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ABSTRACT
In this work an experimental Investigation on Performance and Emissions Analysis of the various blends of ethanol with diesel on a variable compression ratio diesel engine was carried out. The blends of ethanol, diesel and n-butanol are prepared in the volume percentages of  5 to 30% of ethanol with diesel, and with a fixed percentage of 5% of n-butanol as a solvent. The experimental tests were carried out to study the performance and emissions of the engine fuelled with these blends of ethanol and diesel at different compression ratios 14, 16 and 18 at different loads. The test results show that it is feasible and applicable for the blends with n-butanol to replace pure diesel as a fuel for diesel engine,the thermal efficiencies of the engine fuelled by these blends were comparable with that fuelled by diesel. The results show that fuel consumption is increased slightly, which is due to the lower heating value of ethanol. 

The characteristics of the emissions were also studied. And  at different compression ratios, it is found that the smoke emissions from the engine fuelled by the blends were all lower than that fuelled by diesel at particular fixed compression ratio but emission relatively increases at lower compression ratio. The carbon monoxide (CO) emissions were reduced when the engine ran at and above its half loads, but were increased at low loads and low speed; the hydrocarbon (HC) emissions were all higher except for the top loads (more than half load) at high speed; At top load, the HC emissions for all blends were lower than that fuelled by diesel; this is due to the high temperature in the engine cylinder to make the fuel be easier to react with oxygen when the engine ran on the top load and high speed. The nitrogen oxides (NOx) emissions were slightly varying for different speeds, loads and blends.
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NOMENCLATURE
 η 
 Thermal Efficiency

BTHE 
 Brake Thermal Efficiency
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Air Fuel Ratio
ηf
Fuel Conversion Efficiency

ηv
Volumetric efficiency

Vd
Displacement Volume

Qh
Lower Heating Value of Fuel

ρa
Air Density

λ
Fuel to Air Ratio

N
Engine Speed in rpm

rc
Compression Ratio

γ
Ratio of Specific Heats

MJ
Mega Joules

K
Optional absorption coefficient of the obscuring matter per unit length

n
Number of soot particles per unit volume

MeEf
Mechanical efficiency

SEC
Specific energy consumption

ppm     Parts per million

P
Pressure



θ
Crank angle
Z5E10D85 Z-Percentage of n-butanol by volume, 

                      E- Percentage of ethanol by volume,

                      D- Percentage of Diesel by volume
CHAPTER 1

INTRODUCTION 

The ever rising cost of fossil fuel internationally has forced major world economies, which are also major importers of fossil fuel, to examine renewable and cheaper alternatives to fossil fuel to meet their energy demands. Biodiesel and bio ethanol have emerged as the most suitable renewable alternatives to fossil fuel as their quality constituents match diesel and petrol respectively. In addition they are less polluting than their fossil fuel counterparts. Environmental concerns and the desire to be less dependent on imported fossil fuel have intensified worldwide efforts for production of bio fuel from vegetable oils and ethanol from starch and sugar producing crops.
1.1 ENERGY SCENARIO

Energy is one of the major inputs for the economic development of any country. In the case of the developing countries, the energy sector assumes a critical importance in view of the ever-increasing energy needs requiring huge investments to meet them.  

1.1.1 GLOBAL PRIMARY ENERGY CONSUMPTION

The primary energy consumption for few of the developed and developing countries is shown in Table 1.1 and graph 1.1.It may be seen that India’s absolute primary energy consumption is only 1/29th of the world, 1/7th of USA, 1/1.6th time of Japan but 1.1, 1.3, 1.5 times that of Canada, France and U.K respectively.
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Figure 1.1 Primary Energy Consumption
Table 1.1 Primary Energy Consumption
	country
	oil
	Natural gas
	coal
	Nuclear energy
	Hydro electric energy
	Total

	USA
	914.3
	566.8
	573.9
	181.9
	60.9
	2297.8

	Canada
	96.4
	78.7
	31
	16.8
	68.6
	291.4

	France
	94.2
	39.4
	12.4
	99.8
	14.8
	260.6

	Russian Federation
	124.7
	365.2
	111.3
	34
	35.6
	670.8

	United Kingdom
	76.8
	85.7
	39.1
	20.1
	1.3
	223.2

	China
	275.2
	29.5
	799.7
	9.8
	64
	1178.3

	India
	113.3
	27.1
	185.3
	4.1
	15.6
	345.3

	Japan
	248.7
	68.9
	112.2
	52.2
	22.8
	504.8

	Malaysia
	23.9
	25.6
	3.2
	-
	1.7
	54.4

	Pakistan
	17
	19
	2.7
	0.4
	5.6
	44.8

	Singapore
	34.1
	4.8
	
	
	
	38.9

	TOTAL WORLD
	3636.6
	2331.9
	2578.4
	598.8
	595.4
	9741.1


Planning commission report 2003
1.1.2 INDIAN ENERGY SCENARIO
 The country's energy demand is expected to grow at an annual rate of 6.8 per cent over the next couple of decades. Most of the energy requirements are currently satisfied by fossil fuels like coal, petroleum based products and natural gas. Past and projected increased demand is shown in Table 1. Domestic production of crude oil can only fulfil 25-30 per cent of national consumption rest we are importing from other countries. In these circumstances bio fuels are going to play an important role in meeting India’s growing energy needs. Bio fuels offer an attractive alternative to fossil fuels, but a consistent scientific framework is needed to ensure policies that maximize the positive and minimize the negative aspects of bio fuels. Energy consumption in India is shown in the table1.2.
Table 1.2 Demand of Energy for the Consumption in India

	Source
	Units
	1994-95
	2001-02
	2006-07
	2011-12

	Electricity 
	Billion units
	289.36
	480.08
	712.67
	1067.88

	Coal
	Million tonnes
	76.67
	109.01
	134.99
	173.47

	Natural gas
	Million cubic meters
	9880
	15730
	18291
	20853

	Oil products
	Million tonnes
	63.55
	99.89
	139.95
	196.47


Source: Planning commission report 2003

1.2 ETHANOL AS AN ALTERNATIVE FUEL

Over the past several years, numerous tests have been conducted on diesel fuel containing various oxygen bearing components, including ethanol. The interest in such fuels is primarily for their ability to reduce exhaust emissions, especially particulate matter. A number of tests have shown that adding ethanol to diesel fuel can reduce certain components of exhaust emissions. There have been a number of fleet demonstration projects using diesel/ethanol blends, commonly called “E diesel fuels”. The results of these demonstration projects have been quite positive.
Alternative fuels such as ethanol contribute to at least two. policy goals. Improving environmental quality and enhancing farm income. Using ethanol-blended fuels reduces carbon monoxide emissions in motor vehicles. Ethanol also creates markets for farm commodities, particularly corn.

1.2.1 ETHANOL AS SI ENGINE FUEL
There has been strong demand for ethanol as an oxygenate blended with gasoline. In the United States each year, approximately 2 billion gallons are added to gasoline to increase octane and improve the emissions quality of gasoline.

Blends of at least 85% ethanol are considered alternative fuels under the Energy Policy Act of 1992 (EPAct) in U.S. E85, a blend of 85% ethanol and 15% gasoline, is used in flexible fuel vehicles (FFVs) that are currently offered by most major auto manufacturers. FFVs can run on gasoline, E85, or any combination of the two and qualify as alternative fuel vehicles under EPAct regulations.
1.2.2 ETHANOL AS CI ENGINE FUEL

The use of ethanol blended with diesel was a subject of research in the 1980’s and it was shown that ethanol-diesel blends were technically acceptable for existing diesel engines. The relatively high cost of ethanol production at that time meant that the fuel could only be considered in cases of fuel shortages. Today the economics are much more favorable in the production of ethanol and it is able to compete fairly well with standard diesel. Hence there has been renewed interest in the ethanol-diesel blends with particular emphasis on emissions reductions.  Hansen et al.(2001).

Ethanol is used as an automotive fuel by itself and can be mixed with diesel to form what has been called "gasohol" or can be mixed with diesel to form "diesohol or "E-diesel". Because the ethanol molecule contains oxygen, it allows the engine to more completely combust the fuel, resulting in fewer emissions. Since ethanol is produced from plants that harness the power of the sun, ethanol is also considered produced from plants that harness the power of the sun, ethanol is also considered a renewable fuel.

Ethanol’s lower calorific value, higher surface tension, greater solvent power etc. restrict its use as a complete motor vehicle fuel. It can be best utilized as a blend constituent with up to around 30% ethanol -Diesel blends useable in the resent day automobiles without requiring any major engine modifications; and giving reduced levels of exhaust CO and HC emissions.

Merits:

· It is not a fossil fuel thus, manufacturing it and burning it does not increase the greenhouse effect.

· It reduces dependence on imported fuels.

· Refueling is similar to that of gasoline or diesel.

· It can be used in both light and heavy duty vehicles.

· Ethanol is biodegradable without harmful effects on the environment.

· It significantly reduces harmful exhaust emissions, thereby reduces air pollution.

· More energy density compared to gasoline with optimized compression ratio.

· Ethanol's high oxygen content reduces carbon monoxide levels more than any other oxygenate by 25-30%.

· Ethanol reduces nitrogen oxide, sulphur dioxide, hydrocarbon and CO2 emissions.

· It provides high octane at low cost as an alternative to harmful fuel additives.

· As an octane-enhancer, ethanol can cut emissions of cancer-causing benzene and butadiene by more than 50%.
Demerits

· The relatively low boiling point and high vapor pressure of ethanol indicate that vapor lock could be a serious problem, particularly at high altitudes on warm summer days.

· The relatively high latent heat of ethanol causes problems in its mixing with air and transporting it through the intake manifold of the engine. Heating the intake manifold may be necessary in cold weather or before the engine reaches operating temperatures. Without external heat to more completely vaporize the fuel, the engine may be difficult to start and sluggish for a considerable time after starting.

· Although ethanol when used near its stoichiomctric A/F ratio, produces more power, a larger quantity of fuel is required to produce a specified power output. 
· Ethanol has strong affinity for water. Less engine power is produced as the water content of an ethanol increases. Further, vapor lock, fuel mixing and starting problems increase with water.

· Ethanol is corrosive to certain materials used in engines and thus can dissolve them. It can also cause injury or physical harm if not used properly. 

1.3 ETHANOL PRODUCTION IN INDIA 
In India, the world’s second largest sugar producer, ethanol is mainly produced from molasses, a sugar by-product. India’s molasses production declined from 8.0 million tonnes in 2002-03 to 5.0 million tonnes in 2004-05 due to poor sugar cane output. However it has started rising again and is expected to achieve record levels this year. 
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The first phase of the ethanol-blended petrol was to have been launched in January 2003, but it took the industry a good three years to iron out start-up glitches. One issue was that the ethanol imported from Brazil was available at a lower price than domestic ethanol. Even at the 5% blend level being implemented currently there is a shortfall of 225 million liters of ethanol for the oil companies whose current demand is put at 435 million liters (Sify business, 2006).Ethanol production of different country is shown in graph1.2. India produced 1749 million liters of ethanol in 2004(table 1.3) mainly from sugar cane (Peterson, 2006), and has a very high potential to increase it further by using sweet sorghum, sugar beet and sugar cane juice as potential feedstock options. 
Figure1.2. Worldwide Ethanol production
Table 1.3 Production of Ethanol in Different Countries

	S/No.
	Country
	Feed stock
	Million liter

	1
	Brazil
	Sugarcane
	15,099

	2
	United states
	Corn
	13,381

	3
	China
	Corn, wheat
	3,649

	4
	India
	Sugarcane
	1,749

	5
	France
	Sugar beet ,wheat ,corn
	829


Source: F.O. Licht, cited in Renewable Fuels Association, Homegrown for the Homeland Industry Outlook 2005 (Washington, DC), p.14 
1.4 Properties OF ETHANOL

There are a number of fuel properties that are essential to the proper operation of a diesel engine. The addition of ethanol to diesel fuel affects certain key properties with particular reference to blend stability, viscosity and lubricity, energy content and cetane number. Materials compatibility and corrosiveness are also important factors that need to be considered. Properties that affect safety should be foremost in any fuel evaluation. These include ash point and flammability. Finally fuel biodegradability has become a significant factor with respect to ground water contamination.
Ethanol (ethyl alcohol, grain alcohol) is a clear, colorless liquid. In dilute aqueous solution, it has a somewhat sweet flavor, but in more concentrated solutions it has a burning taste. Ethanol (CH3CH2OH) is made up of a group of chemical compounds whose molecules contain a hydroxyl group, -OH, bonded to a carbon atom. Ethanol made from cellulosic biomass materials instead of traditional feedstock’s (starch crops) is called bio-ethanol.
1.4.1 PHYSICAL PROPERTIES OF ETHANOL

Ethanol's hydroxyl group is able to participate in hydrogen bonding. At the molecular level, liquid ethanol consists of hydrogen-bonded pairs of ethanol molecules; this phenomenon renders ethanol more viscous and less volatile than less polar organic compounds of similar molecular weight. In the vapor phase, there is little hydrogen bonding; ethanol vapor consists of individual ethanol molecules.

Ethanol is a versatile solvent. It is miscible with water and with most organic liquids, including non polar liquids such as aliphatic hydrocarbons. Organic solids of low molecular weight are usually soluble in ethanol. Among ionic compounds, many more vent salts are at least somewhat soluble in ethanol, with salts of large, polarizable ions being more soluble than salts of smaller ions. Most salts of polyvalent ions are practically insoluble in ethanol by Kerihuel et al.(2006).
The addition of even a few percent ethanols to water sharply reduces the surface tension of water. This property partially explains the tears of wine phenomenon: when wine is swirled inside a glass, ethanol evaporates quickly from the thin film of wine on the wall of the glass. As its ethanol content decreases, its surface tension increases, and the thin film beads up and runs down the glass in channels rather than as a smooth sheet. Some physical properties are shown in the table no 1.4
Table 1.4 Physical Properties of Ethanol[Ajav, E. A. et al. (2002)]
	Parameter
	Ethanol
	Diesel

	Boiling point OC
	78.5
	188-340

	Density kg/L
	0.792
	.81-.88

	Δ Hc KJ/L
	21,000
	35900-36580

	Flash point o C
	21
	75

	Auto-ignition Temp. o C
	365-425
	204-260

	Flammability
	6.7-36
	1.5-8.3

	Cetane number
	8
	50

	Viscosity(20 o C)
	1.2
	3.9


CHAPTER 2
                                       

LITERATURE REVIEW
Many studies are available using ethanol in compression ignition (CI) engine. They have considered numerous methods of introducing ethanol into CI engines. Some works focused on the development of blends of diesel fuel and ethanols are discussed here.
Huang et al. (2008) carried out an experimental investigation on the application of the blends of ethanol with diesel in a diesel engine. First, the solubility test of ethanol and diesel was conducted with and without the additive of normal butanol (n-butanol). Furthermore, experimental tests were carried out to study the performance and emissions of the engine fuelled with the blends compared with those fuelled by diesel. The test results show that it is feasible and applicable for the blends with n-butanol to replace pure diesel as the fuel in diesel engine; the thermal efficiencies of the engine fuelled by the blends were comparable with that fuelled by diesel, with some increase of fuel consumptions, which is due to the lower heating value of ethanol. The characteristics of the emissions were also studied. Fuelled by the blends, it is found that the smoke emissions from the engine fuelled by the blends were all lower than that fuelled by diesel; the carbon monoxide (CO) were reduced when the engine ran at and above its half loads, but were increased at low loads and low speed; the hydrocarbon (HC) emissions were all higher except for the top loads at high speed; the nitrogen oxides (NOx) emissions were different for different speeds, loads and blends.

J.D. Murphy and K. McCarthy (2004), reported following points regarding ethanol production-

· Ethanol production from energy crops (biomass type 2) such as sugar beet and corn is a mature technology. However ethanol production from lignocelluloses biomass (typically wastes and residues, biomass type 1) is not yet at commercial scale, even though many technologies are mooted

·  The modeled capital costs and operating costs are significantly higher per unit of production for ethanol production from lignocelluloses material than from energy crops.

· When producing ethanol from energy crops, the crop must be purchased and greenhouse-gas production is associated with cultivation to harvest and transport of the crop.

· The economics of ethanol production from waste paper are significantly better than those from sugar beet. Indeed of the options investigated only those involving waste paper generated a cheaper fuel than petrol. If a gate fee of €100/t was obtained from waste paper, then the production cost could go to zero for a plant producing 200 million Lpa of ethanol.

· The reference value for the minimum portion of biofuels to be placed on the market in 2010 is 5.75% of the energy value of petrol and diesel. The ethanol scenarios as proposed here for Ireland would produce 5.7% of the energy value of petrol and diesel.

· An investment in an ethanol industry of €561 million would lead to a 16.6% substitution of petrol in Ireland. The greenhouse-gas savings equate to 18% of the 1990 transport emissions.

· Proposed ethanol production by volume would be 15% of combined petrol and ethanol volume. This proposal would involve all Irish cars, which operate on petrol converting to E15 (15% ethanol, 85% petrol).
Bhattacharya and Mishra (2002) carried out tests  to evaluate the feasibility of preparing diesel-ethanol blends using 200° (anhydrous ethanol) and ethane lower proof having 190°, 180°, 170°, 160° and 150°. The diesel-ethanol blends containing 200°, 190°, 180° and 170° proof ethanol were prepared adding 20% and 15% ethanol in diesel. Blends containing 160° and 150° proof ethanol were prepared adding 20%, 15% and 10% ethanol in diesel. The observation on phase separation revealed that 150° and 160° proof ethanol were not suitable for blending with diesel. The relative density, dynamic and kinematic viscosity and gross heat of combustion of blends containing 200° to 170° proof ethanol were found to be close to that of diesel. The performance of a 10 hp constant speed Cl engine on dieselethanol blends containing 20% and 15% ethanol by volume and prepared using 200° to 170° proof ethanol indicated power producing capability of the engine on blends similar to that of diesel.

Hansen et al.(2001) founds that the properties of ethanol-diesel blends have a significant effect on safety, engine performance and durability, emissions and an increase in fuel consumption approximately equivalent to the reduction in energy content of the fuel can be expected when using ethanol-diesel blends. With ethanol percentages of 10% or less, operators have reported no noticeable differences in performance compared to running on diesel fuel.

Wang et al. (2003) analysis shows that the most noteworthy benefits of E-diesel use lie with petroleum reductions and reductions in urban PM10 and CO emissions by urban bus operations. They found that the overall effect of farming tractors and urban buses on the nation’s petroleum use is tiny, and that urban CO emissions are increasingly becoming a non-issue for major U.S. cities. However, specifically with respect to pollution abatement, E-diesel could be a non-trivial asset of fuel portfolios for urban buses needing to reduce their PM10 emissions.

Ajav, E. A. and O. A. Akingbehin (2002) were experimentally determined some fuel properties of local ethanol blended with diesel to establish their suitability for use in compression ignition engines. Six blends (5, 10, 15, 20, 25, and 30%) of ethanol by volume with diesel were used. The properties determined were; relative density, viscosity, cloud and pour point, flash point and calorific value.

The results show that both the relative density and viscosity of the blends decreased as the ethanol content in the blends were increased. The cloud point was found to be 50oC for all the blends and diesel while the pour point of –5,-7,-10,-13 and-36oC were obtained for diesel and blends with 5, 10, 15 and 20% ethanol content respectively.

The pour point for two blends (25 and 30%) was not reached. Flash point of 74oC was obtained for diesel while 24, 25, 27, 25, 25 and 26oC were obtained for blends with 5, 10, 15, 20 25 and 30% ethanol respectively.

Calorific values of 44515, 43632, 43632, 43192, 42745, 41874, 41004, and 40577 kJ/kg were obtained for diesel and the ethanol-diesel blends respectively. Based on the findings of this study, blends with 5, 10, 15 and 20 percent ethanol content were found to have acceptable fuel properties for use as supplementary fuel in farm engines.

Eckland et al. (1984) present a "State-of-the-Art Report on the Use of Alcohols in Diesel Engines". Techniques that have been evaluated for concurrent use of diesel and alcohols in a compression-ignition engine include (1) alcohol fumigation, (2) dual injection (3) alcohol/diesel fuel emulsions, and (4) alcohol/diesel fuel solutions.

Of these four options, fumigation and dual injection require additional and separate fuel handling systems including additional injectors for either manifold injection (for fumigation) or direct injection. Accordingly, these alternatives represent both a significant incremental cost for vehicle production and increased operational inconvenience related to refilling two fuel tanks rather than one. In the case of fumigation, Heisey and Lestz (1981) report significant reductions in particulate generation; however, NOx generation increases. The incremental vehicular costs and increased NOx associated with fumigation have limited its acceptance.

By definition, alcohol/diesel fuel emulsions are fuels with two liquid phases in equilibrium where a substantial portion of the ethanol is in a hydrophilic phase that is entrained in a continuous diesel phase. To maintain stable fuel emulsions of alcohol and diesel, large amounts of costly emulsifiers are typically required. Baker (1981) reported that 9:10 and 3:2 parts by volume of alcohol to emulsifier were required by methanol and ethanol, respectively, to create stable emulsions. Emulsifiers are always needed with methanol to maintain the entrainment of the methanol phase. They are needed with ethanol when the water content of ethanol is greater than -0.1%.

Likos et al (1982) reported increased NOx and hydrocarbon emissions for diesel-ethanol emulsions. Khan and Gollahalli (1981) reported decreased NOx and hydrocarbon emissions with increased particulate emissions for diesel-ethanol emulsions. Lawson et al. (1981) reported increased NOx and decreased particulate emissions with diesel methanol emulsions. This type of inconsistent performance is what has hindered the use of ethanol in diesel.

Alcohol-diesel fuel solutions form a homogenous phase rather than two liquid phases. Methanol is substantially insoluble in diesel, and so, most solution work has been performed with ethanol. A disadvantage of solutions is that two liquid phases form when the alcohol-diesel mixture is contacted with water. Although this can manifest into operating difficulties, similar problems occur when straight diesel is contacted with water.

Baker (1981) reported diesel-ethanol emulsions produce similar NOx, hydrocarbon, and particulate emulsions as compared to baseline runs with straight diesel. Khan and Gollahalli (1981) reported increased particulate emissions with ethanol-diesel mixtures.

Shaik et al. (2007) experimentally determined VCR engine has great potential for improving part-load thermal efficiency and reducing greenhouse gas emissions. As VCR is a geometric approach to improve all existing engine strategies, it is potentially one of the profitable sources to investigate for the automotive industry. Variable compression, VCR promises more efficient operation, the ability to down-size the engine, multi-fuel flexibility, and the potential to revise emission characteristics. The full potential of variable compression can only be realized when it is used in combination with reduced engine displacement and high supercharging pressure. The biggest challenge in adoption of the VCR is incompatibility with major components in current production. In short, VCR feature will permit SI engines significantly to reduce fuel consumption and emissions. Purchasing fuel efficient, clean vehicles would be greatly encouraged by tax breaks and that of existing SI engines subsidies by government.

Ahmed (2001) found Diesel engines are major contributors of various types of air polluting exhaust gasses such as Particulate Matter (PM), Carbon monoxide (CO), Oxides of Nitrogen (NOx), Sulfur, and other harmful compounds. It has been shown that formation of these air pollutants can be significantly reduced by blending oxygenates into the base diesel. Ethanol blended diesel (e-diesel) is a cleaner burning alternative to regular diesel for both heavy-duty (HD) and light-duty (LD) compression ignition (CI) engines used in buses, trucks, off-road equipment, and passenger cars. Although ethanol has been used as a fuel oxygenate to reduce tail-pipe emissions in gasoline, its use in diesel has not been possible due to technical limitations (i.e., blending). Commercially viable E-Diesel is now possible due to the development of an additive system, Puranol, invented by Pure Energy Corporation (PEC). Puranol allows the splash blending of ethanol in diesel in a clear solution possible for the first time. Laboratory and field tests have demonstrated over 41% reduction in PM, 27% reduction in CO, and 5% reduction in NOx from a HD diesel engine. Significantly higher emissions reductions are observed from smaller 1.9-L VW TDI engines.

 Rao et al. (2008).carried out experiment in order to found out optimum compression ratio, experiments were carried out on a single cylinder four stroke variable compression ratio diesel engine. Tests were carried out at compression ratios of 13.2, 13.9, 14.8, 15.7, 16.9, 18.1 and 20.2. Results showed a significant improved performance and emission characteristics at a compression ratio 14.8. The compression ratios lesser than 14.8 and greater than 14.8 showed a drop in break thermal efficiency, rise in fuel consumption along with increased smoke densities.

Agarwal (2007) founds Ethanol diesel blends up to 20% can very well be used in present day constant speed CI engines without any hardware modification. Exhaust gas temperatures and lubricating oil temperatures were lower for ethanol diesel blends than mineral diesel. The engine could be started normally both hot and cold. Significant reduction in CO and NOx emission was observed while using ethanol diesel blends. 

Bellettre et al. (2006) reported that Emulsification of animal fat with ethanol and water can be a promising technique for using animal fat efficiently in diesel engines without any modifications in the engine. Simultaneous reduction in nitric oxide and smoke can be achieved with the use of animal fat emulsions. However, poor part load performance needs attention. Techniques like exhaust gas recirculation; cetane improvers etc. can further improve the emulsion performance at part loads.

CHAPTER 3                                  

TECHNIQUES OF USING ETHANOL IN CI ENGINE
There are many techniques by which ethanol can be used as a fuel in compression ignition engines some of them important to mention are following
1. Solution 

2. Fumigation  

3. Dual Injection 
4. Dual-Fuel Mode

5. Ignition Improvers 

6. Surface Ignition 

3.1 SOLUTION 

The easiest method by which ethanol could be used is in the form of solutions. But ethanol has limited solubility in diesel; hence ethanol/diesel solutions are restricted to small percentages (typically 20%). This problem of limited solubility has been overcome by emulsions which have the capability of accommodating larger displacement of diesel up to 40% by volume. But the major drawbacks of emulsions are the cost of emulsifiers and poor low temperature physical properties.
3.2 FUMIGATION

Fumigation is a method by which ethanol is introduced into the engine by carbureting or vaporizing the ethanol into the intake air stream and about 50% of the fuel energy can be derived from ethanol under road load conditions. This method requires addition of a carburetor or a vaporizer along with a separate fuel tank, lines and controls. Also the distribution of ethanol would be uneven as the diesel intake manifolds are not designed to handle two phase flows.
3.3 DUAL INJECTION 

Dual injection is a method by which nearly 90% displacement of diesel by ethanol is possible. The drawbacks of this method include the complexity and expense of a second injection system and a second fuel tank and system. Fuel injection pumps and injectors to handle neat ethanol have not yet been developed. Also converting to dual injection requires, space in the combustion chamber be available for a second injector at a location where the injector can be effective.

Spark ignition of neat ethanol in diesel engine provides a way of displacing 100% of diesel. A spark plug and the associated ignition system components must be added to the engine. Room must be available for spark plugs in the cylinder head and its location is also important for proper plug cooling.

Another method of using neat ethanol is to increase their cetane numbers sufficiently with ignition-improving additives to ensure that compression ignition will occur. This method saves the expense and complexity of engine component changes, but adds in fuel cost.

Surface ignition is another method of using 100% ethanol in diesel engines. Surface ignition occurs when the temperature of the air-fuel mixture adjacent to a hot surface exceeds its self ignition limit.

3.4 DUAL-FUEL MODE

In the dual fuel mode in a conventional diesel engine the energy release by combustion comes about partly from the combustion of either carbureted or manifold injected alternative fuel, while the diesel fuel continues to provide throughout, through timed cylinder injection, the remaining part of the energy release. Ideally, in relation to the alternative supply there is a need for optimum variation in the diesel fuel quantity used any time so as to provide the best performance over the whole load range desired. The main aim is to minimize the use of diesel fuel due to environmental reasons and maximize its replacement by alternative fuel throughout the load and speed ranges. The dual fuel engine is an ideal multi fuel engine that can operate effectively on a wide range of fuels with the flexibility of operating it as a conventional diesel engine.

The use of alcohols in compression ignition engines in the dual fuel mode has been successfully demonstrated in the past [Broukhiyan and Lestz (1981)]. This is particularly so in countries where the diesel fleet constitutes a large fraction of the total population.

Some of the distinct advantages associated with dual fuel operation are longer engine life, potential cleaner operation and long lasting lubricants with fewer filter changes. However, dual fuel operation also has certain limitations like the requirement of simultaneous availability of two or more fuels which can bring about increased complexity in controls and additional cost. Moreover, a serious problem associated with dual fuel engine is the relatively poor light load and idling performance associated with low efficiency and inferior emission characteristics. The principle of injecting a small quantity of diesel fuel is to auto-ignite the diesel vapor, so that flames produced by diesel-air mixture burns the lean homogeneous charge available in the rest of the combustion chamber. This behavior of the engine affects the performance of dual fuel engines at light loads adversely.

The introduction of the fuel with the inlet air, even in very small quantities, can also have a significant effect on the cylinder charge during compression, affecting markedly the processes of pre-ignition and subsequent combustion of the pilot and the cylinder charge. This deterioration in performance to a large extent depends on the pilot quantity injected, the fumigated fuel being used, operating conditions and the engine employed. In some cases even idling or light load operation becomes totally impaired, with certain fuels and engines.

In addition to the above problems, the problem of knock is encountered when very high outputs are desired. Thus, a serious practical barrier is set for the maximum load that can be achieved for any engine with any fuel.

The literature on the use of alcohol in the dual fuel mode shows the following observations when compared to diesel:

1. Brake thermal efficiency increases at high loads. 

2. Carbon monoxide and hydrocarbon formation increases. 

3. No significant effect on carbon monoxide and hydrocarbons with water content and type of alcohol used. 

4. NOx and particulate matter reduces. 

5. NOx emissions decrease with higher water content in alcohol. 

6. Ignition delay increases at all operating conditions. 

7. Higher water content of alcohol lengthens delay period. 

8. Delay period for methanol fuels are longer than those of ethanol fuels. 

9. Methanol produces lower NOx and particulates than ethanol. 

10. Maximum displacement of diesel is only 80% of the total fuel energy in conventional engines and 85% in the LHR engine. 

3.5 IGNITION IMPROVERS

Ethanol has too low an ignition quality for use in a diesel engine. The step towards “adapting the fuel to the engine " is to increase the ignition quality of ethanol such that it is sufficient for all operating conditions. This is done by adding ignition improvers to ethanol or by the introduction of ignition improvers that have very low self ignition temperatures, into the intake manifold.

Most of the effective ignition improvers that are added to improve the cetane rating are nitrogen based compounds, which can aggravate NOx emissions. Iso-amyl nitrate, Ethyl nitrate, Butyl nitrate, Di-Ethylene Glycol Di-Nitrate (DEGDN), Tri-Ethylene Glycol Di-Nitrate (TEGDN) and Kerobrisol are some good ignition improvers. With the addition of up to 25 % by volume it is possible to increase the cetane number of ethanol to about 60 as shown in Fig.1 reported by Eugene Eckland et al [1984].

Other ignition improvers like Di-Methyl ether (DME) and Di-Ethyl ether (DEE) that have very low self ignition temperatures and wider flammability limits are introduced in a small quantity into the intake manifold, that mixes with the combustion air. This mixture would begin a slow combustion in the compression stroke forming a pool of species and raising the temperature and pressure inside the engine cylinder. This would create an ideal environment for igniting the subsequently injected ethanol.

The summary of observations made on using ignition improved alcohol fuels in diesel engines is as follows:

1. The concentration of DEE required for stable combustion of alcohol varies from 59% by mass at no load to less than 1% at full load. 

2. Fuel injection system modified to accommodate extra volume of fuel. Compared to normal diesel operation the following observations are made: 

3. Thermal efficiency is higher. 

4. Unburnt hydrocarbon emissions are higher. 

5. Carbon monoxide emissions remain unchanged. 

6. NOx emissions are lower. 

7. No soot formation. 

8. Ignition delay longer. 

9. Aldehyde emissions doubled with ethanol and methanol. 

10. Ethanol exhibits lower aldehydes than methanol. 

3.6 SURFACE IGNITION

The hot surface assisted ignition concept is commonly applied to overcome the low temperature starting problem in diesel engines. Introducing extremely low cetane fuels like ethanol, require an extended application of the hot surface as continuous ignition assistance. The function of the hot surface is to provide favorable local ignition condition, followed by flame propagating through the fuel air mixture to establish a stable diffusion flame.

Surface ignition occurs when the temperature of the air-fuel mixture adjacent to the hot surface exceeds its self ignition limit. The minimum surface temperature needed for this kind of ignition depends on both physical and chemical properties of the fuel to be ignited and the operating conditions prevailing inside the combustion chamber as well. Material and exposure of the hot surface have also gained some importance.

The hot surface may be provided by concentrating/accumulating the heat of combustion at a position on the piston top or by supplying external energy to the heating elements inside the combustion chamber. Hot surface ignition making use of glow plugs is not a new concept as it is being used in IDI diesel engines to overcome cold starting problems.

Following are the observations made on using alcohol in hot surface ignition engine:

1. Ignition characteristics of ethanol affected by fuel amount, injection timing, position and length of glow plug, glow plug temperature and water content in ethanol. 

2. Engine speed, fuel injection timing and position of the glow plugs have a strong effect on the ignition characteristics. 

3. Combustion difficulties appear as the load decreases, making idling impossible. 

4. Glow plug surface temperature for proper ignition is around 850oC. 

5. Brake thermal efficiency is comparable to that of diesel. 

6. Higher carbon monoxide and hydrocarbon emissions. 

7. Larger reduction in NOx emissions. 

8. Soot free combustion. 

9. Quieter operation. 

10. Longer ignition delay. 

CHAPTER 4                                               

MODIFICATIONS REQUIRED
To retain the performance characteristics of a diesel engine using ethanol some modification are needed in the in-cylinder combustion process. 

Central to the engine conversion is a catalytic igniter consisting of a platinum catalyst element enclosed in a small pre-chamber adjacent to the main combustion chamber. The catalytic igniter needs a redesign of the igniter core. The testing was conducted with various blends of ethanol and diesel. More significant performance improvements are likely to occur in future engine testing when ignition timing is optimized. The results to date show promise for adding this technology to turbo-charged diesel engines.
Lean burning in piston engines affords a means of achieving important environmental and fuel economy objectives. These include increased power output, lower fuel consumption, extended lean-burn limits, reduced emissions, and simplified timing control. Despite its effectiveness as a tool for supporting lean combustion, Smart Plug technology has generated little interest in engine manufacturers or spark plug suppliers. This stems from waning interest in lean burn engines and recommitment to proven emissions after-treatment equipment. The primary drawbacks of lean burn engines are de-rated power output per unit displacement and incompatibility with oxidation/reduction catalysts used in conventional exhaust clean-up systems.

4.1 ENGINE CONTROL
Control systems for cold start and engine operation are the most important aspects of an ethanol powered vehicle. Ethanol’s poor starting characteristics generally require drastic cold start enrichments to start the vehicle. The theory is very similar to the choke on a carburetor. When the engine is cold the choke closes to prevent unusable dense air from entering the cylinders during cranking, and the driver must pump the foot feed to add fuel to the engine for starting. As a result the cold air and fuel combust in roughly the correct ratio. In a fuel injected vehicle, the throttle body is closed, during cranking and additional fuel is added during cold start since the ECM senses the cold air. Proper cold start engine control is needed to allow for enrichments to the fuel injectors. With the aid of a useful cold start system, extensive enrichment is not needed and will decrease emissions during startup. 
4.2 FUEL INJECTOR 

Injector used in gasoline run vehicle is not compatible with E85 run vehicle. As mentioned earlier due to lower energy content fuel flow rate will have to be increased to get the same power output from the alcohol run vehicle as that of gasoline run vehicle. An ethanol (E85) run vehicle requires 25% increase in fuel flow as compared to gasoline vehicle. This necessitates 12%increase in the diameter of fuel lines as shown by this equation:
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(Assume constant Pressure)

Q -volume flow rate (in3/s)

V -velocity of fuel (in/s)

A- Cross sectional area of fuel line (in2)

d- Diameter of fuel line (in)

For this calculation it is assumed that V will remain constant, and Q will only increase through an increase in fuel line size.

But flow from injector is limited by the current supplied to the solenoid that opens the plunger and by the hole sizes of the outlet orifices When current is supplied to the plunger a magnetic field is created that pulls the plunger away from the orifice plate allowing fuel flow outwards. Current supply is governed by the ECM and it is generally impossible to alter on a vehicle originally intended for gasoline usage. Thus for electronic as well as flow limited reasons the injectors must be replaced with ethanol-compatible fuel injectors. Injector replacement is also important from a materials aspect, in order to prevent deterioration of the inside of the injectors.

Along with the above, it must be able to provide enrichment during starting to aid in cold starting. Engine control module is modified to increase the pulse width by 30 to 40%. Based on testing, ethanol enrichment requires a 14ms pulse width on the injectors which is reduced back to 6.0ms after 5seconds of engine operation.

4.3 SPARK CONTROL

As with fuel injector design and control, fuel injector ignition timing is very important. Dedicated ethanol vehicles must be calibrated for optimal ignition timing. Gasohol (E10) powered vehicles advance ignition timing until knock is sensed by an accelerometer placed on the engine. Vehicles with lower compression ratios can utilize this technology for an ethanol conversion. Vehicles with higher compression ratios of 11.75:1 and 12.0:1 are likely to need the ECM modified to limit spark timing to 15degree advanced - before top dead center (BTDC). This limit is created due to high compression that adds in-cylinder heat and aids in pre-ignition. The pre-ignition will result in knock and lead to damaged engine components.

4.4 CATALYTIC IGNITER CONCEPT

The smart plug is a self-contained ignition system that may be retrofitted to existing compression-ignition engines. Key design features are illustrated in Fig. 4.2. The smart plug consists of a ceramic rod with an embedded heating element and a coating of noble metal catalyst. Cold starting requires up to 25 watts/igniter from an external power source (12 volt), which is no longer necessary after a few minutes of operation at idle. The catalytic core is enclosed in a custom-machined brass shell that forms a pre-chamber adjacent to the main combustion chamber. The shell fits into existing spark plug or direct fuel injection ports. The igniter used in this research has been made specifically for the direct injection ports on the 20-hp   engine. 

Catalytic ignition in the smart plug (Steven Beyerlein et.al 2001) begins as fresh mixture contacts the catalyst during the compression stroke. Because of the reduced activation energy associated with heterogeneous catalysis, this occurs at temperatures far below the normal gas-phase ignition temperature. Combustion products and intermediate species then accumulate in the pre-chamber surrounding the catalytic core, after achieved sufficient temperature by compression, multi-point homogeneous ignition results. The mixture is then rapidly expelled through the nozzles at the bottom of the igniter. The nozzles cause the flame torch to swirl and cover the entire combustion chamber in an exceedingly short period of time. The resulting flame pattern is illustrated in Fig. 4.1.
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Figure 4.1Smart Plug Flame Pattern.                 Figure 4.2Smart Plug Catalytic Igniter

Adjusting the location of the catalyst section on the ceramic rod controls ignition timing. To affect an ignition delay, the catalyst must be moved away from the nozzles at the bottom of the igniter. To affect an ignition advance, the catalyst probe must be moved closer to the nozzles. Use of smart plug technology allows the combustion of very lean fuel/air mixtures in the presence of water vapor. 

The outer body of the igniter must be machined to match the combustion chamber opening. The internal volume of each igniter is about 7 percent of the original clearance volume. In the case of the   engine, addition of the pre-chamber volume to the top dead center volume reduced the compression ratio from 17.6 to 16.5. The internal diameter of the igniters is .25 inch. and the four nozzles present a cross-section larger than the bore.

At present, the process of fabricating the internal parts of the igniter is labor intensive. Platinum wire must be precision wound onto the ceramic rod, and several miniature electrical connections must be made. In order for the igniter to seal properly, the ceramic rod must be bonded to steel feed-through in a vacuum furnace. New designs are being investigated to eliminate many of these steps and to streamline the igniter production.

Pure ethyl alcohol has a gross heating value of 29 MJ/Kg. When diluted to 35 percent water, the mixture has a gross heating value of 19 MJ/Kg. This compares with a heating value of 36 MJ/Kg for diesel fuel. Therefore to maintain a comparable energy input, it is necessary to modify the fuel delivery system to supply nearly twice as much E-diesel as diesel fuel.

E-diesel is environmentally friendly in another important way. Accidental spills biodegrade rapidly in comparison to petroleum-derived fuels, and expensive remediation of spill sites is avoided. For this reason, E-diesel is likely to become a preferred fuel for small watercraft.

4.5 SURFACE IGNITION TIMING

Surface ignition, is a function of igniter geometry and compression ratio. Catalytically-assisted ignition in internal combustion engines has two distinct phases. The first phase is catalytic oxidation of the fresh mixture entering the pre-chamber. Provided that the catalyst is above the surface ignition temperature for a given fuel, this begins as soon as the interface between the fresh charge and the residual gas from the previous cycle contacts the catalyst. The second phase is the auto-ignition of the unburned mixture that accumulates in the rear of the pre-chamber. Ideally, the second phase should have a finite and nearly constant duration for all engine-operating conditions. If this is the case, controlling the crank angle at which the fresh mixture contacts the catalyst can set ignition timing.

Since the pre-chamber length greatly exceeds the space between the ceramic rod and the igniter housing, diffusion between the fresh mixture and residual gas occurs slowly, and there is a well-defined interface between the fresh mixture and residual gas throughout the entire compression stroke. Because the nozzle area is approximately the same as the cross sectional area of the pre-chamber, gas dynamic effects during compression are negligible, and the compression ratio in the pre-chamber is the same as the compression ratio in the main chamber. Under these conditions the non-dimensionalized interface position x(()/Lpre is a function of piston, cylinder, and pre-chamber geometry. This quantity is a function of the non-dimensionalized piston location Sp(()/L and the compression ratio r:
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In Eq. (1) x (() is the interface position measured from the CPT nozzles, Lpre is the length of pre-chamber. In Equation. (2) Sp (() represents the piston position measured from top dead center (TDC). L is the stroke, lr is the connecting rod length, and rc is the crank radius. Variables denoted (() are a function of theta, which is the crank angle in degrees from TDC. 

Figure 4.3 shows how x (()/Lpre varies with crank angle for compression ratios of 9:1 and 16:1 in an engine with a bore/stroke ratio of unity. Notice that the interface location is almost identical for both compression ratios. The implication of this is that an igniter optimized for a single compression ratio can be fitted into engines with different compression ratios. This analysis assumes that the fuel composition, equivalence ratio and heat transfer remain unchanged. In previous low-compression engines, the catalyst was located at x/Lpre ratios between 0.3 and 0.4. This corresponds to a crank angle at first catalyst contact of more than 90 degrees before top dead center (BTDC). The   engine is considerably slower than previously studied spark ignition engines. As such, it would not be surprising if the ideal x/Lpre ratio for the catalyst was somewhat higher than 0.4. This corresponds to a shorter igniter core and less ignition advance.
[image: image86.jpg]



[image: image7.png]Non-Dimensional Interface Location vs. Crank Angle

Degrees Before TDC





Figure4.3 interface location as a function of crank angle.

4.6 GAS PHASE IGNITION TIMING

Gas phase ignition, unlike surface ignition, involves factors such as catalyst activity, catalyst reaction rates, densities of both fuel and air and charge energy content. As a first attempt to study gas-phase ignition delays associated with catalytic ignition, the igniter was divided into four zones for a lumped-parameter model. The four zones can be seen in Fig.4.4. Each zone is characterized by a single temperature and fuel concentration. Pressure is constant across all zones and is determined solely by piston displacement. Mass is progressively transferred from Zone I to Zone IV as the piston moves upward. The temperature and fuel concentrations in each zone are governed by equations of mass and energy conservation.

This model assumes that there is a clearly defined interface between the fresh air/fuel charge and combustion products from the last ignition event. During the compression stroke, the combustion products act like a gas spring. Zone I is the main chamber; Zone II is the region of the pre-chamber that does not surround the igniter core. Zone III is the region of the pre-chamber that surrounds the catalytic portion of the igniter core. This is the only zone where catalytic surface reactions take place. Also note that electrical heating is possible in this zone. Zone IV is the region of the pre-chamber that surrounds the non-catalytic portion of the igniter core. This is the only region where gas-phase reactions take place. Gas-phase ignition is assumed to occur when the gas-phase reaction rate exceeds the surface reaction rate.
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Figure 4.4 Igniter cutaway view with zones for ignition delay calculations.
4.7 IGNITER CORE DESIGN

Igniter construction poses two major problems: Careful selection of materials that are compatible with the combustion environment and use of methods to streamline construction. The previous design was susceptible to destructive thermal cracking within a short period of use (10 minutes) and often took more than two days to construct. The new design consists of nine parts. These are assembled to form two main pieces, the electrical feed-through and the catalytic element. The feed-through consists of a body, a pyrofolite washer, a terminal, an alumina washer, and a clamp that holds the terminal and washers in the body to form the gas tight seal. This portion of the igniter is universal and does not vary from engine to engine. The catalytic element consists of a custom alumina extrusion, a platinum heating coil (not shown), a threaded rod that connects the positive lead of the coil to the feed-through, and a conical spring that is used to connect the ground lead of the heating coil. The positive lead goes down the center of the alumina rod and then returns on the outside. A coating of plasma-sprayed alumina is applied over the rod to protect the coil from combustion temperatures, and then platinum paste is applied to the end over the heater. The platinum paste, once cured, serves as the catalytic ignition source. Changing the length of this catalytic element is what controls ignition timing. Currently, new cores must be fabricated to explore different ignition timings.

Finding sources of new materials has been just as important to igniter development as new fabrication techniques have been. The pyrofilite used in the feed-through is a compressible, machine able ceramic. Previous igniters did not use this material, so it was necessary to use an active metal braze (AMB) to form the gas tight seal. The AMB bonded the steel feed-through directly to the alumina rod. Because the process was delicate and lengthy, it would not be feasible for mass production. The AMB also alloyed with the platinum wire in the heating coil and made it extremely brittle. The failure rate of igniters employing the AMB was greater than 75 percent. Sealing defects were eliminated by substituting pyrofilite for AMB in the feed-through. Using a spot welder to attach the positive lead of the heating coil eliminated AMB enbrittlement of the platinum wire.

The final hurdle to overcome in igniter construction was to develop a coating that would protect the platinum heating-coil. This coating needed to be approximately 0.010” thick and uniform in thickness. Several types have been tried, but the most promising is a plasma-sprayed coating of alumina powder. This coating adheres well to the platinum heater wire, but not to the alumina rod at the center. The reason for this is the difference in the melting temperatures of the two materials.

4.8 ENGINE DESIGN

 Several modifications had to be made in order to make the engine compatible with E-diesel fuel. Because E-diesel is somewhat corrosive, stainless steel fuel injectors designed for E85 vehicles were mounted in the intake manifold and polypropylene fuel lines were installed. Removing the diesel fuel injectors yielded a suitable location for the catalytic igniters. With spark ignition engines, the igniters can be placed in the holes designed for the spark plug. A special research head is used with the   engine that contains an access port for an in-cylinder pressure sensor. A PCB model 12A piezoelectric transducer was selected for its reliability at high temperatures without requiring water-cooling.  

With instantaneous pressure and crank angle data available, igniter performance could be monitored and the igniter cores could be adjusted in and out for ideal ignition timing. During the first several hours of break-in when the engine ran on E-diesel, the engine burned an excessive amount of crankcase oil. This was traced to use of conventional piston rings. Conventional rings do not seal at the 150(F temperatures common to engines running on E-diesel. Total seal rings were chosen as more appropriate for this alternative fuels research since they do not rely on thermal expansion to close the gap found in traditional piston rings. Installing total seal rings resolved the oil consumption problem.

Electronic fuel injectors supply fuel to the engine through the intake manifold. The injectors are pulse-width modulated to control fuel flow and are sized to accommodate the elevated flow rates, resulting from the lower energy content of the water fuel. The fuel injectors (Fig. 4.5) are controlled by a HalTech fuel computer.

The HalTech affords a means by which engine-fueling rates can be adjusted for various loading and operating conditions. Fuel maps can be downloaded from a PC to the HalTech. The fuel computer has several feedback sensors, such as a Hall-effect sensor, to pick up crank location and a throttle position sensor to provide engine speed control. Other sensors used by the HalTech system include an intake air thermocouple and an exhaust oxygen sensor. Unlike engines fueled with diesel or gasoline, an E-diesel-fueled engine can be over-fueled for increased power or run lean for increased fuel economy. This is due to the oxygen present in the fuel.

4.9 COLD START PROBLEMS AND TECHNOLOGIES


Latent heat of vaporization and vapor pressure of the ethanol fuel are the two main factors responsible for the cold starting. As mentioned earlier latent heat of vaporization of the ethanol fuel is much more than the gasoline and vapor pressure is less than gasoline. During initial startup when the engine is cold the E85 will have less ability to vaporize due to above mentioned reasons. This un-vaporized fuel droplets will remain on fuel injector and create a deposit. This Gum like dark-brown deposit can be removed from the nozzle by 100% pure Hexane. But the permanent solution is to solve the problem that causes deposit.

 4.9.1 HEAT STORAGE UNITS

Engine heat can also be used directly if the heat is stored and used during cold start. A Centaur Thermal Systems heat storage unit performs this task. The Centaur system is originally intended to store hot engine coolant after the engine is shut off and then routed to allow for the hot coolant to enter the engine block upon startup. The volume of coolant is adjustable by the size of the selected Centaur System. Both 5.0 L and 7.0 L units are available. The operation of the system requires that the engine come to full operating temperature which allows the thermostat to open. At this time coolant flows throughout the entire coolant system including the (in series) Centaur system. When the engine is turned off, the power signal is lost to the Centaur control unit which signals the outlet valve to shut. At the same time the Centaur pump fills the system completely full of hot coolant. The hot coolant stored in the Centaur system loses 9degree F/hour which results in 108degree F coolant after a 12 hour rest. Upon starting, the control system can be programmed to accept a key-on or tachometer signal. This signal is used to open both valves in the control unit and activate a pump the pushes the hot coolant into the engine while at the same time pulling the cold coolant out. The hot coolant in the engine block promotes improved atomization of the fuel droplets by preventing in-cylinder quenching that occurs when the droplets contact the cold cylinder walls. 

4.9.2 DISTILLATION SYSTEMS

The function of a distillation system is to separate the gasoline from ethanol and prevent the need of additional starting fuels. A schematic of the entire system is shown in Figure 4.6. The fuel enters the distillation column from the fuel tank. Hot engine coolant enters the distillation column and is circulated in coils to vaporize the gasoline. The higher vapor pressure of the gasoline causes the gasoline to vaporize more readily than ethanol and expand. As heat is increased in the distillation column the ethanol will also vaporize and result in a mixture of vapors leaving the column. As it expands, it enters a condenser that cools it back to liquid gasoline and ethanol which are held in a storage tank. 


Figure 4.5- Cold Start Fuel Injectors
Source-“homogeneous Charge Combustion of Aqueous Ethanol” Final Report prepared by National Institute for Advanced Transportation Technology University of Idaho February 2001.
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Figure 4.6 - Distillation System
Source-“homogeneous Charge Combustion of Aqueous Ethanol” Final Report prepared by National Institute for Advanced Transportation Technology University of Idaho February 2001.
For this system to control the fuel flow, a control module is created and programmed with the following logic:-

1. Fuel enters the re-boiler through a T fitting in the standard fuel line at ambient temperature.

2. The re-boiler is filled to level L1 where the L1 sensor detects the fuel level.

3. Approximately 194 – 221 degree F engine coolant passes through re-boiler and heats fuel in the column.

4. Thermocouple sensor (TC), detects the fuel temperature. The logic circuit then controls fuel input/output.

5. If the fuel temperature is less than 140 degree F, heating continues.

6. Distillate vapor passes through the condensing heat exchanger and is collected in the storage tank.

7. The storage tank is filled until level sensor L3 detects fuel.

8. Once the storage tank level sensor L3 detects fuel, the distillation re-boiler is purged.

9. Once the distillation column temperature is greater than 140 degree F, fuel is purged and returned to the fuel tank.

10. No more fuel is distilled until the level sensor L2 reads a low level.

The final fuel composition is 35% ethanol and 65% gasoline (E85). The higher gasoline content resulted in greatly improved cold starting, with starts under 5 seconds.

 4.9.3 FUEL PRESSURE INCREASES

In addition to heating the fuel droplets, an increase in fuel pressure is needed. Modern fuel injected automobiles operate at 38-43 psi. Increasing fuel pressure will promote increased fuel droplet atomization as it leaves the fuel injectors and thus improve cold starting. Conversion of a gasoline powered vehicle to ethanol will require the use of a fuel pressure regulator that is adjustable from 35 - 90 psi. Tradeoffs between fuel economy, performance and starting ability will have to be considered to determine the appropriate fuel pressure for each vehicle. Minimum and maximum values of 50 and 60 psi respectively are suggested when developing an ethanol powered vehicle. Vehicles originally intended for ethanol usage can be equipped with higher fuel pressure regulators by using springs with a higher spring rate. The material compatibility of these components must be considered before being used as discussed earlier.

4.9.4 POX REACTOR:  

A system that requires less on-time is a partial oxidation reactor (POX reactor) as shown in Figure 4.7. The reactor functions by igniting the ethanol and air entering the reaction chamber and being ignited. The heated combustion products from the reactor 
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Figure 4.7 - POX Reactor Created by Arthur D. Little Inc.
Source-“homogeneous Charge Combustion of Aqueous Ethanol” Final Report prepared by National Institute for Advanced Transportation Technology University of Idaho February 2001.
Then enter the air stream to the engine to aid in cold start. This system has been used to achieve smooth cold starts at 0°F in 10 seconds of engine cranking. Isherwood, Linna, and Loftus state that at colder temperatures the cranking time will depend on engine cranking speed which could be improved with the use of the 16 volt battery.

CHAPTER 5                         

VCR ENGINE FUNDAMENTALS
5.1 INTRODUCTION

The concept of variable compression ratio (VCR) promises improved engine performance, efficiency, and reduced emissions. The higher cylinder pressures and temperatures during the early part of combustion and small residual gas fraction owing to higher compression ratio give faster laminar flame speed. Therefore, the ignition delay period is shorter. As a result, at low loads, the greater the compression ratio, the shorter is the combustion time. The time loss is subsequently reduced. Therefore, it seems reasonable that fuel consumption rate is lower with high compression ratios at part load.

The VCR or, more correctly, variable expansion ratio can make a significant contribution to thermo dynamic efficiency. The main feature of the VCR engine is to operate at different compression ratios, depending on the vehicle performance needs. A VCR engine can continuously vary the compression ratio by changing the combustion chamber volume. In a VCR engine, thermodynamic benefits appear throughout the engine map. At low power levels, the VCR engine operates at a higher compression ratio to capture high fuel efficiency benefits, while at high power levels the engine operates at low compression ratio to prevent knock. The optimum compression ratio is determined as a function of one or more vehicle operating parameters such as inlet air temperature, engine coolant temperature, exhaust gas temperature, engine knock, fuel type, octane rating of fuel, etc. In a VCR engine, the operating temperature is more or less maintained at optimum, where combustion efficiency is high. It has been proven that a VCR engine develops much more power for the same engine dimensions, i.e. it is very compact and has a high power-to-weight ratio without any penalty on specific fuel consumption. In other words, reducing the engine capacity at the same power leads to reduction in fuel consumption owing to reduced pumping, friction, and heat losses.

5.2
NEED FOR VCR ENGINE
The present challenge in automotive engine technology is the improvement of thermal efficiency and hence the fuel economy and lower emission levels. One of the key features affecting thermal efficiency is the compression ratio, which is always a compromise in fixed compression ratio spark ignition (SI) engines the formula for air standard cycle efficiency is 

                η   =1− [1/rc (γ −1)]

Where η is the efficiency of the cycle; rc is the compression ratio; and γ is the ratio of specific heat of air at constant volume to specific heat at constant pressure, or approximately 1.40. Higher compression ratio results in higher thermal efficiency and improved fuel economy in the internal combustion engine. Generally, the operating conditions of SI engines vary widely, such as stop and go city traffic, highway motoring at constant speed, or high-speed freeway driving. In a conventional SI engine, the maximum compression ratio is set by the conditions in the cylinder at high load, when the fuel and air consumption are at maximum levels. If the compression ratio is higher than the designed limit, the fuel will pre-ignite causing knocking, which could damage the engine. Unfortunately, most of the time SI engines in city driving conditions operate at relatively low power levels under slow accelerations, low speeds, or light loads, which lead to low thermal efficiency and hence higher fuel consumption. As the engine load decreases, the temperature in the end gas drops, so that high compression ratio could be employed without the risk of knocking in naturally aspirated or boosted engines. Raising the compression ratio from 8 to 14 produces an efficiency gain from 50 to 65 per cent (a 15 per cent gain), whereas going from 16 to 20 produces a gain from 67 to 70 per cent (a 3 per cent gain). Figure 5.1 shows the effects of compression ratio with respect to thermal efficiency. 

[image: image11.emf]
Figure 5.1: Effect of compression ratio on thermal efficiency

The characteristics that have the dominant effects on thermal efficiency are compression ratio and air–fuel mixture strength. The fuel–air cycle efficiency increases with the compression ratio in the same manner as the air standard cycle efficiency, principally for the same reason, i.e. more scope for expansion work. Figure 5.2 shows the influence of ‘per cent theoretical fuel’ (fuel–air mixture strength) on thermal efficiency at different compression ratios[20]. The ‘per cent theoretical fuel’ is the ratio of actual fuel–air ratio to chemically correct fuel–air ratio, in percentage terms. The maximum output is obtained when the air–fuel capacity of the engine is utilized, i.e. when the maximum amount of fuel can be burnt efficiently. The maximum brake mean effective pressure (b.m.e.p.) in SI engines is 12 bar whereas in diesel engines it is 18 bar.  A higher compression ratio increases the pressure and temperature of the working air–fuel mixture, which increases the tendency of the engine to knock. For knock, key variables are: end-gas temperature, pressure, and composition; time/speed; and fuel octane rating.

[image: image12.emf]
Figure 5.2: Effect of compression ratio and mixture strength on thermal efficiency

5.3
VARIOUS VCR APPROACHES
Designing and successfully developing a practical VCR engine has long been a challenge to the automobile industry. Many innovative patents have been filed and different designs developed to modify the compression ratio. A few approaches are discussed below. 

5.3.1
Moving the crankshaft axis
FEV, Germany has chosen to alter the position of the crankshaft. In their engine, crankshaft bearings are carried in an eccentrically mounted carrier that can rotate to raise or lower the top dead centre (TDC) positions of the pistons in the cylinders (Fig. 5.3). The compression ratio is adjustable by varying the rotation of the eccentric carrier. Mounting the crankshaft on eccentric bearings is simple in that the reciprocating assembly itself is unchanged. In fact, the engine requires an offset fixed-position output shaft; a coupling is required between the movable crankshaft end and the fixed output shaft. The compression ratio is adaptable from 8 to 14 approximately by varying the rotation of the eccentric carriers through 55°.

[image: image13.emf]
Figure. 5.3: Eccentric crankshaft mounting

5.3.2 Modification of the connecting rod geometry
The Nissan project uses a multi-link system to achieve VCR by inserting a control linkage system between the connecting rod and the crankshaft, and connecting this to an actuator shaft, so that the compression ratio can be varied. This project was incorporated in a four-cylinder engine without major modification of the engine block. The shorter crank throw allowed room for the link system, which was anchored by an eccentric rotary actuator. Compression was varied from 10 to 15 approximately by a 70° rotation of the actuator, while at TDC; the piston position was changed by 3.1 mm (Fig. 5.4). Examining the details of multi-link system operation reveals some advantages. The most striking advantage is that of maximum piston accelerations. Tension forces acting through the connecting rod and piston at TDC represent one of the factors limiting piston speed, so a geometry that reduces the peak piston acceleration would allow either an increase in sustainable engine speed or an increasing stroke, either of which is useful in terms of increasing power output[21].

[image: image14.emf]
Figure. 5.4: Multi-link VCR configuration

5.3.3
 Moving the cylinder head
The moving head concept (Saab Automobile AB) combines a cylinder head with cylinder liners into a monohead construction, which pivots with respect to the remainder of the engine. The lower half of the block includes the crankcase and engine mounts, and carries the crankshaft, gear box, oil cooler, and auxiliaries. The upper half includes the cylinders, their liners, camshafts, and an integrally cast cylinder head. This part is referred to as the monohead (Fig. 5.5). Saab has enabled a tilting motion to adjust the effective height of the piston crown at TDC. The linkage serves to tilt the monohead relative to the crankcase in order to vary the TDC position of the piston. By means of actuator and linkage mechanism the compression ratio can be varied from 8 to 14. A screw type supercharger provides a 2:1 boost pressure when wide open throttle conditions occur[22]. This system gives wide fuel flexibility, with reduced CO2 emissions proportional to fuel consumption. Saab recognized that the fuel efficiency of the VCR engine would be low without high-pressure supercharging. 

[image: image15.emf]
Figure.5.5: The Saab VCR engine

5.3.4 Variation of combustion chamber volume using a secondary piston or valve 
Ford has patented a means to vary combustion chamber volume by using a secondary piston or valve (Fig. 5.6). The piston could be maintained at an intermediate position, corresponding to the optimum compression ratio for a particular condition. The volume of the combustion chamber is increased to reduce the compression ratio by moving a small secondary piston which communicates with the chamber [23]. However, this would require a finite length bore in which the piston could travel, which raises questions of sealing, packaging, and durability varying combustion chamber geometry compromises the area available for intake and exhaust valves, while moving the cylinder head and barrel is feasible in a research engine but harder to accomplish in a production vehicle. The cylinder head cooling needs to be improved by an efficient cooling system and the auxiliary piston needs proper lubrication for efficient functioning of the VCR engine.

[image: image16.emf]
Figure. 5.6: Ford VCR engine

5.3.5
 Variation of piston deck height
The Daimler-Benz VCR piston design shows variation in compression height of the piston and offers potentially the most attractive route to a production VCR engine, since it requires relatively minor changes to the base engine architecture when compared to other options (Fig. 5.7). Unfortunately, it requires a significant increase in reciprocating mass and, more importantly, a means to activate the height variation within a high-speed reciprocating assembly[24]. This is typically proposed by means of hydraulics using the engine lubricating oil; however, reliable control of the necessary oil flow represents a major challenge. This is claimed to reduce the peak firing loads so that the compression ratio variation becomes self acting rather than externally controlled. A side-effect would be the momentary variation in clearance volume during the combustion event, which would, in turn, increase, then reduce the volume available to the expanding gases.

[image: image17.emf]
Figure 5.7: Daimler-Benz VCR piston

5.3.6
Pressure reactive piston

The University of Michigan developed a pressure reactive piston for SI engines. The pressure-reactive piston assembly consists of a piston crown and a separate piston skirt, with a set of springs contained between them (Fig. 5.8). This piston configuration allows the piston crown to deflect in response to the cylinder pressure. As a piston crown deflects, the cylinder clearance volume increases, lowering the effective compression ratio and reducing peak cylinder pressure. This mechanism effectively limits the peak pressures at high loads without an additional control device, while allowing the engine to operate at high compression ratio during low load conditions. It can be easily adapted to the conventional engine with only changes to piston and connecting rod design. Brake specific fuel consumption improvements of the pressure-reactive piston engine over baseline engine at light loads ranges from 8 to 18 per cent. The pressure-reactive piston shows higher heat transfer losses because of higher surface-to-volume ratio and produces higher hydrocarbon emission at part load owing to higher compression ratio and more crevice volume (piston crown design) .
[image: image18.emf]
Figure5.8: Pressure-reactive piston cross-section

5.3.7
 Moving the crankpins
Gomecsys has proposed to move the crankpins eccentrically to effect a stroke change at TDC. Figure 5.9 shows the Gomecsys VCR engine in which moveable crankpins form an eccentric sleeve around the conventional crankpins and are driven by a large gear[26]. Differences in the TDC position may vary up to 10 mm with a rotation of the ring-gear of only 40°. By rotating the ring-gear slightly to the right or to the left, while the crankshaft is at the TDC position at the end of the compression stroke, the position of the eccentric can be lifted or lowered. Note that lifting the eccentric at one TDC automatically causes the other TDC to be lowered accordingly. In order to effectively downsize the engine, a two-cylinder inline engine is a perfect solution for small cars; the two- cylinder Go Engine concept is small and lightweight, and total power train costs are comparable with a small four-cylinder engine. Applications involving staggered crankpin geometry would be less elegant, requiring multiple gear drives.
[image: image19.emf]
Figure. 5.9: Gomecsys VCR engine
Table 5.1: Summary of various VCR approaches
	S/No
	Geometric approach
	Unique feature
	Commercial barrier

	1
	Moving the crankshaft axis
	The engine crankshaft bearings are carried in an eccentrically mounted carrier and the compression ratio is adjustable by varying the rotation of the eccentric carrier
	The engine requires an offset fixed position output shaft; a coupling is required between the movable crankshaft and the fixed output shaft

	2
	Modification of connecting rod geometry
	Effective length of the connecting rod is varied by a multi-link system to change the compression ratio of the engine
	Leads to increase in vibration owing to intermediate members in the connecting rod

	3
	Moving the cylinder head
	The compression ratio of the engine is varied by adjusting the slope of the upper half of the engine in relation to the lower half
	Reworking of the entire engine structure is necessary

	4
	Variation of combustion chamber volume using a secondary piston or valve
	The volume of the combustion chamber is varied by moving a small secondary piston or valve, which communicates with the chamber
	Introduction of additional elements within the crowded combustion chamber environment threatens to compromise ideal geometry and layout of the valves and ports. Engine-out emission performance is likely to be undetermined by additional crevice volumes

	5
	Variation of piston deck height
	Variation in total height of the piston by means of hydraulics or springs to change the cylinder clearance volume
	Significant increase in reciprocating mass and higher heat transfer losses owing to higher surface-to-volume ratio

	6
	Moving the crankpin
	Vary the TDC positions by moveable crankpins, driven by large ring-gears
	Staggered crankpin geometry would be  less elegant, requiring multiple gear drives


CHAPTER 6                                  

EXPERIMENTAL SETUP 
6.1 INTRODUCTION 

The setup consists of single cylinder, four stroke, VCR (Variable Compression Ratio) Diesel engine connected to eddy current type dynamometer for loading. The compression ratio can be changed without stopping the engine and without altering the combustion chamber geometry by specially designed tilting cylinder block arrangement. Setup is provided with necessary instruments for combustion pressure and crank-angle measurements. These signals are interfaced to computer through engine indicator for P-θ & P-V diagrams. Provision is also made for interfacing airflow, fuel flow, temperatures and load measurement. 

[image: image20.emf]
Figure 6.1: VCR C.I. Engine

Features

• CR changing without stopping the engine

• No alteration in Combustion chamber geometry

• Arrangement for duel fuel test

• PΘ-PV plots, performance plots and tabulated results

• Online measurements and performance analysis

• Data logging, editing, printing and export, Configurable graphs

• IP, IMEP, FP indication

• Combustion analysis

6.2 METHODOLOGY
A single cylinder, Variable Compression Ratio Engine (Kirloskar make) with range of CR from 12-18 was used and was run on pure fuel mode as well as ethanol diesel blend. The fuels used were Diesel and blends of ethanol. The blend was prepared in the laboratory itself by mixing appropriate volume of diesel with ethanol and n-butanol. 

A set of reading was obtained first by running the engine with diesel at CR of 18 and varying the load from idle to rated load of 3.5 KW in steps of 1 up to 3 KW and then to 3.5 KW. The engine performance characteristics were recorded by using the software Engine Soft and instrumentation provided by the National Instruments. The emissions were recorded for each load by using Gas Analyzer AVL Di Gas 444 and the opacity was recorded by Smoke meter (AVL 437).

Then, the engine was run on blends of ethanol-Diesel and the parameters were recorded as above.  The calorific value and density values were entered accordingly in the Engine Soft.  

Similar sets of readings were recorded for the compression ratio of 16 and 14. For this purpose, the engine was started at compression ratio of 18 and then the compression ratio was changed by using the tilting head arrangement. The compression ratio was indicated by the rings made on the lever of the arrangement. 
6.3 EXPERIMENTAL SETUP AND COMPONENT USED
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Figure 6.2 Layout of VCR Engine Test Set Up

Table 6.1 Experimental Setup and Component Used
	Components
	Details

	Engine
	Make Kirloskar, Type 1 cylinder, 4 stroke Diesel, water cooled, power 3.5 kW at 1500 rpm, stroke 110 mm, bore 87.5 mm. 661 cc, CR 17.5, Modified toVCR engine CR range 12 to 18

	Dynamometer
	Make Saj test plant Pvt. Ltd., Model AG10, Type Eddy current

	Dynamometer Loading

unit
	Make Apex, Model AX-155. Type constant speed, Supply 230V AC.

	Manometer
	Make Apex, Model MX-104, Range 100-0-100 mm, Type U tube, Conn. 1/4`` BSP hose back side, Mounting panel

	Fuel measuring unit
	Make Apex, Glass, Model:FF0.012

	Piezo sensor
	Make PCB Piezotronics, Model HSM111A22, Range5000 psi, Diaphragm stainless steel type & hermetic sealed

	White coaxial teflon

cable
	Make PCB piezotronics, Model 002C20, Length 20 ft, Connections one end BNC plug and other end 10-32 micro

	Crank angle sensor
	Make Kubler-Germany Model 8.3700.1321.0360 Dia: 37mm Shaft Size: Size 6mmxLength 12.5mm, Supply Voltage 5-30V DC, Output Push Pull (AA,BB,OO), PPR: 360, Outlet cable type axial with flange 37 mm to 58 mm

	Data acquisition device
	NI USB-6210 Bus Powered M Series

	Piezo powering unit
	Make-Cuadra, Model AX-409.

	Temperature sensor
	Make Radix Type K, Ungrounded, Sheath

Dia.6mmX110mmL, SS316, Connection 1/4"BSP (M)

adjustable compression fitting

	Temperature sensor
	Make Radix, Type Pt100, Sheath Dia.6mmX110mmL, SS316, Connection 1/4"BSP(M) adjustable compression fitting

	Components
	Details

	Temperature

transmitter
	Make Wika, model T19.10.3K0-4NK-Z, Input Thermocouple (type K), output 4-20mA, supply 24VDC, Calibration: 0-1200deg.C

	Temperature

transmitter
	Make Wika, Model T19.10.1PO-1 Input RTD(Pt100), output 4-20mA, supply 24VDC, Calibration: 0-100°C

	Load sensor
	Make Sensotronics Sanmar Ltd., Model 60001,Type S beam, Universal, Capacity 0-50 kg

	Load indicator
	Make Selectron, model PIC 152–B2, 85 to 270VAC, retransmission output 4-20 mA

	Power supply
	Make Meanwell, model S-15-24, O/P 24 V, 0.7 A

	Digital voltmeter
	Make Meco, 3.1/2 digit LED display, range 0-20 VDC, supply 230VAC, model SMP35

	Fuel flow transmitter
	Make Yokogawa, Model EJA110-EMS-5A-92NN, Calibration range 0-500 mm H2O, Output linear

	Air flow transmitter
	Range (-) 250 mm WC

	Rotameter
	Make Eureka Model PG 5, Range 25-250 lph, Connection ¾” BSP vertical, screwed, Packing neoprene

	Rotameter
	Make Eureka Model PG 6, Range 40-400 lph, Connection ¾” BSP vertical, screwed, Packing neoprene

	Pump
	Make Kirloskar, Model Mini 18SM, HP 0.5, Size 1” x 1”, Single ph 230 V AC


6.4 MECHANISM OF EMISSIONS FORMATION IN IC ENGINE
Introduction
Internal combustion engines have been subject to emission control techniques since the passage of the Clean Air Act in1966. Successive amendments have tightened the allowable levels of emissions emanating from new vehicles and were later extended to cover particulate emissions from diesel engines. The trend towards lower and lower allowable emissions levels appears to be continuing with particular emphasis on diesels. 

This document aims to enlighten the reader as to the primary formation processes occurring within a typical compression ignition engine (also known as a diesel engine after its inventor, Rudolf Diesel). The main pollutants emitted from the exhaust of a typical diesel engine include hydrocarbons (HC), oxides of nitrogen (NOx) and particulate matter (PM). Carbon monoxide (CO) is touched on lightly for reasons explained later.

Hydrocarbons
Hydrocarbons describe the large family of emissions composed of hydrogen and carbon in a variety of chemical bonds. These range from simple non reactive methane molecules (CH4) to more complex and active chemical chains like benzene (C6H6) and butene (C4H8). Hydrocarbons (HC) are formed when fuel is not adequately oxidized, or burned. In diesels, incomplete combustion of the fuel results in soot formation, visible as large clouds of black smoke, containing up to 0.5% of the fuel mass. During startup, and subsequent misfire, unburnt fuel may condense and produce clouds of white smoke [6]. Overall, the level of HC emitted as a pollutant is strongly dependent upon the fuel distribution and resulting combustion inside the cylinder.

Hydrocarbon emissions can be split into two major groups: non-reactive and reactive. This grouping stems from the chemical reactivity of the molecules with respect to the formation of smog. Hydrocarbons play a secondary role in ozone formation by accelerating the formation of NO2, which reacts with O2 to produce ozone, the basic component of smog. The reactive components include all hydrocarbon chains except methane, which is highly stable and also gives rise to the term "non-methane organic gases" which include all non-methane hydrocarbons and oxygenates. In addition to participating in smog formation, many oxygenates are also irritants to the eyes and lungs. Further many of these molecular chains are not found in the fuel prior to combustion, demonstrating the complex chemical kinetics that occurs inside a combustion chamber. 

One of the factors in the production of hydrocarbon emissions is the quenching of the flame front as it approaches the relatively colder surfaces of the cylinder walls and piston. These surfaces absorb heat energy to such an extent that combustion cannot sustain itself within the fuel-air mixture. Crevices and gaps such as those seen between the cylinder walls and piston dominate this mechanism as hydrocarbons quenched at the walls are readily oxidized later in the cycle. Cold starting of an engine demonstrates this problem drastically as the relatively cold surfaces of the combustion chamber cause excessive amounts of black smoke. One source unique to direct injection diesels comes from the fuel injector tips. Fuel leftover in the nozzle tips after injection has ceased slowly evaporates and seeps slowly into the combustion chamber where it may or may not be oxidized. The major source however, contributing to HC emissions are the localized rich or lean conditions found within the combustion zones. As the spray is injected, the air mixes with the outer edges of the fuel producing very lean zones that oxidize in a non self-sustaining manner and seldom to completion. As the spray continues to mix with the air, these lean zones expand outward leaving more combustible mixtures behind in the center of the chamber. The amount of HC left unburned is then a function of the mixing rate (or turbulent swirl) of the engine, the cylinder conditions and because of its association of the prior two, the ignition delay. According to Heywood, there is a non-linear relationship between the ignition delay and the amount of HC produced. Leanness, however, is not the sole condition aiding hydrocarbon emissions. Overly rich mixtures will also result in incomplete combustion, a condition that can be caused by insufficient mixing of the oxygen in the air with the fuel spray. This is especially the case just after the injector nozzles have ceased spraying as the pressure forcing the fuel out has dropped and the remaining fuel enters the combustion chamber at low speed. The low velocity of the fuel causes under mixing of the fuel-air to occur, which of course generates an overly rich region. Desorption of HC from the layer of oil that coats the cylinder walls adds to the overall level found in exhaust gas and is controlled by the characteristics of the fuel being used and its ability to be absorbed by the oil layer. 

Engine operating conditions play a role in HC emissions mainly as a function of the load on the engine. Idle and light load conditions generate overall fuel to air ratios of around 100:1 and this causes an excess of over lean regions in the injected fuel spray. Consequently, light load and idle produce substantially more HC emissions than full load [Heywood]. On the other end of the spectrum overfueling of the engine at high loads will produce excessive HC through insufficient oxygen supplies. 

The timing of the injection produces an effect on HC as well. If the timing is advanced away from top dead center and away from the optimum timing, the ignition delay lengthens, allowing a higher percentage of the total fuel injected to mix with the air and impinge on the cylinder walls. This also produces more areas of lean mixtures, hindering efficient combustion and raising the amount of unburned HC[28]. On the other hand, retarding the advance produces overly rich regions with insufficient time to combust with the end result being visible smoke. In a similar vein, lengthening the physical time that the injectors are open and spraying fuel into the cylinders reduces HC at low load, but at high load leads to an increase in smoke and particulates [28].

Particulate Matter

The distinction between particulate matter and hydrocarbon emissions is a matter of condensation temperature. Generally, heated probes in a dilution tunnel are maintained at 190°C and any hydrocarbon chain that condenses is filtered out and lumped with the soot and ash accumulations as particulate matter, which is gathered by filtering the diluted exhaust stream at a constant 52°C. Particulate formation is a major concern in diesel engine combustion and consists mainly of carbonaceous conglomerations. These clumps are formed mostly through incomplete combustion of fuel with small contributions from the lubricating oil[6]. As the fuel in the advancing flame plume combusts, pyrolytic reactions crack the hydrocarbons that have yet to pass through the flame. As these reactions occur, particulate masses form and are passed through the flame. A side effect of this process is the radiation heat transfer that is given off by the heated particulates which increases the pyrolytic reactions in the unburned fuel. If the fuel mixing is poor within the cylinder, large quantities of particulates can form [Edwards]. Typically, above temperatures of 500 °C, the particles are composed solely of clusters of carbon, while at temperatures below this; higher molecular weight hydrocarbons condense onto the clumps. As the particulates travel through the flame front and into the more heavily oxygen populated areas, the clumps tend to oxidize and for this reason concentrations are reduced in the leaner regions of combustion. Additionally, inorganic compounds in the fuel can form small clumps of material known as ash.  

Oxides of Nitrogen

The main source of nitrogen in the chemical formation of NOX is atmospheric, and a very small portion is caused by nitrogen compounds found in some fuels. The fuel source is more pronounced in diesel combustion, however. The basic kinetic equations for the transformation of atmospheric nitrogen are known as the Zeldovich mechanism. These two equations have been rigorously tested and a third equation has been generally accepted to contribute significantly and as such the three are sometimes referred to as the "extended" Zeldovich mechanism. 
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The third equation is usually found in rich mixtures where OH is readily available. As the burned gas region behind the flame front absorbs energy from the combusting mixture, the pressure and temperature both rise significantly. It is this region's high temperature which spurs the formation of nitric oxide (NO) and in most cases, the flame front production is simply ignored. The flame front does, however, play two significant roles by providing the thermal energy required to dissociate the N2 into N radicals and by providing the reactions which lead to the NO producing chains. The main controlling factors are the amounts of oxygen and nitrogen radicals available and the temperature of the mixture. The temperature of the mixture is especially important as there is a non-linear relation between it and the rate of formation of NO. Due to this, the formation kinetics of NO "freeze" below a given temperature inside the cylinder as the piston continues downward on the expansion stroke. It is also this kinetic freeze which causes diesels to produce a significant amount of nitrogen dioxide (NO2 ). At light load, there is a significantly large portion of the cylinder charge containing unused and relatively cool amounts of air mixing with the burning fuel. NO2 is primarily formed in the flame front and can only be conserved by quenching, a process made easy by the generous amounts of cooler air at light load. For this reason, concentrations of NO2 can approach 10-30% of the overall oxides of nitrogen in a diesel at light load[6]. Speed also plays a small role in NO2 formation as lower speeds increase the residence time of NO with O2[28]. 

Fuel-air ratio also plays a significant role in the production of NOX, with the peak formation rate occurring at a point just lean of stoichiometric. This peak can be explained by the still fairly high combustion temperatures coinciding with the high availability of nitrogen and oxygen, which is why the peak does not occur at a point slightly rich of stoichiometric where combustion temperatures are highest. As an engine strays farther and farther into the lean region, the combustion temperatures plummet and this effect dominates the kinetics of NOX formation. However, diesels operate primarily in the lean region (when overall fuel to air ratios are considered) where high gas availability dominates. 

 Carbon Monoxide
Since diesel engines operate at such lean overall air to fuel ratios, and since carbon monoxide formation is generally a fuel rich combustion phenomenon, this pollutant is not significant in diesel engine exhaust. Although there are regions of very rich combustion that do produce detectable quantities of carbon monoxide, the gas is oxidized later in the cycle and reduced to negligible amounts in the exhaust stream.

6.5 GAS ANALYSERS

Non-dispersive infra-red (NDIR) analyzers
Working principle

In the NDIR analyzer the exhaust gas species being measured is used to detect itself.

This is done by selective absorption.

The infrared energy of a particular wavelength or frequency is peculiar to a certain gas in that the gas will absorb the infrared energy of this wavelength and transmit the infrared energy of other wavelengths.

Measurement of CO using NDIR

The absorption band for carbon monoxide is between 4.5 and 5 microns.  So the energy absorbed at this wavelength is an indication of concentration of CO in the exhaust gas. The NDIR analyzer consists of two infrared sources, interrupted simultaneously by an optical chopper. Radiations from these sources pass in parallel paths through a reference cell and a sample cell.  Exhaust gas from the tailpipe of the engine/vehicle is passed through the sample cell during the measurement of exhaust emissions. The reference cell is filled with an inert gas, usually nitrogen, which does not absorb the infrared energy for the wavelength corresponding to the compound being measured.  
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Fig. 18.13 Schematic of non-dispersive infrared analyzer (NDIR).





Figure 6.3: Schematic diagram of NDIR

A closed container filled with only the compound to be measured works as a detector. The detector is divided into two equal volumes by a thin metallic diaphragm.  When the chopper blocks the radiation, the pressure in both parts of the detector is same and the diaphragm remains in the neutral position. As the chopper blocks and unblocks the radiations, the radiant energy from one source passes through the reference cell unchanged whereas the sample cell absorbs the infrared energy at the wavelength of the compound in the cell. The absorption is proportional to the concentration of the compound to be measured in the sample cell. Thus unequal amounts of energy are transmitted to the two volumes of the detector and the pressure differential so generated causes movement of the diaphragm of the detector. This changes the capacitance between the diaphragm and a fixed probe, thereby generating an a.c. signal which is amplified and, after rectification to d.c. displayed on a meter.

Non-dispersive infra-red (NDIR) analyzers

The signal is a function of the concentration of the compound to be measured. The NDIR can accurately measure CO, CO2 and those hydrocarbons which have clear infrared absorption peaks.  However, usually the exhaust sample to be analyzed contains other species which also absorb infrared energy at the same frequency.

Gas chromatography

In gas chromatography first the individual constituents are separated from the mixture of gas. After separation, each compound can be separately analyzed for concentration. This is the only method by which each component existing in an exhaust sample can be identified and analyzed. However, it is very time consuming and the samples can be taken only in batches. Gas chromatograph is primarily a laboratory tool. In addition to the above methods such as mass spectroscopy, chemiluminescent analyzers, FID, smokemeters and electrochemical analyzers are also used for measuring exhaust emissions.

Flame ionization detector (FID) (Working principle)

A hydrogen–air flame contains a negligible amount of ions. However even if a trace amount of organic compound such as HC is introduced into the flame, a large number of ions are produced. If a polarized voltage is applied across the burner jet and an adjacent collector, an ion migration will produce a current proportional to number of ions and thus HC concentration present in the flame. 
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Figure 6.4: Schematic diagram of Flame ionization detector (FID)

The output of FID depends on the number of carbon atoms passing through the flame in unit time. Doubling the flow velocity would double the output. Hexane (C6H14) would double the output of propane (C3H8). 

Chemiluminescent Analyzer

Chemiluminescent is the emission of light energy resulting from a chemical reaction. If NO and O3 are brought together a chemical reaction takes place which produces NO2 in activated state. Activated NO2 emits light 

NO + O3 → NO2 + O2

NO2 → NO2 + light emissions
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Figure 6.5: Schematic diagram of chemiluminescent analyzer

To measure NO concentration the gas sample to be analysed is send to a reaction chamber, where it combines with ozone. The resulting chemiluminescent is monitored through an optical filter by a high sensitivity photomultiplier positioned at one end of the reactor. The filter photo multiplier combination responds to light in a narrow wavelength band unique to the above reaction.  The output from the photo multiplier is linearly proportional to the NO concentration. To measure NOx concentration (i.e. NO plus NO2) the sample gas flow is diverted through an NO2-to-NO converter. The chemiluminescent response in the flow reactor to the converter effluent is linearly proportional to the NOx concentration entering the converter. The photo multiplier output is amplified and given to an indicator for measuring NOx concentration directly.  
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Figure 6.6: AVL Gas Anlyser (AVL DIGAS 444)

6.6 SMOKEMETERS

There are two basic types of smoke meters which are used to measure smoke density. 

(i) Filter darkening types

(ii) Light extinction type.

The light extinction type of meters can measure both white and black smoke whereas the filter paper darkening type meters can give only black smoke. The light extinction meter can be used for continuous measurements while the filter type can be used only under steady state conditions.

Bosch smoke meter

Bosch smoke meter is filter darkening type. A measured volume of exhaust gas is drawn though a filter paper which is blackened to various degrees depending upon the amount of carbon present in the exhaust. The density of soot is measured by determining the amount of light reflected from the sooted paper. The diameter of the filter paper, the sample volume etc., all are well defined.
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Figure 6.7: Schematic diagram Hartridge smoke meter

Hartridge smoker meter

This smoke meter works on the light extinction principle. A continuously taken exhaust sample is passed through a tube of about 46 cm length which has a light source at one end and photocell or solar cell at the other end. The amount of light passed through this smoke column is used as an indication of smoke level.

This smoke density is defined as the ratio of electric output from the photocell or solar cell when sample is passed through this smoke column to the electric output when clean air is passed through it. The fraction of the light transmitted through the smoke (T) and the length of the light path (L) are related y the Beer-Lambert law.

T = e –KL
K = n A θ 
Where K is the optional absorption coefficient of the obscuring matter per unit length, n the number of soot particles per unit volume; A the average projected are of each particles; and θ the specific absorbance per particle.
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Figure 6.8: AVL Smoke meter
CHAPTER 7                                                 

PROPERTIES OF ETHANOL-DIESEL BLENDS 
Fuel formation was through blending of anhydrous ethanol and diesel fuel with or without surfactants. In all, there were eleven fuel samples along with neat diesel. Various tests on these samples were performed in laboratories of Delhi College of Engineering in accordance with standard testing procedures. These tests included measurement of higher calorific value, specific gravity, and kinematic viscosity and flash point.

7.1 Specific Gravity

Specific gravity will provide more information about how the fuel will perform in a diesel engine than any other single test. Specific gravity will measure the density of the fuel. The density of the fuel is related to its viscosity. A higher specific gravity may indicate an incomplete reaction and the fuel should not be used in an engine. Specific gravity of the fuel at different temperature is showing in the table no 7.1.

Table 7.1 specific gravity of fuel

	Sr no
	Fuels
	Tempreture

	
	% ethanol
	%diesel
	15oc
	20 oc
	26 oc
	32 oc
	38 oc
	44 oc
	50 oc

	1
	0
	100
	.8583
	.8485
	.8458
	.8442
	.8409
	.8390
	.8370

	2
	5
	95
	.8414
	.8385
	.8365
	.8350
	.8308
	.8288
	.8258

	3
	10
	90
	.8394
	.8351
	.8340
	.8330
	.8288
	.8268
	.8236

	4
	15
	85
	.8382
	.8345
	.8318
	.8296
	.8268
	.8266
	.8228

	5
	20
	80
	.8365
	.8342
	.8314
	.8289
	.8258
	.8241
	8218


Source -Ajav, E. A. and O. A. Akingbehin (2002 ).

7.2 Kinematic Viscosity

Viscosity of fuel is its resistance to flow. Improper viscosity leads to poor combustion, which result in the loss of power and excessive exhaust smoke. Here we have measured the viscosity of the fuel with the help of apparatus called Setavis Kinematic Viscometer. The dynamic viscosity of different ethanol diesel blend is given in the table no.

Table 7.2: Viscosity of Fuels
	S/No
	Sample %
	Viscosity (cP)

	
	Ethanol
	Diesel
	15ov
	20oC
	26oC
	32oC
	38oC
	44oC
	50oC

	1
	0
	100
	6.24515
	5.6114
	4.6874
	3.8003
	3.4237
	2.9008
	2.8145

	2
	5
	95
	6.1597
	5.5343
	4.4934
	3.6520
	3.2788
	2.7990
	2.6366

	3
	10
	90
	5.9410
	5.4564
	4.2460
	3.5599
	3.2956
	2.7395
	2.5615

	4
	15
	85
	5.7471
	5.1631
	4.0045
	3.4510
	3.1396
	2.6021
	2.4691

	5
	20
	80
	5.6677
	5.0587
	3.8673
	3.3708
	2.7397
	2.3921
	2.1766

	6
	25
	75
	5.4957
	5.0340
	3.4395
	2.8904
	2.6027
	2.2568
	1.9198

	7
	30
	70
	5.3725
	4.9171
	3.0651
	2.8040
	2.4563
	2.0782
	1.8290


Source -Ajav, E. A. and O. A. Akingbehin (2002 ).

7.3 Calorific Value of Fuels
One of the important characteristics of good fuel is high calorific value of the fuel as the amount of heat liberated and the temperature attained, thereby depending upon the calorific value of the fuel. Calorific value of the fuel is the amount of heat liberated, when a unit mass of fuel is burnt completely. Calorific value of the fuel is measured by Bomb Calorimeter 
Table 7.3 Calorific Value of fuel

	S/No
	Ethanol
	Diesel
	Cal. Value (kJ/kg)
	% difference to diesel

	1
	0
	100
	44514.6
	-

	2
	5
	95
	43631.8
	1.983

	3
	10
	90
	43192.5
	2.970

	4
	15
	85
	42744.8
	3.976

	5
	20
	80
	41874.5
	5.931

	6
	25
	75
	41004.2
	7.886

	7
	30
	70
	40577.4
	8.845


Source -Ajav, E. A. and O. A. Akingbehin (2002 ).
7.4 Flash Point
Flash point of the fuel is the minimum temp. at which it gives enough vapors to from a flammable  mixture that ignite for a moment, when a tiny flame is brought near to it. The flash point of oil is generally measured by using Pensky-Marten’s meter. It is desirable that the fuel should have higher flash point. Flash point is important primarily from a fuel-handling standpoint (table 7.4). Too low a flash point will cause fuel to be fire hazard, subject to flashing, and possible continued ignition and explosion Ajav, E. A. and O. A. Akingbehin(2002 ).
7.5 Blend stability

Ethanol solubility in diesel is affected mainly by two factors, temperature and water content of the blend. At warm ambient temperatures dry ethanol blends readily with diesel fuel. However, below about 10 o c the two fuels separate, a temperature limit that is easily exceeded in many parts of the world for a large portion of the year. Prevention of this separation can be accomplished in two ways: by adding an emulsifier which acts to suspend small droplets of ethanol within the diesel fuel, or by adding a co-solvent that acts as a bridging agent through molecular compatibility and bonding to produce a homogeneous blend Emulsification usually requires heating and blending steps to generate the ethanol blend, whereas co-solvents allow fuels to be ‘‘splash-blended’’, thus simplifying the blending process. Both emulsifiers and co-solvents have been evaluated with ethanol and diesel fuel reported by Kerihuel (2006).Investigated micro-emulsions of aqueous ethanol (5% water) and diesel fuel using a commercial surfactant. They reported that the blends formed spontaneously and required only minor stirring. They also appeared transparent indicating that the dispersion sizes were less than a quarter of a wavelength of light and were regarded as ‘‘innately’’ stable, i.e. thermodynamically stable with no separation even after several months.

The polar nature of ethanol induces a dipole in the aromatic molecule allowing them to interact reasonably strongly, while the aromatics remain compatible with other hydrocarbons in diesel fuel. Hence aromatics act to some degree as bridging agents and co-solvents. Reducing the aromatic content of diesel fuels will influence the miscibility of ethanol in diesel fuel and will affect the amount of additive require achieving a stable blend.

Table 7.4 Flash Point, cloud point and pour point of fuel

	S/No
	Ethanol
	Diesel
	Flash Point

(oC)
	Cloud Point

(oc)
	Pour Point

(oC)

	1
	0
	100
	74
	5
	5

	2
	5
	95
	24
	5
	-7

	3
	10
	90
	25
	5
	-10

	4
	15
	85
	27
	5
	-13

	5
	20
	80
	25
	5
	-36

	6
	25
	75
	25
	5
	-

	7
	30
	70
	26
	4
	-


Source -Ajav, E. A. and O. A. Akingbehin (2002 ).
7.6 Viscosity and lubricity
Fuel viscosity and lubricity play significant roles in the lubrication of fuel injection systems, particularly those incorporating rotary distributor injection pumps that rely fully on the fuel for lubrication within the high pressure pumping mechanism. In the common rail accumulator fuel-injection system, the high-pressure pump that delivers fuel to the rail also relies on the fuel for lubrication. In in-line pumps and unit injectors, there is less reliance on the fuel for lubrication; however, there are still some metal interfaces that require lubrication by the fuel such as between plunger and barrel. Injector lubrication also is affected, particularly at the needle guide-nozzle body interface. Lower fuel viscosities lead to greater pump and injector leakage reducing maximum fuel delivery and ultimately power output. Hot restart problems also may be encountered as insufficient fuel may be injected at cranking speed when fuel leakage in the high-pressure pump is amplified because of the reduced viscosity of the hot fuel. Fuel viscosity also affects the atomization and spray characteristics in the combustion chamber. Lower viscosities typically result in smaller Sauter mean droplet diameters, thereby increasing the surface area of droplets and significantly influencing the evaporation characteristic time .The lack of reports of specific measurements to corroborate these trends with ethanol–diesel blends indicates a need to investigate their atomization and spray characteristics, as these parameters have a significant effect on the combustion process. 

7.7 Materials compatibility 

The use of ethanol in gasoline engines in the early 1980s resulted in numerous materials compatibility studies, many of which are also applicable to the e.ect of ethanol–diesel blends in diesel engines and particularly in the fuel injection system. The quality of the ethanol has a strong influence on its corrosive effects In addressing the problems of ethanol corrosion associated with gasoline blends, divided ethanol corrosion into three categories: general corrosion, dry corrosion and wet corrosion. General corrosion was caused by ionic impurities, mainly chloride ions and acetic acid. Dry corrosion was attributed to the ethanol molecule and its polarity. Reviewed reports of dry corrosion of metals by ethanol and found that magnesium, lead and aluminium were susceptible to chemical attack by dry ethanol. Wet corrosion is caused by azeotropic water, which Oxidizes most metals Freshly formulated blends containing pH neutral dry ethanol would be expected to have relatively little corrosive effect. However, if a blend has been standing in a tank for sufficient time to allow the ethanol to absorb moisture from the atmosphere, it may tend to be more corrosive as it passes through the fuel injection system In addition, the fuel may stand in the fuel injection pump for a number of months, for example in a combine harvester engine, thus allowing the fuel time to corrode parts of the pump internally. Corrosion inhibitors have been incorporated in some additive packages used with ethanol–diesel blends Non-metallic components have also been affected by ethanol with particular reference to elastomeric components such as seals and O-rings in the fuel injection system. These seals tend to swell and stamen. Resin-bonded or resin-sealed components also are susceptible to swelling and seals may be compromised repoted V. Raghuraman et al. (2003).
7.8 Energy content
The energy content of a fuel has a direct influence on the power output of the engine. stated that it would be desirable for ethanol– diesel blends to have gross energy contents at least 90– 95% of that for No. 2 diesel to permit existing engines to deliver adequate power for the loads for which the vehicle is designed. The energy content of ethanol–diesel blends decreases by approximately 2% for each 5% of ethanol added, by volume, assuming that any additive included in the blend has the same energy content as diesel fuel.

7.9 Cetane Number

The minimum cetane number specified by ASTM Standard D 975-02 diesel is 40. Typical diesel fuels have cetane numbers of 45–50. With the inverse relationship of octane number and cetane number, ethanol exhibits a low cetane rating. Hence, increasing concentrations of ethanol in diesel lower the cetane number proportionately.  Using cetane numbers to describe the ignition characteristics of ethanol–diesel blends was unreliable, because of discrepancies in the determination of cetane numbers below 30. However, they estimated that the cetane number of ethanol was between 5 and 15.

Lower cetane numbers mean longer ignition delays, allowing more time for fuel to vaporize before combustion starts. Initial burn rates are higher causing more heat release at constant volume, which is a more efficient conversion process of heat to work. Nevertheless, it is preferable to add an ignition improver to raise the cetane number of ethanol–diesel blends so that they fall within an acceptable range equivalent to that expected of No. 2 diesel fuel. Properties of diesel, ethanol and n-butanol are given in table 7.5. Stratification of fuel blends is given Table 7.6
Table 7.5 Properties of diesel, ethanol and n-butanol
	Fuel/properties s
	Diesel
	Ethanol
	n-butanol

	Formula
	C12H23

(C10H20 C15H28)
	C2H5OH
	C4H10O

	Mole weight
	190 -220
	46.07
	74.12

	Density at 20%oc
	0.840
	0.789
	0.810

	Oxygen Content (Wt %)
	0
	34.8
	21.58

	Carbon content (Wt %)
	86
	52.2
	64.82

	Hydrogen content (Wt %)
	14
	13
	13.60

	Viscosity at 20% o c Ns/m2
	3.35
	1.2
	3.0

	Cetane number
	40-50
	8 -9
	17

	Lower Heat value (MJ/kg)
	42.5
	26.4
	33.2


Source- Jincheng Huang et al (2008).

Table 7.6 Stratification of ethanol-diesel fuel blends with and without solvent 

	Fuel blend
	E10D90
	E15D85
	E20D80
	E25D75
	E30D70

	Stratification Time
	72 (hours)
	48(hours)
	24 (hours)
	2(hours)
	5(min)

	Fuel blend
	Z5E10D95
	Z5E10D95
	Z5E20D90
	Z5E25D85
	Z5E30D80

	Stratification Time
	-
	18(days)
	14 (Days)
	14 (Days))
	11 (Days)


We can use a number of ignition improvers for ethanol fuel with special emphasis on biomass-derived nitrates. They noted a significant dependence of the energy release per equivalent nitrate on the molecular weight of the ignition improving nitrate found tri-ethylene glycol di-nitrate (TEGDN) to be the most satisfactory ignition improver in tests performed in Brazil, especially since it could be manufactured from ethanol. 
7.10 Vapor Lock and Cavitations 

 The vapor pressure of an ethanol-in-diesel fuel is considerably greater than that of neat diesel. In addition, the viscosity is lower—the lower viscosity results in a lower static pressure in the fuel delivery system. As a result of these combined traits, ethanol-in-diesel has a significantly greater tendency to evaporate and form erratic locations of vapor lock in the fuel delivery system. This vapor lock will happen at the locations of lowest static pressure, such as the fuel intake of the injector, resulting in too little fuel being delivered to the injector and subsequent cavitation inside the injector. Both the vapor lock and cavitation can be detrimental to fuel performance. To prevent the vapor lock and subsequent cavitation, the static pressure of the fuel delivery system must be increased. Either (1) reducing the size of the restrictive orifice on the diesel fuel return line or (2) introducing a backpressure regulator to the diesel fuel return line can achieve this. The good performances of ethanol-in-diesel fuels of Table 1 were achieved only after vapor lock problems were corrected. Vapor Pressure & Safety - Ethanol’s high polarity and tendency toward hydrogen bonding cause ethanol to have a high activity in gasoline and diesel. This high activity leads to both limited miscibility’s and high vapor pressures. In ethanol-gasoline blends (< 20% ethanol), the activity (yixi) of ethanol reaches a maximum of-0.5 at -4% ethanol in gasoline (based on data published in Owen and Coley, 1995)--the activity remains at this level at 2%-20% ethanol in gasoline. 

The ethanol-in-diesel blends have flash point temperatures estimated to be slightly below typical ambient temperatures; this translates to fuel tanks having ignitable mixtures of fuel and air during most operating conditions. By comparison, vapor spaces of diesel storage tanks are typically too fuel lean for ignition while vapor spaces over gasoline and E85 are typically too fuel rich for ignition. This is a safety issue that should be addressed for both ethanol-in-diesel solutions and ethanol-in-diesel emulsions. One method for solving potential vapor pressure problems of ethanol-in-diesel solutions is to add an additional volatile component to the system so as to increase the vapor pressure into a fuel-rich regime that is outside ignition limits-candidate blend stocks include hexane, pentane, naphtha, and diethyl ether. 

7.11 Flash Point and Vapor Pressure

Flash point is the lowest temperature at which the vapor pressure of a liquid is sufficient to produce a flammable mixture in the air above the liquid surface in a vessel. Vapor pressure is a related property (not a part of the ASTM D975 diesel specification), which is defined as the pressure exerted by a vapor over a liquid in a container at a specified temperature. Vapor pressure and flash point are important from both a fire safety standpoint and from the standpoint of evaporative hydrocarbon emissions.Additionally, blends of 10%, 15%, and 20% ethanol in conventional diesel exhibit combustion safety characteristics essentially identical to those listed in following table for pure ethanol. These data were acquired using diesel ethanol blends that contained no emulsifier. There is some possibility that flashpoint could increase for ethanol blending levels below 10%. Thus additional data are required to quantitatively understand the flash point issue. The use of a higher boiling (lower vapor pressure) denaturant such as kerosene may have an impact on flash point finally, there are no data available on emissions durability. Acquisition of such data should be an important part of engine durability testing using e-diesel, as discussed below. Hansen et al.(2005).
Table 7.7 Flash Point and Vapor Pressure of fuel

	parameter
	Diesel
	Ethanol
	Gasoline

	Vapor pressure@ 38 psi
	0.04
	2.5
	7-9

	Flash point OC
	55-65
	13
	-40

	Boiling point, OC
	170-340
	78
	33-213

	Auto ignition temperature OC
	230
	366
	300

	Flammability limits, Vol %
	0.6-5.6
	3.3-19.0
	1.4-7.6

	Flammability limits, OC
	64-150
	13-42
	(-40)-(-18)


7.12 Solubility, Water Tolerance, and Stability

While ethanol is reasonably soluble in diesel fuel at room temperature, the presence of water can lead to phase separation. Conventional diesel fuel can carry very little water, on the order of 0.1%. Emulsifier manufacturers claim that their products make ethanol-diesel blends tolerant of reasonable water content without phase separation. For example, recent presentations and product literature indicate tolerances of up to 3% water under some conditions. It would be desirable for emulsifier manufacturers to publish more detailed data quantifying the water tolerance of their products in diesel fuel of varying properties. For both ethanol solubility and water tolerance, a minimum requirement for e-diesel needs to be specified. No data on the water tolerance of diesel/ bio-diesel /ethanol blends appear to be available.
A related issue is the stability of e-diesel blends. While e-diesel formulation is stable to -30°C (-22°F), stability in a range of diesel fuels over a range of normal temperatures and water content needs to be proven. Stability when e-diesel is blended with conventional diesel already present in a tank is also an issue. Maintenance of a stable micro emulsion for a period of several months would seem to be required at a minimum, although discussions with users and stakeholders will be required to quantify the storage time requirements. In addition to stability with respect to phase separation, oxidative and biological stability also need to be examined. Finally, the stability of the emulsifier additives during storage must also be proven by Hansen et al. (2005).
7.13 Cold Flow Properties

Cold flow properties are quantified in the United States by cloud point and pour point. Cloud point is the temperature at which initial crystallization or phase separation (i.e. freezing) of the fuel begins (because diesel fuel is a mixture of many components it does not have a well defined freezing point but solidifies over a wide temperature range). Pour point is the temperature below which the fuel will not pour, using a definition specific to the standard procedure. During winter in the northern states many conventional diesel fuels must be modified by blending with No. 1 diesel or kerosene, or low temperature flow improving additives, to avoid phase separation or fuel gelling   by  Hansen et al.(2005).

Because of the very low freezing point of ethanol relative to diesel fuel it might be expected that e-diesel would have improved low temperature flow properties, as long as the ethanol remains soluble. All emulsifier manufacturers claim that their products make ethanol soluble to very low temperatures. In fact, most additive manufacturers claim improved low temperature performance. In support of this claim, the data in Table 7.4 indicate a very significant pour point depression for most e-diesel formulations. However, the cloud point data indicate a significant increase. The cloud point data (thought to be indicative of phase separation) are difficult to interpret in this regard because cloud point appears to increase significantly, and to levels that seem unrealistic for a practical fuel. Engineers in the e-diesel industry believe that upon cooling of e-diesel micro-emulsions the micelles grow to near micron size causing a clouding of the fuel. These ethanol micelles are liquid and will apparently flow through a fuel filter. This is in contrast to the cloud point of a conventional diesel, which indicates the onset of formation of solid wax crystals that can plug a fuel filter. Including the cold filter plugging point (CFPP) test may therefore be desirable in future e-diesel property measurements. Because of the relatively high cost and limited availability of No. 1 diesel and kerosene in some markets, the ability to use e-diesel during the winter months may have an economic advantage should the claims regarding cold flow properties be substantiated.

Regulated pollutant emissions for e-diesel fuels produced by three manufacturers have been reported. As shown in Figure 7.1 below, studies at three different laboratories show comparable PM emissions benefits for all three forms of e-diesel examined, with the observed particulate matter (PM) reduction a linear function of fuel oxygen content. However closer examinations of the data indicates significant variation in PM emissions with e-diesel formulation, and in some cases PM emissions reductions in excess of 30% have been obtained at 7.7% ethanol. E-diesel developers claim large reductions in smoke opacity as well. Studies of nitrogen oxide (NOx) emissions are not conclusive, with some reporting significant benefit in terms of NOx and others showing no effect. Results for both AAE and PEC e-diesel showed a 15% to 20% decrease in emissions of carbon monoxide (CO) (at 10% ethanol content). CO emissions increased in the study of Betz Dearborn e-diesel but were still one order of magnitude below the emission standard for heavy-duty engines. Total hydrocarbon emissions increased by as much as 100% in all three studies, but were still an order of magnitude below the hydrocarbon emissions standard for heavy-duty engines. It is unknown to what extent emissions can be effected by the emulsifier. A diesel oxidation catalyst or other advanced catalytic after treatment technology could easily reduce hydrocarbon emissions to very low levels

[image: image31.wmf]
Figure 7.1 Change in PM emissions for e-diesel blends relative to blending diesel. 

The three studies cited above show clear and consistent PM emissions benefits. However other studies have shown a PM increase over the AVL 8-mode tests or a PM decrease over only a fraction of the engine map .Additional studies will be required to understand potential emissions benefits for all engine models and driving cycles. The situation for CO emissions is less clear, but given observed correlations between CO and PM it seems likely that CO emissions are decreasing in concert with PM emissions on a cycle average basis. It is likely that adding ethanol will have no effect on cycle average NOx emissions as long as the cetane number of the e-diesel is matched to that of the blending diesel. If the emulsifier package is formulated to increase the cetane number relative to the base fuel by 5 or more cetane numbers it may be possible to realize NOx benefits. Because of the cost of cetane improving additives there may be significant economic barriers to this approach, and the same NOx benefit could be obtained by adding cetane improver to a conventional diesel.

The increase in hydrocarbon emissions is likely to be all ethanol, but this must be confirmed. It is also possible that the emulsifier could be contributing to hydrocarbon emissions. Additionally, using ethanol might be expected to increase emissions of certain carbonyl compounds such as acetaldehyde and acetic acid. Thus a detailed study of speciated hydrocarbon and carbonyl emissions is needed. Including ethanol in diesel fuel might also be expected to reduce emissions of poly aromatic hydrocarbons (PAH) by both the dilution of fuel aromatic and PAH content and by the oxygenate effect on PM. These effects, should they exist, need to be quantified.

CHAPTER 8                                 
OBSERVATION, RESULT AND     DISCUSSIONS

8.1 CALCULATION 
Brake Power Output

The brake power also termed as shaft power is the actual power available at the drive shaft, the brake power is found by breaking the engine. The braking agreement is by a rope brake, or hydraulic device known as hydraulic dynamometer. An eddy current dynamometer is an electrical braking device.

Knowing indicated power by engine indicator, frictional power by a motoring test of the engine, brake power can be obtained. (Pb=Pj-Pf) Which is long proves. Most of the time, the engine is braked by a belt or rope round the flywheel with a hanging load at one end and a spring balance at the other. The brake power is given by:

B p = (W -S)(R +r) 2 π N/60 x 10 -3 kW Where​

W = mg = Braking load, N

S = sg = Spring balance force, N

R = radius of Brake Pulley or the flywheel of the engine, m

r = radius of the rope, m

N = engine rpm.

The product (W-S) (R+r) is known as Brake Torque exerted by the braking device

Therefore Brake power = 2 π N T / 60 kW Where

T= Brake torque, Nm

 Mass Flow Rate of the Fuel

In the fuel characteristics part I have already obtained the density of each samples of my experiment. In addition to this by the above stated method of measuring the flow measurement has been taken for each sample at different load conditions. Therefore the remaining part is to calculate the mass flow rate by the following relationship.

Mass flow Rate(gm / ml) = Volume Flow Rate( ml /s) x Density(gm /ml)

Here the volume flow rate I have already got is in (ml/second) and the density in (gm/ml) therefore it necessary to convert it in to kg/hr/

Therefore


M = V x px3600Kg /hr

M - Mass flow rate in (kg/hr)

V-Volume flow rate   (m 3/sec)

  p - Density in (kg/m3
 Brake Mean Effective Pressure

The torque has a direct relationship with the brake mean effective mean pressure (bmep), as follows:

Bp = bmep x Lx A x​ N / 60

Where:​

bmep = Brake means effective pressure, k Pa

L=stroke Length which is provided by the engine manufacture, m 

A= Area of the piston, in this case, m2
D= Diameter of the Cylinder, similarly it is given by the material manufacturer, m
N= engine RPM

Here N also shows number of working strokes per minute. For a 2- stroke engine, there are N working strokes for N revolutions per minute. For a 4-stroke engine there are N/2 working strokes, for N revolutions per minute of the engine. Therefore the general formula is as follows:

Bmep (kpa) = 60Bp/ LAnK

Bp-Brake Power (kW)

L-Length of Stroke (m),

A-Cross Sectional Area of the cylinder, defined before

n-N/2 for 4-Stroke Engine, and N for 2-Stroke

N-Engine Engine Speed (RPM)

Brake Specific Fuel Consumption (BSFC
Brake specific fuel consumption (BSFC) is the fuel consumed by the engine per unit of power output or produced. It can be calculated as:
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Brake Specific Energy Consumption

Brake specific energy consumption (BSEC) is the energy used by the engine to produce unit power. It is the energy input to the system. It is calculated by the following relationship ​

BSEC (kJ / kW-hr) = BSFC (Kg / kW-hr) x Calorific Value(kJ / kg)

BSEC = BSFC x LCV

Brake Thermal Efficiency

Taking our system as a heat engine, with certain energy input by the fuel, equal to M x LCV, and power output Ph, the overall performance is given by overall efficiency or Thermal efficiency. Brake thermal efficiency is the ratio of the power output of the engine to the rate of heat liberated by the fuel during the combustion.
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Volumetric Efficiency (%):
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Air fuel ratio:
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Heat Balance (KJ/h):

a) Heat Supplied by Fuel = Fuel Flow× Cal Val

b) Heat Equivalent to Useful Work = BP× 3600
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Heat in Jacket Cooling Water 
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Heat in Exhaust (Calculate Cpex value) kJ/Kgk
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Where,

Cpex Specific heat of exhaust gas kJ/kg K

Cpw Specific heat of water kJ/kg K

F1 Fuel consumption kg/hr

F2 Air consumption kg/hr

F4 Calorimeter water flow kg/hr

T3 Calorimeter water inlet temperature K

T4 Calorimeter water outlet temperature K

T5 Exhaust gas to calorimeter inlet temp. K

T6 Exhaust gas from calorimeter outlet temp. K
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%

Heat to radiation and unaccounted (%)

=heat supplied by fuel (100%) - {(Heat equivalent to use full work (%) +

Heat In Jacket Cooling Water (%) + Heat To Exhaust (%))}

OBSERVATIONS

Table 8.1 Observation of Pure Diesel at Compression Ratio 14 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.09
	346
	34
	0.06
	0.6

	2
	0.5
	22.3
	0.5
	451
	28
	0.07
	1

	3
	1
	27.32
	0.241
	441
	28
	0.06
	1.2

	4
	1.5
	29.39
	0.22
	491
	27
	0.06
	1.4

	5
	2
	30.18
	0.24
	540
	27
	0.06
	1.8

	6
	2.5
	32.42
	0.24
	590
	25
	0.08
	2

	7
	3
	32.59
	0.29
	651
	27
	0.13
	2.2

	8
	3.5
	31.41
	0.3
	678
	35
	0.3
	2.5


Table8.2 Observation of pure Diesel at compression ratio 16 and 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kw -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3.25
	326
	32
	0.04
	0.6

	2
	0.5
	23.3
	1.02
	431
	26
	0.05
	1

	3
	1
	28.32
	0.64
	421
	26
	0.04
	1.2

	4
	1.5
	30.39
	0.42
	481
	25
	0.04
	1.4

	5
	2
	31.18
	0.24
	520
	25
	0.04
	1.8

	6
	2.5
	33.42
	0.19
	570
	23
	0.06
	2

	7
	3
	33.59
	0.22
	631
	25
	0.11
	2.2

	8
	3.5
	32.41
	0.38
	658
	32
	0.27
	2.5


Table8.3 Observation of pure Diesel at compression ratio 18 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.87
	326
	32
	0.04
	0.4

	2
	0.5
	23.8
	1.12
	431
	26
	0.05
	0.8

	3
	1
	28.82
	0.64
	421
	26
	0.04
	0.9

	4
	1.5
	30.89
	0.52
	481
	25
	0.04
	1.1

	5
	2
	31.68
	0.44
	520
	25
	0.04
	1.3

	6
	2.5
	33.82
	0.25
	570
	23
	0.06
	1.5

	7
	3
	33.79
	0.29
	631
	25
	0.11
	1.8

	8
	3.5
	32.91
	0.32
	658
	32
	0.27
	2.2


Table8.4 Observation of Z5E10D85 at compression ratio 18  
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3.05
	295
	43
	0.05
	0.3

	2
	0.5
	19.8
	1.42
	399
	41
	0.04
	0.4

	3
	1
	24.02
	0.94
	401
	39
	0.03
	0.6

	4
	1.5
	26.69
	0.72
	461
	34
	0.03
	0.6

	5
	2
	30.68
	0.54
	520
	31
	0.03
	0.8

	6
	2.5
	32.02
	0.37
	584
	32
	0.05
	1.2

	7
	3
	32.79
	0.42
	610
	35
	0.07
	1.4

	8
	3.5
	30.91
	0.54
	650
	26
	0.18
	1.7


Table8.5 Observation of Z5E10D85 compression ratio 16 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.82
	305
	47
	0.07
	0.5

	2
	0.5
	19.8
	1.22
	415
	45
	0.05
	0.5

	3
	1
	24
	0.98
	411
	43
	0.04
	0.7

	4
	1.5
	26.29
	0.52
	471
	37
	0.04
	0.8

	5
	2
	30.28
	0.35
	540
	36
	0.04
	1.1

	6
	2.5
	31.82
	0.28
	594
	36
	0.06
	1.3

	7
	3
	32.59
	0.3
	650
	39
	0.08
	1.5

	8
	3.5
	30.81
	0.42
	690
	39
	0.2
	1.9


Table8.6 Observation of Z5E10D85 at compression ratio 14 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.42
	325
	53
	0.09
	0.7

	2
	0.5
	18.8
	0.98
	425
	50
	0.065
	0.8

	3
	1
	23
	0.41
	421
	48
	0.06
	1.1

	4
	1.5
	25.29
	0.36
	491
	40
	0.06
	1.3

	5
	2
	30.28
	0.29
	560
	40
	0.06
	1.4

	6
	2.5
	30.82
	0.25
	610
	39
	0.06
	1.6

	7
	3
	31.59
	0.28
	670
	44
	0.1
	1.8

	8
	3.5
	30.81
	0.32
	700
	45
	0.25
	2.2


Table8.7 Observation of Z5E15D80 at compression ratio 14 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.62
	315
	55
	0.12
	0.7

	2
	0.5
	18.4
	1.52
	399
	54
	0.1
	0.7

	3
	1
	24.92
	0.54
	410
	46
	0.08
	0.9

	4
	1.5
	28.29
	0.43
	491
	45
	0.08
	0.9

	5
	2
	30.28
	0.39
	510
	43
	0.08
	1.1

	6
	2.5
	33.02
	0.38
	560
	40
	0.09
	1.4

	7
	3
	33.39
	0.39
	610
	39
	0.09
	1.6

	8
	3.5
	32.41
	0.52
	682
	47
	0.19
	2


Table8.8 Observation of Z5E15D80 at compression ratio 16 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.92
	295
	50
	0.1
	0.5

	2
	0.5
	19.4
	1.42
	379
	49
	0.08
	0.5

	3
	1
	25.92
	1.2
	392
	44
	0.06
	0.7

	4
	1.5
	29.29
	0.82
	471
	40
	0.06
	0.7

	5
	2
	31.28
	0.54
	498
	38
	0.05
	0.9

	6
	2.5
	34.02
	0.37
	550
	35
	0.07
	1.2

	7
	3
	34.39
	0.39
	590
	36
	0.07
	1.4

	8
	3.5
	33.41
	0.66
	662
	43
	0.17
	1.8


Table8.9 Observation of Z5E15D80 at compression ratio 18 

	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3.25
	285
	46
	0.08
	0.3

	2
	0.5
	19.8
	1.62
	359
	45
	0.06
	0.3

	3
	1
	26.02
	1
	382
	41
	0.04
	0.5

	4
	1.5
	29.69
	0.92
	451
	36
	0.04
	0.5

	5
	2
	31.68
	0.64
	498
	35
	0.04
	0.7

	6
	2.5
	34.02
	0.57
	520
	32
	0.05
	1.1

	7
	3
	34.79
	0.62
	560
	34
	0.06
	1.2

	8
	3.5
	33.81
	0.94
	642
	29
	0.15
	1.4


Table8.10 Observation of Z5E20D75 at compression ratio 14 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.82
	285
	60
	0.15
	0.5

	2
	0.5
	18.3
	1.87
	369
	55
	0.12
	0.6

	3
	1
	24.02
	0.78
	392
	54
	0.12
	0.7

	4
	1.5
	27.29
	0.56
	410
	50
	0.12
	0.8

	5
	2
	32.28
	0.52
	400
	45
	0.09
	0.9

	6
	2.5
	35.82
	0.58
	450
	47
	0.07
	1.1

	7
	3
	35.39
	0.61
	482
	46
	0.06
	1.2

	8
	3.5
	33.81
	0.73
	592
	37
	0.18
	1.4


Table8.11 Observation of Z5E20D75 at compression ratio 16 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3
	265
	54
	0.14
	0.4

	2
	0.5
	19.3
	1.92
	349
	50
	0.1
	0.5

	3
	1
	25.02
	1.3
	372
	49
	0.1
	0.6

	4
	1.5
	28.29
	0.92
	391
	45
	0.1
	0.6

	5
	2
	33.28
	0.64
	381
	40
	0.07
	0.8

	6
	2.5
	36.82
	0.6
	430
	42
	0.05
	1.1

	7
	3
	36.39
	0.68
	462
	41
	0.05
	1.3

	8
	3.5
	34.81
	0.75
	572
	32
	0.15
	1.4


Table8.12 Observation of Z5E20D75 at compression ratio 18 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW-h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3.65
	245
	49
	0.1
	0.2

	2
	0.5
	19.8
	1.82
	329
	46
	0.09
	0.3

	3
	1
	25.02
	1.2
	352
	44
	0.06
	0.4

	4
	1.5
	28.69
	1
	371
	40
	0.06
	0.4

	5
	2
	33.68
	0.84
	381
	37
	0.06
	0.6

	6
	2.5
	37.02
	0.67
	420
	38
	0.04
	0.9

	7
	3
	36.79
	0.82
	442
	37
	0.06
	1

	8
	3.5
	34.81
	1.4
	552
	31
	0.12
	1.2


Table8.13 Observation of Z5E25D70 at compression ratio 14 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.82
	225
	70
	0.26
	0.5

	2
	0.5
	18.8
	1.97
	359
	60
	0.19
	0.7

	3
	1
	24.82
	0.89
	382
	55
	0.1
	0.8

	4
	1.5
	28.89
	0.66
	410
	52
	0.1
	0.9

	5
	2
	33.68
	0.58
	472
	48
	0.1
	1

	6
	2.5
	35.02
	0.69
	561
	50
	0.08
	1.2

	7
	3
	35.39
	0.71
	571
	70
	0.09
	1.4

	8
	3.5
	36.21
	0.77
	710
	65
	0.15
	1.5


Table8.14 Observation of Z5E25D70 at compression ratio 16 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3
	215
	65
	0.22
	0.3

	2
	0.5
	19.8
	1.98
	339
	54
	0.17
	0.4

	3
	1
	25.82
	1.4
	372
	50
	0.09
	0.5

	4
	1.5
	29.89
	0.94
	399
	47
	0.09
	0.5

	5
	2
	34.68
	0.69
	462
	42
	0.09
	0.7

	6
	2.5
	36.02
	0.64
	541
	45
	0.06
	1

	7
	3
	36.39
	0.68
	561
	65
	0.07
	1.1

	8
	3.5
	36.21
	0.78
	691
	60
	0.13
	1.3


Table8.15 Observation of Z5E25D7 at compression ratio 18

	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3.45
	205
	59
	0.2
	0.1

	2
	0.5
	19.8
	1.88
	319
	49
	0.15
	0.2

	3
	1
	25.82
	1.32
	352
	44
	0.07
	0.3

	4
	1.5
	29.89
	1.15
	389
	43
	0.07
	0.3

	5
	2
	34.68
	0.86
	452
	39
	0.07
	0.5

	6
	2.5
	36.02
	0.72
	521
	41
	0.04
	0.8

	7
	3
	36.79
	0.92
	551
	60
	0.05
	0.9

	8
	3.5
	36.51
	1.3
	651
	36
	0.1
	1.1


Table8.16 Observation of Z5E30D65 at compression ratio 14 

	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	2.92
	74
	153
	0.27
	0.6

	2
	0.5
	17.3
	1.97
	257
	81
	0.24
	0.6

	3
	1
	22.32
	0.98
	291
	75
	0.12
	0.7

	4
	1.5
	25.59
	0.86
	351
	69
	0.12
	0.6

	5
	2
	33.28
	0.62
	374
	60
	0.12
	0.7

	6
	2.5
	34.32
	0.68
	404
	60
	0.06
	1.1

	7
	3
	34.79
	0.81
	492
	55
	0.09
	1.3

	8
	3.5
	34.01
	0.93
	612
	45
	0.2
	1.4


Table8.17 Observation of Z5E30D65 at compression ratio 16 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3.2
	64
	123
	0.25
	0.3

	2
	0.5
	18.3
	2
	237
	71
	0.21
	0.3

	3
	1
	23.32
	1.52
	271
	69
	0.1
	0.4

	4
	1.5
	26.59
	0.92
	331
	64
	0.1
	0.4

	5
	2
	33.28
	0.84
	354
	55
	0.1
	0.5

	6
	2.5
	34.32
	0.77
	384
	54
	0.05
	0.8

	7
	3
	35.79
	0.69
	482
	50
	0.07
	0.9

	8
	3.5
	35.01
	0.89
	592
	50
	0.18
	1.1


Table8.18 Observation of Z5E30D65 at compression ratio 18 
	S/No
	BP (kW)
	BthEff%
	Sfc( kg/kW -h)
	Nox(ppm)
	HC(ppm)
	CO%
	Smoke opacity %

	1
	0
	0.9
	3.85
	54
	113
	0.23
	0.1

	2
	0.5
	18.8
	1.92
	207
	61
	0.19
	0.2

	3
	1
	23.82
	1.42
	251
	59
	0.08
	0.3

	4
	1.5
	26.89
	1.1
	301
	54
	0.08
	0.3

	5
	2
	33.68
	0.94
	334
	51
	0.08
	0.3

	6
	2.5
	34.82
	0.87
	374
	49
	0.04
	0.6

	7
	3
	35.79
	1
	462
	40
	0.06
	0.7

	8
	3.5
	35.01
	1.42
	572
	39
	0.14
	0.9


Break thermal efficiency Vs break power

Figure 8.1 shows the results of the thermal efficiencies of engine with the engine power when fuelled by different fuel blends and the pure diesel at CR-18. The test results show that there are some differences for the brake thermal efficiencies for different blends compared with those of diesel. When the engine ran at the different break power, from 0 to 2 kW for the different blend, the thermal efficiency were decreased. But higher load 2.5 kW to 3.5 kW, efficiency increased as we increase the percentage of ethanol into diesel up to 30% blending of ethanol into diesel. 

Similar trend was found at different compression ratio with substantial decrease in efficiency for lower compression ratio 16 and 14(Figure 8.2 and 8.3 respectively).   
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Figure 8.1 Break thermal efficiency Vs break power at CR-18
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Figure 8.2 Break thermal efficiency Vs break power at CR-16
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Figure 8.3 Break thermal efficiency Vs break power at CR-14

Specific Fuel Consumption Vs break power

Figure 8.4 shows the test results of the brake specific fuel consumptions (BSFCs) with the engine power outputs, when the engine fuelled by different fuel blends and diesel. From the results, it can be seen that the engine power could be maintained at the same level when fuelled by different fuel blends with some extent increases of fuel consumption; the more ethanol was added in, the more fuel consumption was found, compared with those fuelled by pure diesel.  These increases of fuel consumption are due to the lower heating value of ethanol than that of pure diesel. The results show the trend of the increase of fuel consumption with the increase percentage of ethanol in the blends. 

Similar results and trend can be seen when the engine ran at lower compression ratio 14 and 16 on different engine loads with some increase in fuel consumption (Figure 8.5 and 8.6). The trend of these fuel consumption results coincides with the previous work reported by Agarwal (2006).
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Figure 8.4 Specific Fuel Consumption Vs break power at CR-18
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Figure 8.5 Specific Fuel Consumption Vs break power at CR-16
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Figure 8.6 Specific Fuel Consumption Vs break power at CR-14
 The P-θ curve

The P-θ curve shows the instantaneous pressure at a given crank angle. It is useful in determining the peak cylinder pressure, the rate of pressure rise, ignition delay and also to determine the IMEP. The curves are drawn for a given load and that of different fuels are represented together for the purpose of the comparison. The curves for the different blends of ethanol with diesel are drawn. Peak pressure are shown in the figures 8.7, 8.8 and 8.9.peak pressures   is maximum with blending 15 percent.

Power at 2 kW
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Figure 8.7 P-θ at CR-18
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Figure 8.8 P-θ CR-16
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Figure 8.9 P-θ at CR-14

Emission Figures
The nitrogen oxides (NOx) emissions from the engine

The test results for the NOx emissions from the engine are shown in Figure 8.10(a) and figure 8.10(b). When the engine ran at CR 18 and above half of the engine load (2 kW); the NOx emissions from the engine were higher than those of diesel when fuelled by Z5E10D85, when the engine loads were less than 2 kW , the NOx emissions were reduced. The NOx emissions from the engine were all lower than those of diesel when fuelled by the other blends. When fuelled by Z5E25D70, the NOx emissions from the engine were not stable, at different engine loads, the increases and decreases.
    Similar trend were found at lower compression ratios (14 and 16) with slight increase in the Nox (Figure 8.11(a), 8.11(b), 8.12(a) and 8.12(b)). 
The formation rate of NOx is primarily a function of combustion (flame) temperature, the residence time of nitrogen at that temperature, and the contents of oxygen in the reaction regions in the combustion chamber. At high combustion (flame) temperatures, nitrogen (N2) and oxygen (O2) in the combustion chamber disassociate into their atomic states and participate in a series of reactions.  The three principal reactions producing thermal NOx are described in Zeldovich Mechanism:

N2 + O _ NO + N

N + O2 _ NO + O

N + OH _ NO + H

Nox emission is reduce mainly by two reason first when the evaporation of ethanol in the blends, after being injected into the combustion chamber, caused the lower gas temperature in the cylinder (ethanol has higher latent heat of vaporization 840 kJ/kg, compared with that of 270 kJ/kg for diesel), and the temperature in the cylinder was also lower after combusted; this caused less NOx formation and it had an obvious effect when less fuel was injected into the engine cylinder at the low engine loads; another is that the lower calorific value of ethanol, n-butanol and its blends, which caused lower combustion temperature.
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Figure 8.10 a NOx Vs break power at CR-18
[image: image62.png]NOXx (ppm)

800

600

400

200

CR-18

0.5

15

BPKw

3.5

—4—Z5E30D65
—@—Z5E25D70
—&—Z5E20D75
——75E15D80
~—=Z5E10D85
—o—diesel





Figure 8.10 b NOx Vs break power at CR-18
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Figure 8.11 (a) NOx Vs break power at CR-16
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Figure 8.11 (b) NOx Vs break power at CR-16
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Figure 8.12 a NOx Vs break power at CR-14
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Figure 8.12 (b) NOx Vs break power at CR-14

The unburned hydrocarbon (HC) emissions from the engine

The test results for the unburned HC from the engine are shown in Figures 8.13(a), and 8.13(b), The results showed that the HC emissions from the engine for the blend fuels were all higher when the engine ran on the 14 and 16 compression ratios, as shown in Figure 8.14(a), 8.14(b), 8.15(a), and 8.15(b) respectively; and the HC emissions became less as the loads increased. A similar trend can be seen for the engine ran on 18 compression ratio, except at the point of top power output, as shown in Figure 8.15(a) and 8.15(b). At this point, the HC emissions for all blends were lower than that fuelled by diesel; this is due to the high temperature in the engine cylinder to make the fuel be easier to react with oxygen when the engine ran on the top load and high speed. 
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Figure 8.13(a) unburned hydrocarbon (HC) emissions Vs break power at CR-18
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Figure 8.13(b) unburned hydrocarbon (HC) emissions Vs break power at CR-18
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Figure 8.14 (a) unburned hydrocarbon (HC) emissions Vs break power at CR-16
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Figure 8.14 (b) unburned hydrocarbon (HC) emissions Vs break power at CR-16
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Figure 8.15 (a) unburned hydrocarbon (HC) emissions Vs break power at CR-14
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Figure 8.15 (b) unburned hydrocarbon (HC) emissions Vs break power at CR-14
The carbon monoxide (CO) emissions from the engine

Figure 8.16 (a), 8.16 (b), 8.17(a), and 8.17 (b) shows the CO emissions from the engine at the compression ratio 14, 16 and 18 when fuelled by different fuels. When the engine ran at CR 18 and at lower loads, the CO emissions from the engine fuelled by the blends were higher than those fuelled by pure diesel. As the percentages of ethanol are increased more CO emissions happened (Figure 8.16). But at the engine higher loads which were above half of the engine load, the CO emissions became lower than that fuelled by diesel for all the blend fuels,at the highest engine loads tested.

[image: image73.png]% change in NOx w.r.t Diesel

CR-18

0.5

15 2

BP kw

25

35

W Z5E10D85
W Z5E15D80
™ Z5E20D75
W Z5E25D70
W Z5E30D65





Figure 8.16 (a) carbon monoxide (CO) emissions Vs break power at CR-18
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Figure 8.16 (b) carbon monoxide (CO) emissions Vs break power at CR-18
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Figure 8.17 (a) carbon monoxide (CO) emissions Vs break power at CR-16
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Figure 8.17 (b) carbon monoxide (CO) emissions Vs break power at CR-16
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Figure 8.18 (a) carbon monoxide (CO) emissions Vs break power at CR-14
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Figure 8.18 (b) carbon monoxide (CO) emissions Vs break power at CR-14

Smoke Opacity Vs Break Power

Figure shows the test results of smoke emissions from the engine when fuelled by different fuels. The results show that the smokes from the engine were all lowered down using blends at the 18 compression ratio (Figure 8.19 (a) and 8.19 (b)). A similar trend can be found on compression ratio 14 and 16 but increases in the smoke opacity shown in the Figure 8.20(a), 8.20(b), 8.21(a) and 8.21(b). 
[image: image79.png]% change in Smoke Opacity w.r.t Diesel

CR-18

W Z5E10D85
W Z5E15D80
W Z5E20D75
W Z5E25D70
W Z5E30D65





Figure 8.19 (a) smoke Opacity Vs Break Power at CR-18
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Figure 8.19 (b) smoke Opacity Vs Break Power at CR-18
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Figure 8.20 (a) Smoke Opacity Vs Break Power at CR-16
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Figure 8.20 (b) Smoke Opacity Vs Break Power at CR-16
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Figure 8.21 (a) Smoke Opacity Vs Break Power at CR-14
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Figure 8.21 (b) Smoke Opacity Vs Break Power at CR-14

CHAPTER 9                                            CONCLUSION AND RECUMANDATIOM
9.1 CONCLUSION

An experimental investigation was conducted on the solubility and physical properties of the blends of ethanol with diesel and the effects of the application of these blends on the engine performance parameters and emissions. The tested blends were from 10% to 30% of ethanol by volume; and also with 5% of the additive of normal butanol. The engine was operated with each blend at different loads on variable compression ratio diesel engine. From the test results, the following conclusions can be drawn:
1) Ethanol cannot be blended with diesel without the assistance of additive such as normal butanol. With the blends tested, the blends of 10%, 20%, 25% and 30% ethanol (by volume) with diesel were all separated into two layers; when 5% butanol were added into the above blends, they were all lasted longer and no less than 11 days without the phase separation problem. Further investigations are recommended to find out the optimized percentage of the additive to the blends to solve the problem of the stability. For example, 8% or 10% solvent addition may be used for further tests.

2) The study showed that the n-butanol is a good additive for mixing diesel with ethanol, although the price of n-butanol was higher than that of diesel when the tests were carrying on. From long term point of view, fossil fuels including diesel will be less and less due to the limited sources; more and more biofuels will be used gradually as the alternatives to replace the fossil fuels. It might not be economical to use n-butanol today but it would be in the future.

3) The fuel consumptions of the engine fuelled by the blends were higher compared with those fuelled by pure diesel. The more ethanol was added in, the higher fuel consumptions were. The differences were from 5.2% to 31.5% for different blends at different loads and speeds.

4) _ The thermal efficiencies of the engine fuelled by the blends were comparable with those fuelled by pure diesel, with some extent increases or decreases at different loads and speeds.

5)  The carbon monoxide (CO) emissions from the engine fuelled by the blends were divided into two parts: when the engine ran above half loads, the CO emissions from the engine fuelled by the blends were lower than those fuelled by diesel; when the engine ran under half loads, the CO emissions of blends were higher than those of diesel.

6) The unburned Hydrocarbon (HC) emissions from the engine fuelled by the blends were all higher when the engine ran at the speed of 1500 r/min; but the HC emissions became less as the loads increased. Similar results can be seen for 2000 r/min, except for the point of top power output, which shows lower HC emissions from the blends.

7) The nitrogen oxides (NOx) emissions from the engine were reduced at the low speed of the engine fuelled by the blends; the NOx emissions were decreased for the blends of Z5E20D75, Z5E25D70 and Z5E30D65 at 1500 r/min. But at the high speed of 2000 r/min, the NOx emissions were increased or decreased some extent; there was not a stable trend for the NOx emissions.

8) The smoke emissions from the engine fuelled by the blends were all lower than that fuelled by diesel; the reductions are from 16.7% to 87.5%.

9.2 SCOPE FOR FUTURE WORK

Over-Sized Fuel Injectors - The volumetric heating value of ethanol is less than diesel, and so, injectors must deliver more of an ethanol-in-diesel solution to achieve the same power (as compared to the volume of neat diesel that must be delivered). For some engines, the injectors may have excess capacity that can be utilized; however, if this excess fuel delivery capacity is not provided a reduction in engine power will typically result. Ideally, new engines should be designed with excess fuel delivery capacity based on the anticipation of cleaner-burning lower-heating-value fuels such as ethanol-in-diesel solutions.
Cetane Number Correction - For typical application rates, ethanol will reduce the cetane number of diesel -7 points for every 10% ethanol in diesel. If this reduction in cetane number results in a fuel cetane < 40, the fuel is no longer within specifications and the engine may not be able to properly change injection timing to compensate for the increased ignition delay time. As a result, more fuel can accumulate prior to ignition leading to a high-temperature premix combustion that produces excess NOx emissions. The best way to correct this problem is to add cetane improver fuel to the extent necessary to bring the fuel within specifications.

Vapor Lock and Cavitation - The vapor pressure of an ethanol-in-diesel fuel is considerably greater than that of neat diesel. In addition, the viscosity is lower—the lower viscosity results in a lower static pressure in the fuel delivery system. As a result of these combined traits, ethanol-in-diesel has a significantly greater tendency to evaporate and form erratic locations of vapor lock in the fuel delivery system. This vapor lock will happen at the locations of lowest static pressure, such as the fuel intake of the injector, resulting in too little fuel being delivered to the injector and subsequent cavitation inside the injector. Both the vapor lock and cavitation can be detrimental to fuel performance. To prevent the vapor lock and subsequent cavitation, the static pressure of the fuel delivery system must be increased. This can be achieved by either (1) reducing the size of the restrictive orifice on the diesel fuel return line or (2) introducing a backpressure regulator to the diesel fuel return line. 
 Liquid Phase Stability -Based on the phase behaviour  of ethanol in diesel, diesel grades (volatility and aromaticity) and ethanol contents can be selected that lead to homogeneous fuel solutions; however, this homogeneous phase behaviour can and will change when the fuel contacts water. When ethanol-hydrocarbon solutions are initially introduced into a system accustomed to handling gasoline or diesel, the presence of water can cause problems. However, once the free water is removed from these systems, the ethanol-hydrocarbon fuels have increased solubility for water and can continuously dissolve small amounts of water, carrying the water through the engine without difficulty. And so, while water can cause problems with ethanol-hydrocarbon fuels, the continuous use of these solutions in a system tends to minimize the likelihood that sufficient water will accumulate to cause problems.
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