised measured analytes, the spectral atomic or ionic lines used 
for analytical LIBS measurements and number of samples where the minor element 
has been successfully detected.

5. Conclusions

In this chapter, we have shown an exemplary investigation of the minor chemical 
elements present in diesel particulate matter. The DPM have been collected from 67 
different in-use diesel engine passenger vehicles. Selections of diesel passenger vehicles 
have been performed randomly, from daily life environment and from major brand car 
producers in Europe. Particulate matter samples have been analysed spectrochemicaly 
by means of a high-resolution laser-induced breakdown spectroscopy (LIBS) tech-
nique. The qualitative analytical results have shown the presence of minor chemical 
elements: Silicon, Nickel, Titan, Potassium, Strontium and Molybdenum in diesel 
particulate matter. These elements were measured by LIBS as strong spectral lines of 
atomic and ionic emissions in laser induced plasma. The spectral LIBS signal from each 
minor element was further numerically processed. The integral values of individual 
signal lines have been calculated to obtain qualitative comparison of individual minor 
elements in different diesel particulate matter matrices. From analytical measure-
ments and numerical calculations, we can conclude that Silicon as minor element has 
been detected in 63 from 67 DPM samples. Nickel and potassium have been detected 
in 43 and 50 samples, respectively. Titan has been detected in 32 and Strontium has 
been detected in 35 samples of DPM. The element Molybdenum has been detected in 
55 DPM samples from different in-use diesel engine passenger vehicles.

Measured minor elements Si, Ni, Ti, K, Sr and Mo together with major ele-
ments C, Fe, Mg, Al, Cr, Zn, Na and Ca are forming an important part of the Diesel 
particulate matter composition. All these elements are altogether contributing to 
overall exhaust emissions from diesel engine passenger vehicles.

We can conclude that the LIBS technique can almost instantly measure the major 
and minor compounds of DPM to provide qualitative information about the chemi-
cal composition. The presence of these chemical elements in PM exhaust emissions 
is related to different processes in Diesel combustion engine.

However, in the future, a detailed quantitative analytical characterisation of 
minor elements, together with a calibration procedure would be necessary to 
obtain. This would help to understand the minor element concentrations in diesel 
particulate matter.

Analyte Spectral line Wavelength (nm) Detected in/total number of samples
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Ni Ni II 221.64 43/67

Ti Ti II 334.94 32/67

K K I 766.48 50/67

Sr Sr II 407.77 35/67

Mo Mo I 390.29 55/67
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