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ABSTRACT
Diesel Engines are considered work horse in India economy and are used extensively in agriculture, transport and power sector. They, however, also pollute the environment significantly. The emissions from diesel engine include CO, HC, NOx and particulate matter. As growing concern about degradation of environment from diesel engine have gained momentum and also stricter emission norms have been mandated, there is an urgent need to reduce emissions from diesel engine either by fuel modification or engine modification. The engine modification in Indian context is a tedious job due to large investment required; fuel modification appears to be the best solution to reduce pollutants. In this context, emulsions of diesel and water are often considered as being able of simultaneously reducing emissions of both oxides of nitrogen (NOx) and particulate matter from diesel engines.
 In the present work diesel water emulsions having 5 and 10% water were prepared using a surfactant (mixture of Tween80 & Span80). The stable emulsion was formed and its physic-chemical characterization was carried out. The performance and emission characteristics of a medium capacity diesel engine on the two diesel water emulsion was carried and results being compared with baseline data of diesel. 

Higher brake thermal efficiency with simultaneous increase in brake specific fuel consumption was observed. The reason for the higher BTE of diesel/water emulsion as compared to diesel is that the presence of water and in particular the presence of oil water interface with very low interfaced tension leads to a finer atomization of fuel during injection. The water in fuel improves the combustion process. Microexplosion accelerates the diffusion of combustion through the cylinder, decrease the time required for combustion and increasing combustion efficiency which result in better BTE. Higher bsfc observed in case of diesel/water emulsion is attributed to lower heating value of these fuels.
The NOx, HC and smoke opacity were found to decrease for diesel water emulsion, however, CO was found to increase.
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                                                                                                                   CHAPTER 1
                                                                                  

INTRODUCTION 
1.0 Energy Crisis 
Energy has always played an important role in development of a country. It is considered as an index of economic growth and social development. Per capita energy consumption is considered as measure of prosperity of a country besides GDP and per capita income. The word has witnessed industrial revolution in the past century and it has also faced serious problems of indiscriminate utilization of the energy resources. The ideology was related to more energy consumption for higher industrial development and never considered better and efficient use of energy. The US oil embargo and subsequent Gulf War were very crucial for both developed and developing countries. It was then the first time that crude petroleum importing nations felt the shock when the oil exporting countries bargained higher prices. This energy crisis forced the word to look for alternative sources of energy. This also resulted in efficient utilization of energy. The focus of country planners changed to ‘More efficiency, more productivity and reduced production cost. This resulted in an immediate, long term and multi-facet solution to the problems emerging from increased energy demands against short supplies. Energy conservation and management has since become the buzz word in industrial circles and ‘energy’ is considered as a major component in the production cost.


The above mentioned positive mindset also has changed the energy use pattern all over the world. Developed countries have increased their productivity while maintaining the same energy consumption levels. The world is moving towards a sustainable energy era with major emphasis on energy efficiency and use of renewable energy sources. The renewable sources of energy are very important and relevant to today’s world. They cause lesser emissions and are available locally. Their use can to a large extent, reduce chemical, radioactive and thermal pollution. They stand out as a viable source of clean and limitless energy.

1.1 
Energy Scenario

As already elaborated, energy has undergone a major transition from a general field of study of technologies to an important issue in economics planning and international relations. Energy is the building block for socio-economic development of any country. Although India is rich in coal and abundantly endowed with renewable energy in the form of solar, wind, hydro and bio-energy, its hydrocarbon reserve is 2.0billion tonnes which are really very small (1.1 percent of world’s reserve). India accounted for 11.02 % of total primary energy consumption in Asia-Pacific region and 4.1 % of world primary consumption in 2010 [1]. Per capita energy consumption remains low as 510 kgoe (Kilogram of oil equivalent) compared with a world average of 1,820 kgoe in 2010 [2]. The distribution of primary energy in India and world in 2010 has been shown in Table 1.1

Table 1.1 Distribution of Primary Energy in Indian and World (mtoe) [1]

	
	Oil
	 Natural Gas
	Coal 
	Nuclear Energy
	Hydro Electric
	Total

	India 
	135
	37.2
	231.4
	3.5
	26.2
	433.3

	World
	3927.9
	2726.8
	3303.7
	619.7
	771.5
	111294.9



India is the one of the fastest growing economy of world and extensively uses energy to sustain its growth. Since India does not have huge reserves of petroleum products, it is heavily dependent upon the import of petroleum products to cater to its need for automobiles and other applications despite large initiatives by government and exploration of new sources. Escalating prices, insufficient supply and limited reserves of petroleum have imposed an enormous burden on country’s foreign exchange. In year 2009-10, the indigenous production of crude oil was 34.69 million tones where as consumption were 159.26 million tones forcing to import 138.196 million tones. The country spent Rs. 3753.78 billion [3] worth valuable foreign exchange in 2009-10 towards import of crude petroleum which could have otherwise be used for utilized for other development works. To improve the present energy crisis, future energy conversion in India should be sustainable which include increases share of renewable fuel, increase efficiency of fuel conversion, reduce environmental impacts and increase knowledge. In this regard, the subsidy on traditional fossil fuels must be reduced in a phase manner and efforts must be put to develop and promote the use of renewable sources of energy to meet the energy requirement.

1.2 Diesel Engine And Indian Economy
The diesel engine is typically more efficient than the gasoline engine due to higher compression ration, Diesel engines also do not suffer from size and power limitations, which the SI engine is prone to, Hence, keeping these factors into account, they are the invariable choice for industrial, heavy duty and truck/trailer engines. Buses and certain locomotives also use diesel engines. Diesel engines also find use as small captive power plant engines, tractor engines and irrigation pump sets. India which is at a developing stage has a huge demand for diesel driven machines and unlike countries like USA, is a diesel driven economy. Large proportion of fuel used is diesel, especially in transportation sector. India consumed 11.521 million tones of gasoline (petrol), as compared to 48.625 million tons of diesel in 2009-10[3]. India is an agriculture based economy and agriculture is an energy transformation process as energy is produced and consumed in it. The production of energy is carried through process of photosynthesis in which solar energy is converted into biomass. Agriculture in India is heavily based upon petroleum and its derived products such as fertilizers and pesticides. Energy sources used in agriculture are oil and electricity whereas indirect energy sources are chemical fertilizers. Indian economy to find a substitute to diesel. It is necessary so as to fulfill its journey to becoming a developed nation. 

1.3 Environmental Degradation

The rapidly growing population and economics development are leading to the environmental degradation throughout the world which is mainly caused by the uncontrolled urbanization and industrialization, expansion and massive intensification of agriculture and the destruction of the forests.


Water shortages, soil exhaustion and erosion, deforestation, air and water pollution afflicts many areas. Producing additional energy is not the only challenge for the country. Unlike the developing nation, who increased their energy and industrial production by burning more and more of coal, petroleum and gas, the developing nation have to face the outcome of their blatant misuse of resources. There is an urgent need to stop releasing more Green House Gases (GHG) into the air. GHGs include Carbon dioxide, methane and some other gases, which trap heat in the atmosphere. This is termed as “green-house effect”. These gases act like the glass in a conventional green house, used for housing plants.
They allow high-energy, small wavelength rays from the sun to reach the earth, but act as barriers to the flow of low-energy, long wavelength radiation that the earth emits, after absorbing sun’s energy. This tapping heats up the atmosphere and keeps the earth warm, even when no sunlight is present.


A certain level of green-house retention of heat is essential, to keep the earth warm during the night. However, if too much excess heart is retained, the temperature of the earth shall rise. This is known as ‘Global Warming’. Green house gas emissions have caused considerable global warming. The average temperature of the earth is poised to increase by about 2-3 oC with a doubling of the CO2 level, which, at the current rates of CO2 emissions isn’t too far. The world has have already come from an average 280 ppm before the industrial revolution era, to about 380 ppm today. The seemingly small rise in average temperature shall be enough to make permanent polar ice-caps a thing of the past and drown some major cities of the world. However, of later, climatologists have come to a slightly different conclusion about the effects of GHG emission of Climate change. According to this theory, the earth does not merely become warmer, but rather the cold becomes colder and warm become warmer. This means that globe may have hotter summers and colder winters. Climatic extremities shall become more common. Natural calamities like the hurricanes or the Tsunami which struck Japan recently might become more common.


Computer simulation models have shown that the human race shall be wiped out soon enough if the way we are and at the pace we are. India is a signatory to Kyoto Protocol, which stresses on the cleaner environment. Further, with the dramatic growth in the number and the rate of use of road vehicles in recent years, the demand of the conventional energy supplies and the environmental degradations resulting from road transport can no longer be ignored. The trend is same in all the comers of the globe and enforcement of stricter emission norms has become a national priority. Thus, it is needless to say that the time has come where we have to find a solution to the paradoxical situation of fossil fuel depletion and environmental pollution before it’s too late.

 1.4 Indian Scenario on Pollution
The environmental problems in India are growing rapidly. The increasing economic development and a rapidly  growing population that has taken the country from 300 million people in 1947 to more than one billions people today is putting a strain on the environment, infrastructure and the country’s natural resources. Industrial pollution, soil erosion, deforestation, rapid industrialization, urbanization and land degradation are all worsening problems. Over exploitation of the country’s resources be it land or water and the rapid industrialization process has resulted environmental degradation of resources. Environmental pollution is one of the most serious problem facing humanity and other life forms on our planet today.

India’s per capita carbon dioxide emissions were roughly 1,360 Kilograms in 2007, according to the study. That’s small compared to china and the U.S. with 4,763 Kilograms and 19,278 Kilograms respectively that year. Indian has been ranked as seventh most environmental hazardous country in the world by a new ranking released recently. The study is based on evaluation of “absolute” environment impact of 179 countries, as per study carried out by Harvard, Princeton, Adelaide University and University of Singapore on January 12, 2011. Brazil was found to be worst on environmental indicator whereas Singapore was the best. United States was rated second worst and china was ranked third

1.4.1 Air Pollution

The world Health Organization estimated that about two million people die prematurely every year as a result of air pollution, while many more suffer from breathing ailments, heart diseases, lung infections and even cancer. Fine particles or microscopic dust from coal or wood fires and unfiltered diesel engines are considered as one of the most lethal forms of air pollution caused by industry, transport, household heating, cooking and oil-fired power stations.


There are four reasons of air pollution– emission from vehicles, thermal power plants, industries and refineries.


Vehicles emissions are responsible for 70% of the country’s air pollution. The major problem with government efforts to safeguard the environment has been enforcement at the local level, not with a lack of laws. Air pollution from vehicle exhaust and industry is worsening problem for India. Exhaust from vehicles has increased eight-fold over levels of twenty years ago; industrial pollution has risen four times over the same period. The economy has growth two and a half times over the past two decades but pollution control and civil services have not kept pace. Air quality is worst in big cities like Kolkata, Mumbai, Delhi, Bangalore. According to the Society of Indian Automobiles Manufactures, India’s auto production has doubled from 7 millions units in fiscal year 2004 to over 14 million units is fiscal year 2010 largely on the back of a buoyant domestic market.


Delhi’s air is chocking with particulate matter (PM) of  2.5 microns of diameter. Being so small, it escapes emission apparatus prescribed by Euro II and III. Any kind of combustion, especially of vehicular origin, contains this particle. If PM 2.5 is not regulated it will result in major health hazards. The number of Asthma patients will rise and in future and it may also give rise to lung cancer cases. The toxic value of PM 2.5 is such that metals like lead present in the PM 2.5 get inhaled deeper into lungs which deposits there. The Children are most affected by depositing lead due to inhaling the poisonous air. The increasing amount of PM 2.5 is like a poison in the air we breathe. New Delhi adds nearly 1,000 new cars a day to the existing four million registered in the city, almost twice as many as before 2000. Pollution levels are up to 350 micrograms per cubic meter in 2006-07 and the levels of nitrogen oxides have been increasing in the city to dangerous levels, which is a clear sign of pollution from vehicles. Of  these it is the diesel cars that are responsible for the pollution. Diesel emission can trigger asthma and even cause lung cancer.


A survey by the Central Pollution Control Board(CPCB) and the All India Institute of Medical Sciences(AIIMS) survey showed that a majority of people living in Delhi suffered from eye irritation, cough, sore throat, shortness of breath and poor lung functioning. One in 10 people have asthma in Delhi. Worse, the winter months bring respiratory attacks to many non-asthmatics who are old, who smoke and have respiratory infections.


Bangalore holds the title of being the asthma capital of the country. Studies estimate that 10 percent of Bangalore’s 60 lacks population and over 50 percent of its children below 18 suffer, from air pollution ailments.


Chennai: Exhaust from vehicles, dust from construction debris, industrial waste, burning of municipal and garden waste are all on the rise in the city. So are respiratory diseases, including asthma. At least six of the 10 top causes of death are related to Asthma.

Mumbai: Not only are levels of Suspended Particulars Matter above permissible limits in Mumbai, but the worst pollutant after vehicular emission has grown at an alarming rate. The levels of Respirable Suspended Particular Matter (RSPM), or dust, in Mumbai’s air have continued to increase over the past 3 years.

1.5 Emission Standards
Every country has devised its own set of norms to keep a check over vehicular and industrial pollution or follows worldwide standards like the EURO I or II for keeping pollution under control.

 India is essentially a diesel driven economy and one of the biggest reason of air pollution in India is variety of diesel engines. Hundreds of millions of old diesel engines or vehicle continuously burning away diesel which has anything up to 200 times the amount of sulphur that European diesel has. The biggest problems of course are in the big cities where there are huge concentrations of these vehicles or engine. On the positive side, the government appears to have noticed this massive problem and the associated health risks on its people and is slowly but surely taking steps.
 Table 1.2 Indian & European vehicle emission norms for Diesel Heavy Duty Vehicle [5]
	Emissions 
	EURO-I 
 India (2000)
	EURO-II

India (2000*)
	EURO-III

India (2005*)
	EURO-IV
India  (2010*)

	CO (g/Kwh)
	4.5
	4
	2.1
	1.50

	HC (g/Kwh)
	1.1
	1.1
	0.66
	0.02

	NOx (g/Kwh)
	8
	7.0
	5.0
	3.5

	PM (g/Kwh)
	0.036
	0.15
	0.10
	0.025


*implemented only in metros.
The major pollutants that are checked under these standards are the follows:
•
NOx (Nitrogen Oxides): NOx is a generic term for mono-nitrogen oxides (NO and NO2). Table 1.2 shows the permitted levels of NOx emissions for diesel vehicles under various norms. These oxides are produced during combustion, especially combustion at high temperatures. NOx react with moisture and other compounds to form nitric acid vapor and related particles. Small particles can penetrate deeply into sensitive lung tissue and damage it, causing premature death in extreme cases. Inhalation of such particles may cause of worsen respiratory diseases such as emphysema, bronchitis and ma also aggravate existing heart disease.

•
PM (Particulate Matter): Particulates alternatively referred to as particulate matter (PM) or fine particles, are tiny particles of solid or liquid suspended in a gas or liquid generally coming out of exhaust after incomplete combustion of the diesel fuel. The effects of inhaling particulate matte have been widely studied in humans and animals and include asthma, lung cancer, cardiovascular issues and premature death. The size of the particle is a main determinate of where in the respiratory tract the particle will come to rest when inhaled. Because of the size of the particle, they can penetrate the deepest part of the lungs. 

•
CO2 (Carbon dioxide): Carbon dioxide is a chemical compound composed of two oxygen atoms covalently bonded to a single carbon atom. It is a gas at standard temperature and pressure and exits in Earth’s atmosphere in this state. Prolonged exposure to moderate concentrations can cause acidosis and adverse effects on calcium phosphorus metabolism resulting in increased calcium deposits in soft tissue. Carbon dioxide is toxic to the heart and causes diminished contractile force. Apart from this CO2 is one the primary GHG in the atmosphere which has a decisive role in maintaining the temperature of atmosphere through Green house effect.

•
CO (Carbon monoxide) : Carbon monoxide, with the chemical formula CO, is a colorless, odorless and tasteless, yet highly toxic gas. Its molecules are produced from the partial oxidation of carbon when there is a reduced availability of oxygen present during the combustion process. Carbon monoxide has significant fuel value, burning in air with a characteristic blue flame, producing carbon dioxide. Carbon monoxide combines with hemoglobin in the blood converting if to carbonxy-heamoglobin (HbCO), which is ineffective for delivering oxygen.
•
HC (Unburnt Hydrocarbons): Hydrocarbons are currently the main source of the world’s transport fuel, electric energy and heat sources. Sometimes due to incomplete combustion of the fuel due to several reasons such as lack of oxygen etc. unburnt hydrocarbons are formed.  
1.6 Induction Of Water In Diesel 

The use of water in diesel engines has a number of possible benefits. It has been found that it has influence on reducing the peak flame temperature and hence reducing the Nitrogen Oxides, NOx emissions. It has also been seen that adding water may help to improve atomization and mixing, which is attributed to droplet microexplosions. The improved mixing is due to the increased vaporized fuel jet momentum, giving greater air entertainment into the fuel jet. The improved mixing also assists in the reduction in the NOx emissions from the diffusive burning portion of the combustion event as well as reducing the carbon formation. This effect together with the chemical effect of the water results is an increased ignition delay. This promotes an increase in the premixed portion of the combustion process, which decreases the diffusive burning and hence also contributes to the reduction in the NOx emissions and carbon formation. There is also considerable evidence that adding water to diesel fuel can reduce the particular matter or smoke emissions. There are three primary methods of introducing water into the diesel engines; water injection into the cylinder using hybrid injection, spraying water into the inlet air, and diesel water emulsion. Although all these methods produced a reduction in NOx but it has been found that the use of diesel /water/emulsion is the most effective technique for the reduction of diesel particulates or smokes, in a diesel engine.
                                                                                                                     CHAPTER 2 
   LITERATURE REVIEW

2.1 Internal Combustion Engine Emissions
  The chemical pathways of formation and mitigation of air pollutant from I.C. Engines are very important and are discussed in the present chapter along with engine factors which may also affect pollutants.  The review is mainly important in predicting and evaluating the methodology of pollutant from I. C. Engines using convention and modified fuels. 
2.1.1 Pollutant Formation
The air pollutant from internal combustion engines vary with the operational and design parameters.  Other factors affecting air pollutants include ignition and valve timing, fuel types and additives combusted, lubricants employed in the engine, and exhaust gas treatments employed [6]. The air pollutants can be broadly characterized as gaseous and non-gaseous emissions. 

2.1.2 Gaseous Emissions

The major gaseous pollutants emitted from an engine include oxides of nitrogen (NOx) and carbon monoxide (CO).  NOx refers to mixtures of nitric oxide (NO) and nitrogen dioxide (NO2).  Small amounts of sulfur dioxide (SO2), are also emitted, which is solely a result of fuel-bound sulfur and are readily reduced by limiting sulfur in the fuel.
2.1.3 Non-Gaseous Emissions

The primary non-gaseous pollutants are unburned or partially burned hydrocarbons (HCs). Relative levels of both gaseous and non-gaseous emissions from IC Engines are shown in Table 2.1. These are only ranges, since actual emissions vary greatly on engine design, fuels combusted, and combustion and post-combustion controls involved.  HCs are divided into reactive and nonreactive categories, based upon their role in photochemical smog formation.  
Table 2.1:    Relative levels of air pollutants from I C Engines emissions[4]
	Pollutant
	Concentration

	
	ppm
	g/kg fuel

	NOx
	500-1000
	20

	CO
	1000-2000
	200

	HC
	3000
	25


 2.1.4 NOx Formation

NOx is referred to here as mixtures of nitric oxide (NO) and nitrogen dioxide (NO2).  NOx emissions are controlled because NO and NO2 contribute to the formation chemistry of low-level ozone, or smog, an environmental and human health hazard.  NO2 directly is also of concern as a human lung irritant. NOx can also be defined to include other oxides of nitrogen, including N2O, NO3, N2O4, and N2O5.  These additional nitrogen oxide species are insignificant in the emissions from IC Engines, and readily react to NO and NO2.  NO generally accounts for over 90 percent of the total NOx emissions from fossil fuel combustion, with the remainder being NO2. The formation of NO can be explained by three different mechanisms. The Extended Zeldovich mechanism, or thermal NO, in which O, OH, and N2 are in equilibrium concentrations. 

Other mechanisms with NO formation rates above that predicted by the Extended Zeldovich mechanism, including.
a.  Fenimore CN and HCN pathways

b.  N2O-intermediate route

c. “Super-equilibrium” concentrations of O and OH in combination with the Extended Zeldovich mechanism.

 
Fuel nitrogen mechanism, in which fuel-bound nitrogen is oxidized to NO.

The primary pathway for NO formation is oxidation of atmospheric molecular nitrogen (N2) through the thermal or Zeldovich mechanism:

           O + N2     ↔        NO+N                                                                        (2.1)

N + O2   ↔    NO + O                                                                           (2.2)                                   

Extending the thermal NO formation mechanism to include the hydroxyl radical reaction with nitrogen was proposed by Lavoie et al [7]
N + OH   ↔   NO + H                                                                             (2.3)

Thermal NO formation rate is slow relative to combustion and is considered unimportant below 1800 K. Thermal NO formation attributed to Equations (2.1) through (2.2) is considered formed in the post-combustion exhaust gases.

Prompt NO, also referred to as the Fennimore mechanism, is NO that is quickly formed in the premixed laminar flame before thermal NO has formed.  Hydrocarbon radicals react with molecular nitrogen to create hydrogen cyanide as an intermediate to NO formation in the following steps:

CH + N2  
↔  
HCN + N 



(2.4)

HCN + O  
↔ 
 NCO + H 



(2.5)

NCO + H  
↔  
NH+CO



(2.6)

NH+H 

↔ 
N + H2




(2.7)

                   N+ OH             ↔        NO+H



       (2.8)

Prompt NO formation is also considered insignificant in internal combustion engines due to the thin flame fronts, short residence times, and high pressures in the combustion chamber. The formation of NO through an N2 O intermediate mechanism is important in fuel-lean (ǿ < 0.8), lower temperature conditions (T < 18 00 K).  The three steps are:

O+ N2 + M
           ↔
N2+  M

(2.9)

H+N2O

↔
NO+NH

(2.10)

O+N2O

↔
2NO


(2.11)

The M in Equation (2.9) represents a third body collision molecule.  The significance of the N2O intermediate mechanism can be seen in Equation (2.11) where two moles of NO are formed per mole of N2O.  While our subject engine operates at ǿ = 0.8, the flame temperature is slightly higher than 1800 K, so N2 O intermediate pathway formation of NO is probably not significant.

Fuel-bound nitrogen is another source of combustion NO emissions.  This process is significant in coal combustion, where bituminous coal contains up to 2% by mass bound nitrogen. Nitrogen in the fuel is quickly reacted to HCN or Ammonia (NH3) and follows the reaction steps beginning with Equation (2.5) for prompt NO formation.  Kerosene and gasoline fuels contain trace to zero quantities of nitrogen, so fuel-bound nitrogen contribution to NO formation is not considered significant in internal combustion engines.

The final reaction mechanism considered here for NOx formation is production of NO2. Reactions contributing to the formation and destruction of NO2 are as follows:  

NO+ HO2
↔
NO2+ OH
(formation)

(2.12)

NO2+H             ↔
NO + OH
(destruction)

(2.13)

NO2 +O
↔
NO+O2            (destruction)

(2.14)

The HO2 radicals form in low-temperature regions, leading to NO2 formation through Equation (2.12).  NO2 destruction via reaction with the H and O radicals are active at high temperatures [Equations (2.13) and (2.14)]. Thus NO formation from NO2 would be preferred at high temperatures and NO2 would only survive during low-temperature cooling of exhaust gases.  This validates the previous statement that most of the NOx emitted from internal combustion engines is NO.

2.1.5 CO Formation 

Carbon monoxide (CO) emissions from ICEs are a concern from toxicological effects on humans.  The formation of CO from the combustion of the hydrocarbon radical, R, is as follows:

   RH → R → RO2 → RCHO →  RCO → CO                 
(2.15)

Once formed, CO is slow to oxidize to CO2, with water providing the primary oxidant source through following steps:-

CO + O2
 
→
CO2 + O

(2.16)

O + H2 O 

→
2 OH


(2.17)

CO + OH

→
CO2 + H

(2.18)

H+O2 


→
OH + O 

(2.19)

The reaction in Equation (2.16) is slow, with primary oxidation of CO occurring through Equation (2.18), with Equation (2.19) producing OH radicals feeding back to Equation (2.18).  Diatomic hydrogen (H2) can also provide oxidation of CO through formation of HO2, but H2 is not formed in sufficient quantities in ICE combustion to contribute to CO oxidation.

2.1.6 Particulate Matter 



Diesel particulates consist principally of combustion generated carbonaceous material (soot) on which some organic compounds has become absorbed. Most PM results from incomplete combustion of fuel and some are contributed by lubricating oil. The emission rates are typically 0.2 to 0.6 g/km for light duty vehicle. In large DI diesel engines they are 0.5 to 1.5 g/kwh. The main causes of formation of particulate emission from diesel engines are heterogeneous air- fuel mixture, poor mixing of fuel with air, high diffusion combustion phase, fuel containing sulphur content, high fuel density, etc. Particulate emission could be reduced by improving mixing rate of fuel with air, enhancing premixed combustion phase by increasing ignition delay, etc. However, it would lead to high in cylinder temperature resulting in high NOx formation as it is mainly a function of temperature. This conflict nature leads to difficulty in simultaneous control of NOx and particulate emissions from diesel engines. 


The formation processes starts with a fuel molecule containing 12 to 22 carbon atoms and an HC ratio of about 2, and ends up with particles typically a few hundred nanometers in diameter composed of spherules 20 to 30 nm in diameter each containing some 105 carbon atoms. It is most prominent a combustion chamber temperatures between 1000 and 2800 K, at pressure of 50 to 100 atm. It is characterized by conditions of insufficient air available for the fuel to burn completely.    
2.2 Control Technologies

Technologies to control air pollutant emissions from IC Engines can be categorized as process or post-combustion controls.  Process controls include changes and improvements to the combustion chamber, fuel/air delivery, and engine components aimed at reducing air pollutant emissions. Post-combustion controls include catalytic converters and other technologies applied to react with combustion exhaust constituents including NOx, CO, HCs, and particulate.

2.2.1 Combustion Modifications

Exhaust gas recirculation (EGR) is commonly employed to reburn combustion by products, especially CO and particulate.  EGR also dilutes the intake air oxygen concentration, increasing the heat capacity of the combustion products per unit of heat release, lowering the combustion flame temperature [9] reported 50% NOx reduction at 20% EGR, but CO emissions doubled and fuel economy decreased 8%.   Exhaust gas re circulated on diesel engines must be well-filtered to prevent fuel sulfur and exhaust particulate from eroding and corroding engine intake valves, cylinders, and pistons.

Adjusting fuel injection timing is an effective method for decreasing NOx emissions. Traditional practice is to delay fuel injection into the combustion chamber to lower the final flame temperature, but this generally results in higher unburned hydrocarbon emissions. Yanagihara et al [10] demonstrated reduced NOx production by shortening the injection duration while advancing the fuel injection.  His results are attributed to improved fuel—air mixing prior to combustion, which both improves combustion efficiency and reduces unburned hydrocarbons.

2.2.2 Selective and Non-Selective Catalytic Reduction
Selective catalytic reduction (SCR) involves the use of a catalyst generally requiring an additive, such as ammonia, to initiate NOx reduction chemistry.  A common application of SCR in internal combustion engines is the Pt, Rh, and Pd three-way catalytic converters used on spark ignition engines combusting gasoline. Unburned hydrocarbons act as the selective reducing agent for the catalysts.  Non-selective catalytic reduction (NSCR) also involves the use of a catalyst but without the need for an additive to reduce NOx. The application of SCR or NS CR catalysts in a diesel exhaust is severely complicated (1) primarily by the higher excess oxygen content of diesel exhaust, resulting in a net oxidizing environment, and (2) by the presence of sulfur in diesel fuel and resulting catalyst poisoning by sulfur dioxide in the exhaust gases.  Significant research is ongoing using secondary injection of small quantities of fuel in the exhaust stream to act as the reducing agent, with demonstrated NOx reductions of approximately 45 percent at reasonable space velocities and high fuel metering rates [11] 
2.2.3 Water-In-Diesel Emulsions: 
           Emulsions of water in diesel for use in internal combustion engines is very promising fuels for the existing vehicle fleet. The emulsion fuel is defined as an emulsion of water in standard diesel fuel with specific additives, known as surfactants, to stabilize the system .There is a growing interest in the use of diesel water emulsions and environmental aspects are the main driving force. The presence of water has a significant effect on several emission constituents such as nitrogen oxides, carbon monoxide (CO) as well as black smoke and particulate matter. An important aspect is that diesel water emulsions can be used without engine modifications. The diesel water emulsion influence on the emissions and on the combustion efficiency. The combustion efficiency is improved when water is emulsified with diesel. This is a consequence of the microexplosions, which facilitate atomization of the fuel. There may be a certain loss in engine performance due to the presence of water, but the diesel consumption is often reduced. Reduction in NOx about 60% and smoke about 60% was studied in typical water content of the diesel water emulsions is between 10 and 20% [23]. Considering the enormous volume of diesel fuel that is being consumed today, a replacement of just a fraction of regular diesel by diesel water emulsion would mean significant quantity of diesel could be saved. 
The stability requirements of such emulsions are most important as need to stay stable for a specific time and over a wide temperature span. The surfactants, i.e., the emulsifiers used, must burn readily without soot formation and should not contain sulphur and nitrogen. Thus, they should contain only carbon, hydrogen and oxygen. 
The interest in diesel water emulsions derives from the fact that water in the form of micrometer-sized droplets exerts some positive effects on the combustion of the fuel. Water-in-oil emulsions have been formulated and evaluated for most types of fuels, ranging from light hydrocarbons to triglycer, ides, based fuels. However, the main interest lies in diesel water emulsions. The main reason for a stronger interest in incorporating water in diesel than in gasoline is that the high combustion temperature and the high pressure that exist in diesel water engines is particularly suitable for the concept. 
Use of diesel water emulsions has been shown to give several interesting effects, such as (i) improved combustion efficiency. (ii) Reduced nitrogen oxides (NOx) emission and also lower soot and particulate contents in the exhaust.
2.2.3.1 Improved Combustion Efficiency. 
The presence of water in the form of an emulsion has a positive effect on the combustion efficiency. The higher viscosity of the emulsified fuel than that of the base fuel [11] and the presence of water promote a finer, cloud like atomization of the emulsified mixture during injection. Resulting in improving combustion efficiency significantly, John B. [12] state that the water in the emulsified fuel improves the combustion process owing to the simultaneous addition breaking of the droplets, to increase the evaporation surface of the droplet and to better mixing of burning fuel in air.  

Another likely reason for the improved combustion efficiency is that the presence of water and, in particular, the presence of the oil–water interface with very low interfacial tension, leads to a finer atomization of the fuel during injection [24]. A finer dispersion of the fuel drops leads to higher contact with the air during the burning process, which is advantageous for the combustion. The water in the fuel improves the combustion process owing to the simultaneous additional rupture of the drops, to the increase in evaporation surface of the drops, and to better mixing of the burning fuel in air [25].
The break thermal efficiency increase when the percentage of water increases in the emulsion. The presence of water in the emulsion increases the expansion work and reduces the compression work resulting increases net work dome during the cycle. The expansion of water vapor offers additional force on the top of the piston which increase the torque produced during the cycle. In the diesel water emulsion, the diesel quantity is replaced by the equal amount of water per unit volume. So, the increase in net work done causes higher break thermal efficiency [23-25].
The exhaust gas temperature decrease when the percentage of water in the emulsion is increased. The heat absorbed by the addition water causes the decrease in the exhaust temperatures. The latent heat of water will cool the charge due to the evaporation of water, and the cylinder average temperature following injection and before ignition become lower as the water percentage increase. This result is lower peak combustion temperatures [24].       

When a diesel water emulsion is heated, the water in the droplets is vaporized first because water is more volatile than diesel. The vaporization will cause the continuous hydrocarbon phase to “explode”. This occurs at a temperature much above the boiling point of water, around 270°C, which is referred to as the superheat limit temperature. It is a general phenomenon that in order to make systems of a lower-boiling liquid immersed as droplets in a higher-boiling liquid “explode” one must reach a temperature far above that of the lower-boiling component. This phenomenon, known under the name microexplosion, helps in the atomization of the fuel. The violent disintegration is beneficial for the mixing of fuel and air because the air fuel interfacial layer will be larger than in the corresponding process without microexplosions. The net result will be that the combustion reaction and the burning efficiency will be improved; thus, the fuel consumption will be reduced [30]. 
2.2.3.2 Reduced Emissions 
The presence of water in diesel fuels brings about a considerable reduction in NOx and in particulate matters (PM) emission [15]. The NOx emission decrease with the percentage in the emulsion increases. The percentage of reduction of reduction in NOx is 10% and 25% for 10% and 20% water in the emulsion [23]. The improvement in the NOx emission is caused by the reduction in adiabatic flame temperature due to the vaporization and sensible heat of water. The presence of water in the emulsion weakens luminous flames and reduces the peak temperature during diffusion controlled combustion phase which leads to a lower peak pressure and a lower level of NOx emissions. 

The presence of hydrocarbon (HC) in exhaust gases at 10% and 20% water in the emulsion is shown in figure. At all load conditions the presence of HC in the exhaust gases is found decreasing with increase in water percentage in the emulsion. The microexplosion phenomenon in emulsified fuel due to the volatility differences between water and diesel fuel causes violent disintegration of fine droplets and consequently enhances the fuel- air mixture mixing in the combustion chamber helps in reducing the formation of soot and HC. Additionally, the increased amount of OH radicals from water dissociation also reduces the formation of soot because high radical concentration promotes carbon oxidation, thereby limiting carbon availability for the formation of soot precursors. The introduction of water in diesel for diesel engine prolongs the ignition delay is when the fuel that has been injected in to the cylinder is undergoing chemical and physical preparation combustion. When the ignition delay increase more diesels would be physical prepare for chemical reactions which increase the amount of diesel burn and the rate of heat release in premixed burning. This helps in suppressing the formation of soot unburned hydrocarbon. 

A report from the Texas diesel fuels project, where emissions of NOx, CO, PM and hydrocarbons have been monitored together with fuel efficiency, showed a considerable reduction in both NOx and PM along with a decrease in fuel efficiency (calculated based on total fuel, i.e., on diesel and water in the case of the emulsion). The emulsion fuel, named Puri NOx produced increased levels of specific oxidation products such as formaldehyde, acetaldehyde, acrolein and methyl ethyl ket one [28].  

The Aquazole formulation from TOTAL S.A., which is a water-in-diesel emulsion, has been claimed to bring about a reduction in NOx emission of up to 30% together with a reduction in black smoke of up to 80%. Aquazole also reduces hydrocarbon. Relative reductions of specific fuel consumption (sfc) and of exhaust emissions of nitrogen oxides (NOx), hydrocarbons (HC) and soot [30].           

Schlitt and Exner et al. [13] have compared diesel water emulsions with humidified intake air, i.e., water in the form of an aerosol. It was found that both systems reduced the NOx level compared to traditional diesel fuel. Only the emulsion was effective in reducing also the soot level, however. 
2.2.3.3 Diesel Water Micro-emulsions 
An emulsion is defined as a mixture of two or more generally insoluble liquids.  A emulsion exists when sufficient droplet sizes have been reached to prevent the separation of the insoluble materials. 
 Macro-emulsions are generated through the high-speed, high-shearing of particles and solids in a liquid. Macro-emulsions require high shear to suspend small droplets of water in the fuel. An advantage of macro-emulsions are reduced fuel costs, due to lack of additives needed and reduced emissions from not combusting surfactants or other emulsifying agents [25]. The macro-emulsion does not have a very high stable time thus some surfactant are needed to stable the emulsion. 
 Micro-emulsions are alternatives to macro-emulsions as a means to incorporate water in a fuel. Micro-emulsion is thermodynamic stable and requires surfactant for stability. The mixer of two surfactant one in hydrophobic and one more hydrophobic often gives better emulsification result and other than single surfactant with intimidated hydrophilic and lipophilic balance. 

The terms ‘’micro-emulsion’ and ‘’macro-emulsion’’ seem to imply that such systems are very similar, differing just in the size of the dispersed component. There are several fundamental differences between a micro-emulsion and macro-emulsion and the most important characteristics of the two types of systems are as shown.
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Fig. 2.1Characteristic differences between macro-emulsions and micro-emulsions [33].

It is probably true to say that the advantages of the micro-emulsion approach, in particular the thermodynamic stability over micro-emulsion.
                                                                                                    CHAPTER 3   
SYSTEM DEVELOPMENT& EXPERIMENTAL PROCEDURE
The following experimental setup was used for the present work on performance and emission study of diesel engine by using diesel water emulsion and compared with diesel.
3.1 Fuel blend Preparation

A mixture of diesel-water-surfactant was mixed in a glass jar using a blender into an emulsion. Carefully measurement was made by the use of pipette. The diesel water  emulsion  doesn’t have a very high stability time, thus a number of surfactants were studied and used in various compositions to find the optimum surfactant (HLB<6) are the best for water-in-oil emulsion the surfactant (Sorbitan Monooleate) with HLB of 4.3 was employed for the preparation of micro-emulsion. The micro-emulsions are made using a mixture of two nonionic surfactants, Span 80 and Tween 80, as emulsifiers. The surfactants are used in a combined amount of 2 vol.%.  Span 80 is a very hydro-phobic surfactant and Tween 80 is a very hydrophilic surfactant. When used alone none of them is a good emulsifier but a mixture of the two is known to be efficient and is widely used for various emulsification purposes. It is a generally established fact that a mixture of two surfactants, one more hydrophobic and one more hydrophilic, often gives better emulsification result than a single surfactant with intermediate hydrophilic–lipophilic balance. 
In order to ensure proper mixing of the fuel and also for a ensuring a diesel water micro-emulsion with reasonable stability the contests of the fuel mixture were mixed using a blender for at least 2-5 minutes.
  Table 3.1 The nomenclature of various test fuel

	Sr. no
	Nomenclature
	Diesel

(% vol.)
	Water

(% vol.)
	Surfactant

Span 80 + Tween 80 (% vol.)

	1. 
	DF
	100
	0
	0

	2. 
	DE5
	93
	5
	2

	3. 
	DE10
	88
	10
	2
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Plate 3.1 Test Fuel Sample
3.2 Fuel Sample Characteristic
3.2.1 Homogeneity Test 

All fuel samples were kept for more than two months in closed bottles. They were regularly checked for phase separation and homogeneity.
3.2.2. Physico-Chemical Properties
The properties which were evaluated during the present investigation and experimental procedures are summarized below.
3.2.2.1 Density

Density is the mass per unit volume. The measurement was made at room temperature. The density was measured with the help of a U-Tube Oscillating True Density meter of make “Anton Paar”, model number “DMA 4500”. The density of diesel and all blends were measured and then compared with density of diesel. The U-Tube Oscillating True Density Meter used for density determination is shown in Plate 3.2 
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                       Plate 3.2 U-Tube Oscillating True Density Meter

3.2.2.2 Viscosity
When a fluid is subjected to external forces, it resists flow due to internal friction. The viscosity of the fuel affects atomization and fuel delivery rates. It is an important property because if it is too low and too high, atomization and mixing of air and fuel in combustion chamber gets affected. Viscosity studies were conducted for different test fuels. Absolute viscosity, sometimes called dynamic or simple viscosity is the product of kinematics viscosity and fluid density. Kinematics Viscosity of liquid fuel samples was measured using Kinematics Viscometer of make “Petrotest” as shown in Plate 3.3 at 40ºC as per the specification given in ASTM D445. A suitable capillary tube was selected, and then a measured quantity of sample was allowed to flow through the capillary.
Efflux time was measured for calculating kinematics viscosity using the formula given below:



V = c*t




Where,




  V = Kinematics viscosity, cSt of mm2/sec




  c = constant; mm2/sec2



  t = time, sec
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Plate 3.3 Kinematics Viscometer

3.2.2.3 Calorific Value
The calorific value of the fuel was determined with the Isothermal Bomb Calorimeter as per the specifications given in ASTM D240. The calorimeter model was “Parr 6100 Calorimeter”. The combustion of fuel takes place at constant volume in a totally enclosed vessel in the presence of oxygen. The sample of fuel was ignited electrically. The oxygen was supplied from an oxygen cylinder which had compressed oxygen. The results were displayed when the samples had burnt completely. 
3.3 Test Engine


Diesel Engine plays indispensable role in agriculture sector either for mobile or stationary applications, such as tractor, harvester or irrigation pump sets etc. It is preferred over spark ignition engine because of higher power developed, lower specific fuel consumption and better durability. Almost all irrigation pump sets, tractors, mechanized farm machinery and heavy transportation vehicle are powered by direct injection diesel engines in Indian agriculture sector, a medium capacity, direct injection diesel engine was selected for the present study. The direct injection diesel engine used for the present study is manufactured by Kirloskar. It is single cylinder, four stokes, vertical, air-cooled diesel engine. The compression ration is 17.5. It develops 7.4 kW brake power at rated speed of 1500 rpm with diesel as fuel. It has a provision of loading electrically since it is coupled with single phase alternator through flexible coupling. The engine can be hand started using decompression lever and is provided by centrifugal speed governor.

The details technical specifications of the engine are given in Table 3.2
Table 3.2: Detailed Technical Specifications of the Engine

	Make 
	Kirloskar

	Model
	Single Cylinder, DAF 10

	Rated Brake Power (kW)
	7.4 kW (10HP)

	Rated Speed (rmp)
	1500

	Number of Cylinder
	One

	Bore x Stroke (mm)
	102 x 116

	Displacement Volume (cc)
	948

	Compression Ration
	17.5:1

	Cooling System
	Air Cooled

	Lubrication System
	Forced Feed

	Inlet Valve Open (Degree)
	4.5 BTDC

	Inlet Valve Closed (Degree)
	35.5 ABDC

	Exhaust Valve Open (Degree)
	35.5 BBDC

	Exhaust Valve Closed (Degree)
	4.5 ATDC

	Fuel Injection timing (Degree)
	26 BTDC

	Injection Pressure
	200-205 bar

	Length
	531 mm

	Width 
	546 mm

	Height 
	878 mm

	Weight 
	194 KG
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Plate 3.4 Engine Test Rig 

3.4 Selection of Engine Testing Parameters


The selections of appropriate parameters are essential for engine testing and these parameters were selected very with great care. The engine testing was done in accordance with IS: 10000. The main parameters desired from the test engine are listed below.

1. Power produced by the engine.

2. Engine speed (rpm)

3. Fuel consumption 

4. Exhaust gas temperature

5. Exhaust gas analysis


With a view to calculate the parameters mentioned above, it was essential to measure the following parameters from the experimental test rig. 

1. Voltage and current generated by the alternator.

2. RPM of the engine.

3. Air Intel temperature.

4. Exhaust gas temperature

5. Fuel consumption rate.

6. Smoke opacity.

7. CO, CO2, HC,O2
 


Once the parameters were selected, the essential instruments required for sensing these parameters were installed at the appropriate points in the experimental set-up.

3.5 Installation of the Instrument Control Panel 
After finalizing the procedures for data collection and procurement of the desired instruments, they were put on a control panel. A control panel was fabricated and instruments such as voltmeter, ammeter, speed counter, six channels digital temperature display, U-Tube Manometer, voltmeter, ammeter and wattmeter were mounted on the front side of the control panel as shown in Plate 3.5. Electrical load banks (with 16 bulbs of 500 and 300 watts combination) were mounted on the rear side of the control panel as shown in Plate 3.6 and their switches provided on the front side of the control panel.
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Plate 3.5 Control Panel
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Plate 3.6 Electrical Load Bank


One burette with stop cocks is also provided on the front side of the panel for fuel flow measurements. Only one cock is opened at a time so that diesel can be fed into the engine. 


A voltmeter, ammeter and wattmeter were connected between alternator and load bank. A nut was welded on the flywheel and the photo reflective sensor was mounted on a bracket attached to engine body. Thermocouples were mounted at the respective position so that temperature of the exhaust gases and temperature of air at the inlet can be measured. The AVL 437 smoke meter and AVL Di gas analyzer were also kept in proximity for the measurement of various exhaust parameters.   

3.6 Methodology

The first step was preparation of the fuel to be employed for experimental work. Then the engine is started with prepared fuel by cranking the engine with the handle. 


Observation were made on the engine which include exhaust temperature, smoke opacity, NOx, CO2, unburned hydrocarbons and RPM of the engine.            


Volumetric fuel consumption was measured using a glass burette. The time taken by the engine to consume a fixed volume was measured using a stopwatch. The volume divided by the time taken for fuel consumption given the volumetric flow rate.



This test was carried out only after the preliminary run of the engine on diesel. After stable operating conditions were experimentally achieved, the engine was subjected to similar loading condition. Starting from no load, observations were recorded at 20%, 40%, 60%, 80% and 100% of the rated load.
3.7 Measurement Methods

The performance and emission characteristics of an engine can be measured with the help of the fuel consumption measuring unit, electrical loading arrangement, voltmeter, ammeter, RPM meter, temperature indicator and emission measurement equipments.

3.7.1 Brake Power 


The brake power is among the most important parameter in testing of an engine. The power developed by the engine was measured with the help of an electric alternator type of dynamometer. The dynamometer was coupled to the engine with the help of a flexible coupling. The output lead of this mechanically coupled alternator was concerned to the control panel along with an ammeter and voltmeter of required range in series and thus by measuring voltage and current, lamp load was connected in series with the generator to act as a resistive load consisted of 4 rows in parallel with 4 bulbs in series. The rating of each dynamometer used in this study was a “Ankur” make, 220 volts, 7.5 KVA, single phase alternator. A voltmeter, 0-415 volts AC and an ammeter, 0-30 ampere, were selected for the measurements.

3.7.2 Fuel Flow Measuring System.

The fuel consumption of an engine cab be measured by determining the volume in a given time interval and multiplying it by the specific gravity of the fuel which should be measure occasionally to get an accurate value. Another method is to measure the time required for consumption of a given mass of fuel. In the brake specific fuel consumption was calculated by using the relationship given below.
	Bsfc = (Vcc x  l x 3600) / (bp x t)



Where,    bsfc =  Brake specific fuel consumption, g/kw-h

                           Vcc   =   Volume of fuel consumed, cc

                            L       =    Density of fuel, g/cc

                           Bp     =     Brake power , kw

                           T       =     Time taken to consume, cc of fuel, sec

 The brake thermal efficiency of the engine of deferent fuel blends at different operating conditions was determined using the equation as given below ;

                             Nth                                =  (hvxbsfc)

          Where,    Nth = Brake thermal efficiency, %

                          Ks                      = Unit constant,  

                          Hv                      = Gross heat of combustion, kj/kg 

                          Bsfc                    = Brake specific fuel consumption, g/kw-h
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Plate 3.7 Fuel Measurement System

3.7.3 RPM Of The Engine 
        The best method of measuring speed is to count the number of revolutions in given time; this gives an accurate measurement of speed. An ‘MTC’ make digital panel tachometer with proximate/photo reflective sensor was used for measurement of RPM. The magnetic pickup will produce a pulse for every revolution and a pulse counter will accurately measure the speed, the instrument is capable of functioning in the range of 1 to 9.999 rpm with a sampling time of 1 second, For measurement, a nut was welded on the flywheel face and sensor was mounted on a bracket near the flywheel in such way that

The distance was less than 5mm. The display unit is digital and mounted on the panel board. The tachometer used for this study is shown in plate 3.8.
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         Plate 3.8 Engine speed Measurement

3.7.4 Temperature Measurement 

Chromel-alumel K-type Thermocouples as shown in plate 3.9 were connected to a 6channel digital panel meter to measure temperatures of exhaust gas at exhaust manifold. A digital temperature indicator is also provided on the control panel the meter was calibrated by a millivolt source up to 8000 ºC.                   
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Plate 3.9 Temperature measurement Arrangement
3.7.5 Exhaust Emission Analysis 
             The major pollutants appearing in the exhaust of a diesel engine are smoke, UBHC, CO, CO2 and NOx, For measuring the smoke opacity, AVL 437 smoke analyzer was utilized. This instrument gave reading in terms of percentage opacity. Of the light beam projected across a flowing stream of exhaust gases, a certain portion of light is absorbed or scattered by the suspended soot particles.
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Plate 3.10; Smoke and Emissions measuring system

The remaining portion of the light falls on a photocell, generation a photoelectric current, which, is a measure of smoke density. For measurement of UBHC, CO CO2 and NOx, a AVl4000 Di –gas analyzer was use. Both the AVL 437 Smoke meter and AVL digas Analyzer are shown in plate 3.10.

                                                                                                                  CHAPTER - 4                                            
RESULT & DISCUSSIONS 

The results of series of experimental investigations of diesel engine fueled by diesel/water emulsion are presented here. The parameters that were studied during exhaustive engine trial include performance parameters such as brake thermal efficiency and brake specific energy consumption and exhaust gas emissions such as HC, CO, CO2 , NOx and smoke opacity. The results are compared with the baseline results obtained with diesel as a fuel for comparative assessment. 

4.1 Physico Chemical Properties

 The different physico - chemical properties which were evaluated during the present work are presented in Table 4.1. The result suggests that kinematic viscosity of diesel water emulsion is higher than the diesel fuel. The heating value of diesel water emulsion was lower than diesel fuel. For DE 5, it was lower by around 6%, where as for DE10, it was lower by 12%. Flash point of diesel water emulsion was also found to be higher than diesel which suggests that these fuels are safer to store in comparison to diesel.
Table 4.1 Physico Chemical Properties of test fuel
	
	Diesel
	DE5
	DE10

	Viscosity (cst)


	3.385
	4.329
	5.492

	Density (g/cm3 )
	0.83650
	0.85325
	0.86676

	H.C.V. (MJ/kg)


	46.238
	43.164
	40.358

	Flash Point (°C)


	62.5
	70.5
	77.5


4.2 Performance Characteristics


A series of Engine test were carried out on a medium capacity diesel engine at rated speed of 1500 rpm with diesel water emulsion and performance characteristics such as brake thermal efficiency (BTE), brake specific energy consumption (bsec) and exhaust temperature was evaluated and result being compared with baseline data of diesel fuel.  The performance characteristics as mentioned above are summarized as under.
4.2.1 Brake Thermal Efficiency 


Fig. 4.1 shows the variation of BTE for different test fuels on different loading conditions. It was observed that with increasing load, the BTE first tended to increase and then tended to decrease with further increase in load.
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Fig. 4.1: Variation of BTE versus bemp for diesel and various diesel water emulsion 


It is also observed that the maximum BTE occurred with DE10 followed by DE5 and in case of diesel it was lowest. The average increase in BTE for DE10 was approximately 4% in comparison to diesel for the lower load condition where as for higher load, it was even higher.

The reason for the improved BTE of diesel water emulsion over the diesel is that the presence of water and in particular the presence of oil water interface with very low interfaced tension leads to a finer atomization of fuel during injection. The water in fuel improves the combustion process. Microexplosion accelerates the diffusion of combustion through the cylinder, decrease the time required for combustion and increasing combustion efficiency which result in better BTE.
4.2.2 Brake Specific Fuel Consumption (BSFC)

Fig. 4.2 shows the influence of the engine load on the brake specific fuel consumption (bsfc) at a rated speed of 1500 rpm. Bsfc is defined as the mass flow rate in per unit of brake power. From the test result it was observed that with increasing load, the bsfc of all fuels were decreased and them tends to increase with further decrease in load. The maximum bsfc was observed in case of DE10, followed by DE5 and followed by diesel fuel. The increase in bsfc for diesel water emulsion can be attributed to lower heating value of these fuels due to presence of water. The heating value of DE10 was lowest among all the test fuel, therefore the maximum reduction in bsfc has been experienced with this fuel. 
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Fig. 4.2 
Variation of specific fuel consumption versus bmep for diesel and various diesel water emulsion 

4.3 Emission Characteristics
 
As already highlighted, a series of Engine test were carried out on a medium capacity diesel engine with diesel and diesel water emulsion. The various emission characteristics of the test engine are summarized below.

4.3.1 NOx Emission 

The variation of NOx emission for the all test fuels is shown in Fig. 4.3. The NOx emission increased with the increasing engine loads, due to higher combustion temperature. This suggests that the most important factor for the NOx emission is the combustion temperature in the engine cylinder and the local stoichiometry of the mixture. The formation of nitrogen oxides (NOx) originates from the nitrogen bearing fuel, excess oxygen, excessively high burning gas temperature and the excessive time in the reaction zone. Nitric oxide (NO) is the primary nitrogen oxides produced in engines. It originates primarily from atmospheric nitrogen oxidation based on the Zeldovich thermal NO mechanism. The NOx increment with the engine load increment. This is because the engine load increment reduces the ignition delay and increase the peak gas pressure, temperature and fuel consumption rate. The fuel to air equivalence ratio thus approaches stoichiometry more, increasing the NOx emissions accordingly. The emulsions produced lesser NOx emissions than diesel fuel because water content present in the emulsion took away heat from the combustion and as a result NOx emissions were reduced. As the percentage of water increased in the emulsion, there was higher reduction in NOx emissions. 
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Fig. 4.3 Variation of NOx versus bmep for diesel and various diesel water emulsion. 

The NOx emission decrease with % age of water in the emulsion as shown in Fig. 4.3. It is observed that at all load condition. The %age of reduction in NOx in 10% and 20% for 5% and 10% water in diesel emulsion respectively.


The improvement in NOx emission is because by the reduction in a flame temperature due to vaporization and sensible heats of water. The presence of water in the emulsion weakens luminous and reduces the flame temperature during diffusion controlled combustion phase which leads to a lower place for and lower level of NOx emission.

4.3.2 Unburnt Hydrocarbons


The presence of HC emissions in exhaust gas for different fuels is shown in Fig. 4.4. It is observed that at all load condition the presence of HC in exhaust gas is found to be decreasing with increasing in water in the emulsion. It is observed that the HC emissions exhibited large reduction in the range of 30-65% with diesel emulsion fuel. It is attributed to microexplosion phenomena in emulsified fuel due to the fact that viscosity difference between water and diesel fuel cause violent disintegration of fine droplets and consequently enhances the fuel air mixing in the combustion chamber which helps in lesser formation of soot and HC.         
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Fig. 4.4 
Variation of hydro-carbons versus bmep for diesel and various diesel water emulsion. 

4.3.3 Smoke Opacity 
Fig. 4.5 represents the variation of smoke opacity for different test fuels. The result suggests that larger engine load caused higher smoke opacity. This gives an idea that engine load greatly influenced black smoke production. The reduction of smoke opacity was highest in case of 10% diesel water emulsion. The burning of W/o emulsions would increase the water vapor production in the exhaust gas. This led to dilution of the concentration of black smoke released from the diesel engine and thus lowers smoke opacity in comparison to diesel fuel. Further, water vapor produced from the combustion of the emulsion fuel may further be condensed to be liquid water, which could dissolve part of black smoke particulates. This also resulted in significant reduction of black smoke opacity for burning the emulsion fuel. 
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Fig. 4.5 
Variation of smoke opacity versus bmep for diesel and various diesel water emulsion. 

4.3.4 CO Emission 

Fig. 4.6 represents the CO emissions. The result shows that CO emissions were lowest for diesel fuel and highest for 10% diesel water emulsion. The CO emissions of 5% diesel water emulsion were in between.

This is because the cylinder temperature gets lower with the introduction of the water which absorbed heat for vaporization resulting in shortening the oxygenating time for the CO gas. Hence, larger CO emissions were observed when diesel water emulsions with higher water content were combusted.

The higher level of CO can also be attributed to a longer ignition delay in case of water/diesel emulsion which is due to decrease in cetane number.[17 ]   

[image: image17.jpg]—DF — DES —DE10

0.00

1.00 2.00 3.00 4.00 5.00
bmep(bar)




Fig. 4.6
Variation of CO versus bmep for diesel and various diesel water emulsion. 

                                                                                                 CHAPTER – 5
CONCLUSIONS & SCOPE for future work
5.1 Conclusion 


Use of diesel water emulsion in a diesel engine has shown it to perform with similar or greater thermodynamic efficiency than diesel fuel, but because of the water content which results in lower heating value, fuel consumption is greater for the same power output i.e. brake specific fuel consumption is higher. Also, power output was found to be lower in case of diesel water emulsion as compared to diesel fuel due to lower heating value of emulsions. Apart from increase in BTE, the emulsion also produces lower emissions of NOx, hydrocarbons and smoke opacity than diesel fuel. However, the CO emissions were found to increase.

The reduction in NOx emissions resulting from use of the emulsion appears to correspond with the reductions in cylinder temperatures due to vaporization of water present in the emulsion and resulting in reduction of temperature.


Switching to diesel water emulsion does not require any engine modification as long as engine derating is acceptable. The substantial increase in brake specific fuel consumption when operating the engine on diesel water emulsion at the same power output will increase the cost of operation. Any additional costs resulting from use of the fuel could be offset by benefits obtained by reduced gaseous pollutants.

5.2 Scope of Future Work

The further research requires testing and refinement of the diesel emulsification surfactants other than used in the present work. In the present work, performance and emission characteristics were evaluated using diesel water emulsion with a maximum of 10% water; however, water content more than 10% can be experimented by future researchers and there is an urgent need to carry out long term endurance test on diesel water emulsion to assess their suitability in engine hardware and lubricating oil. 
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