
CHAPTER 1


INTRODUCTION
 

1.1 Overview 


Demand and usage of energy is increasing throughout the world every day. Pollution level increased. Current energy sources are depleting.  For Malaysia, the economy had grown rapidly and lead to exponential grew of private vehicle population. The increase of numbers of vehicle increased the usage of fossil fuels as the main energy source for private vehicle. Air pollution has also increased due to burning of fuels. Data from statistic in 2002, from all the total energy consumed the transportation sector of Malaysia used about 40% of the total energy (Saidur et al., 2007). It means that almost half of overall energy consumed was for transportation only.  Valero et al. (2010) indicate that there might not be enough available resources to satisfy the predicted future mineral demand. Throughout the 20th century, oil, natural gas and coal have been the most extracted fuels worldwide. By then, 82% of the mineral's exergy reserves available in the year 1900 will be depleted. The reserves of oil, natural gas and copper together will be almost completely exhausted (more than 99%). Because of the high pollution level, the regulation of environmental laws has become strict. The lack or decrease of resources had increase the price of oil. Because of all this reasons other energy sources for internal combustion engine other than oil need to be developed. Although for these day alternative fuels are not currently widely used in an engine, it will be unavoidable in the future (Pourkhesalian et al., 2009). To switch to new energy source, such as hydrogen for example, the first thing to do is to estimate the amount of energy contained in the source. However, the total amount of energy value alone is not enough. From the total of energy amount, need to know the work potential of the source or the amount of energy that can be extracted as useful work. The remaining of energy will only be discarded as waste energy or losses. So, we need to have a property to determine the useful work potential of a given amount of energy at some specified state. This property is exergy, which is also called the availability or available energy which is the maximum work potential of energy (Cengel et al., 2007). To design and analyze of energy system, exergy is an effective way using the second law of thermodynamics (Dincer et al., 2004). For spark ignition engine, natural gas, propane, ethanol, methanol and hydrogen are the most common fuels used (Verhelst et al., 2009). 


1.2 Background of study 


	The shortcoming and drawback of conventional fuels, has lead to the development of alternative fuels. The reserves of petroleum were estimated to be 2.2 trillion barrels. More than one-third or more than 800 billion barrels have been used for the last 150 years. About 1.4 trillion barrels remains. The present consumption is about 90 million barrels per day in the world meaning that petroleum is only available for the next 40 years. (Naim et al., 1998). So, we need to find alternative. Switching to alternative fuels might give us different results in aspect of performance and efficiency of the engine. Thermodynamic analysis will be used to model the outcome of burning alternative fuels for an engine. Exergy will be modeled using the second law of thermodynamics (Cengel et al., 2007). Heat transfer, cylinder and dead state temperature will be modeled for entropy generation (Ribiero et al., 2007). It will be used in the modeling of thermodynamic irreversibility. Second law efficiencies for gasoline and alternative fuels will be derived from this analysis and explanations will be presented in this report.


1.3 Objectives of the study 


	Challenges in switching to alternative fuels is mainly because of very high costs for modification, developing infrastructure, maintenance, and a lot of excessive additional cost as mentioned by Agarwal (2006). This dissertation will analyze, predict and provide a comparison between gasoline and 5 other common alternative fuels in terms of performance and exergy aspect to see whether switching to alternative fuels is worth the cost.
	Objectives of the study include:
1. To compare the Mean Effective Pressure of an engine between gasoline and alternatives as fuels. 
2. To compare the Horsepower of an engine between gasoline and alternative fuels
3. To compare the Torque of an engine between gasoline and alternative fuels
4. To compare the Exergy by heat transfer of an engine between gasoline and alternative fuels
5. To compare the Exergy transfer by work of an engine between gasoline and alternative fuels
6. To compare the Irreversibility of an engine between gasoline and alternative fuels
7. To compare the 1st and 2nd Law Efficiency of an engine between gasoline and alternative fuels
From the outcome of this analysis, performance can be predicted and modeled and it will be possible to troubleshoot potential problems of the engine when using alternative fuels. 

 
1.4 Scope and limitation of the study
	The scope of this study is to apply the second law of thermodynamics to modeling the different exergy functions for alternative fuels for 2L spark ignition internal combustion engines. Concentrating only for spark ignition engine, the possible alternative fuels to replace conventional gasoline are hydrogen, natural gas, propane, ethanol and methanol. Properties will be collected from books and journals to model and compare MEP, power, torque, heat exergy, mechanical exergy, Irriversibility and 1st and 2nd law efficiency. 


1.5 Organization of dissertation 



This dissertation consists of five (5) chapters and organized as follows:

Chapter 1 is a brief introduction or overview of the research topic, discussing about issues on fossil fuels and energy crisis. It continues about the significant of this studies and the importance of switching to alternative fuels. Objectives, scope and limitations were listed after that.

Chapter 2 provides a literature review for the study. Views of others on energy crisis and the importance of alternative fuels were shared. Recent studies on performances of individual fuels were reviewed and some of the important properties were taken and tabled. Studies on Exergy or Availability are also reviewed in this chapter.

Chapter 3 explains the methodology for this project. In this chapter an explanation for methods that are applied to calculate MEP, power, torque, heat exergy, mechanical exergy, Irriversibility and 1st and 2nd law efficiency has been provided.

Chapter 4 presented all the results that have been obtained from the input data and calculations on tables and graphs followed by detailed discussion reasoning, commented upon and comparing with literature reviews.

Chapter 5 concludes the study and recommends some further works that can be taken.






















CHAPTER 2


LITERATURE REVIEW

2.1 Introductions
	The increased awareness that oil is depleting has caused many countries to look for alternative fuels. Massive extraction and high consumption of fossil fuels have reduced oil resources. Soon, the world will no longer have any petroleum left if it is going to continue like this. Alternative fuels can lead to development of sustainable energy source. Some of ways to reduce the usage of oil is to mix it with other alternative fuels. This way the energy can be conserved and oil will last longer. Other important criteria are the environment. Burning petroleum has caused the earth to suffer high level of pollution. Harmful gaseous such as CO, SOx and NOx comes from combustion of hydrocarbon fuels. Using alternative fuel like hydrogen can ultimately solve this problem as product from hydrogen combustion is only water vapor. To predict performance of alternative fuels exergy analysis will be made to measure the maximum work potential of the energy from each fuel.

2.2 Gasoline
	Fossil fuels are fuels that are made from fossils. The three most important fossil fuels are coal, oil, and natural gas. They contain hydrocarbons, or things that have only hydrogen and carbon in their chemical compositions. Known as gasoline in the US or petrol in UK is a fuel derived from petroleum and mainly used in spark ignition engine. From partial distillation of crude oil or petroleum, gasoline is a hydrocarbon with chemical formula of octane C8H18. Additives in small quantities are commonly added to increase the octane rating or RON or to reduce the emission (Pulkrabek, 2004).  In Malaysia like other Commonwealth countries use the term petrol. Unlike LPG or liquefied petroleum gas which is in gaseous form but stored under pressure in liquid, gasoline is in liquid form which make the storage and handling of gasoline easier and cheaper. (Pourkhesalian et al, 2009).

Gasoline is made up almost entirely of carbon and hydrogen with some traces other species. It varies from 83% to 87% of carbon and 11% to 14% of hydrogen by weight. The fuel can be burn easily and creates large amount of heat energy. The carbon and hydrogen can combine in many ways to form many different molecular compounds (Pulkrabek, 2004). Previously, there are two types of gasoline which is leaded and unleaded. Leaded gasoline has higher octane rating than unleaded gasoline that will have higher thermal efficiency for a higher compression ratio. However, the leaded gasoline has been stopped because of great amount of harmful product from combustion that pollutes the environment (Cengel et al., 2007). Engines that use unleaded gasoline has fewer combustion chamber deposits and provide longer life for spark plugs, exhaust systems and carburetors but emits about the same amount of carbon monoxide and nitrogen oxide as leaded gasoline (Pulkrabek, 2004).

If the temperature of an air fuel mixture is raised high enough in the combustion chamber of on internal combustion engine (ICE), the mixture will self ignite without the need of a spark plug or other external igniter. The temperature which this occurs is called self –ignition temperature (Cengel et al., 2007). This is the basic of ignition in compression ignition engines. On the other hand, self ignition (pre-ignition or auto –ignition) is not desirable in spark ignition (SI) engines. When self ignition occurs in SI engines, higher than the desirable pressure pulses are generated. These high pressure pulses can cause damage to the engine. This phenomenon is called engine knock or ping (Pulkrabek, 2004).

	The fuel property which describes how well a fuel will or will not ignite is called octane number. The two standard reference fuels are used are isooctane which gives octane number of 100 and n-heptane which gives octane number 0. The higher the octane number of a fuel, the less likely it will self ignite. Engine with low compressions ratios can use fuels with lower octane numbers but high compression engines must use high octane fuel to avoid self ignition and knock. Two most common methods of rating gasoline and other automobile SI engines fuels are Motor Octane Number (MON) and Research Octane Number (RON). Mean while anti knocking index (AKI) is often referred as octane number of the fuel. AKI is actually the average of MON and RON (Pulkrabek, 2004)



Table 2.1: The gasoline and other fuel properties (Pourkhesalian et al., 2009)

	
	
	
	
	
	
	
	

	Fuel type
	RON
	Formula
	Molecular weight
	Density
	Heat of vaporization
	Lower heating value
	Stoichiometric air /fuel ratio

	
	
	
	
	(kg/m3)
	(kJ/kg)
	(Mj/kg)
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Gasoline
	95.8
	C8H16
	106
	750
	305
	44.0
	14.60

	
	
	
	
	
	
	
	

	Methane
	120
	CH4
	16
	720
	-
	50.0
	17.23

	
	
	
	
	
	
	
	

	Methanol
	106
	CH4O
	32
	792
	1103
	20.0
	6.47

	
	
	
	
	
	
	
	

	Ethanol
	107
	C2H6O
	46
	785
	840
	26.9
	9.00

	
	
	
	
	
	
	
	

	Propane
	112
	C3H8
	44
	545
	426
	46.4
	15.67

	
	
	
	
	
	
	
	

	Hydrogen
	106
	H2
	2
	90
	-
	120.0
	34.30

	
	
	
	
	
	
	
	





2.3 Alcohol
	     Alcohol is an alternative fuel because it can be obtained from number of resources both natural and manufactured. Ethanol (ethyl alcohol) and methanol (methyl alcohol) are two kinds of alcohol that have been widely developed as an alternative fuel for internal combustion engines (Pulkrabek, 2004). Henry Ford designed the model T engine with the expectations that ethanol will be used as a fuel. However, from oil field discoveries, gasoline emerged as a dominant transportation fuel in early 20th century. Gasoline has been easy to operate with the available technology and materials for engine construction on those days. Discoveries of many huge oil well make gasoline cheaper in price (Agarwal, 2006).
      	Generally the chemical formula for alcohol fuel is CnH2n+1OH. Energy density for alcohol fuel will be higher if n is larger. Methanol and ethanol are most suitable for fuel because they can easily be produced biologically from sources like corn and sugarcane and can be used in available engines. Alcohol fuels have a high octane rating, compared to gasoline with both ethanol and methanol at 109 RON and Anti Knock Index (AKI) at 99. Ordinary gasoline is usually 95 RON and equal to 90 AKI (Szwaja et al., 2009).


      	As fuel additive, Ethanol has already been used widely to increase the octane rating of gasoline fuel. Also,   the usage of ethanol as fuel alone is increasing (Ajay et al., 2006).  Ethanol fuels emission is less toxic than methanol fuel. Currently, ethanol fuel is used as the main automotive fuel in Brazil, and used as additive in a lot of other countries like India, USA and Canada. In addition, Brazil has the most developed technology for alcohol fuel and widely used in internal combustion engines (Agarwal, 2006).
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Figure 2.1 World ethanol fuel productions (Agarwal, 2006)	
2.4 Hydrogen
	The production of hydrogen is an appropriate environmental solution. Hydrogen is the most abundant element in the universe. It cannot be destroyed unlike hydrocarbons, and it simply changes state from water to hydrogen and back to water during consumption (Magdalena et al., 2004). Hydrogen for internal combustion engine offers high octane number and heating value and no CO, CO2, or HC emissions. Storage and cost is the only problem with hydrogen but when it is mass produced, hopefully this problem can be solved. Some companies like Ford, BMW and Mazda has already developed some ranged of hydrogen fuelled vehicles (hydrogencarsnow.com, 2010).

	Hydrogen, being highly reactive, offers wide range of advantages in performance. The major advantage of hydrogen is the high heating value of the fuel (see Table 2.1). Other advantage is hydrogen has wide flammability limits which allow the fuel to burn with different equivalence ratios that makes the engine easier to operate (Soberanis and Fernandez, 2009).


The high energy density of the fuel, around 120 MJ/kg is much larger value compared to gasoline with heating value around 44 MJ/kg (Sørensen, 2005). The high heating value will lead to higher heat energy from combustion and higher work output. Hydrogen can be easily burned with minimum ignition energy needed. Engines run with hydrogen will also have higher power output compared to gasoline. From the experiment conducted by Ganesh et al. (2008), it was observed that hydrogen has higher volumetric efficiency, higher power output and higher thermal efficiency compared to gasoline. Hydrogen has thermal efficiency of about 27% at different speed compared to 25% thermal efficiency for gasoline at different speeed (Ganesh et al., 2008). Saravanan (2008) observed that with the mixture of hydrogen and diesel, the thermal efficiency can be increased to 27.5%. Martı´nez et al. (2008), state that the compression ignition engine that used hydrogen as fuel will have a homogeneous mixture and burns better. Masood et al. 2007, made experimental and computational work on a hydrogen and diesel fuel engine.  The experiments manipulated variable is the mixture of fuel varied from 10% to 80% presence of hydrogen by volume. The result is the increase of hydrogen percentage will increase the pressure at high compression ratios.   


A stoichiometric condition is a perfect combustion with all carbon converted to carbon dioxide and all hydrogen is converted to water after combustion. Hydrogen has major flame velocity at stoichiometric conditions that makes hydrogen fuel combustion a thermodynamically ideal. Hydrogen can be injected during the compression stroke and this can increase the compression ratio, thermal efficiency, power output and prevent knocking (Mohammadi, 2007). Knocking or engine knock (Topinka, 2004), is defined as autoignition of the engine during the compression stroke before the engine reached top dead center and before ignition from spark plug. Because of opposite reaction of forces, knocking will cause noise, decrease the power output and damage the engine. Hydrogen has much higher autoignition temperature than gasoline which means that hydrogen can be compressed more in an engine without causing engine knock. Because of the higher autoignition temperature of hydrogen, the octane rating or RON of hydrogen is higher which is RON 120 (Tang, 2002) compared to gasoline which RON varied from 91 to 99 (Heywood, 1988)


Table 2.2: Ignition temperature and compression ratio used for various fuels

	
	
	
	
	

	
	
	Ignition Temperature
	Compression ratio
	

	Fuel
	Formula
	(°C)
	CR
	Reference

	
	
	
	
	

	
	
	
	
	

	Octane
	C8H18
	300 - 450
	8.0
	Cengel et al. (2007)

	
	
	
	
	

	Hydrogen
	H2
	858
	14.5
	Verhelst (2009)

	
	
	
	
	

	Methane
	CH4
	813
	15.0
	Gupta (2006)

	
	
	
	
	

	Propane
	C3H8
	457
	10.0
	 Ozcan et al. (2008)

	
	
	
	
	

	Methanol
	CH4O
	574
	11.0
	 Li et al. (2010)

	
	
	
	
	

	Ethanol
	C2H6O
	537
	10.0
	 Park et al. (2010)






2.5 Propane (LPG)
	   The chemical formula for propane fuel is C3H8. Propane gas as fuel is at liquid state and known as LPG or liquefied petroleum gas. At normal conditions, propane exists in gaseous form. Propane is stored under pressure to around 300 pounds per square inch in a tank. Under this pressure, propane becomes a liquid and the energy density increased to 270 times greater than the gaseous form. However, propane has lower energy contains than gasoline. A gallon of propane has about 25% less energy compared to a gallon of gasoline (Pourkhesalian et al., 2009).

 	In liquid form propane turns into a colorless & odorless liquid. As pressure is released, the liquid propane vaporizes and turns into gas that is used for combustion. An odorant, ethyl mercaptan, is added for leak detection. In liquid state, propane is fast to refill & the tank to store liquid propane is affordable but the mileage of propane is less compared to gasoline (Johnson, 2003).

	After gasoline and diesel fuel, propane is the third most used vehicle fuel in United States. Propane is a single component fuel that allows for high optimization of engine and catalytic systems (Johnson, 2003). Propane is stored at normal temperatures as a liquid under pressure and is delivered through a high pressure line to the engine when the propane is vaporized. Propane is produced as a byproduct in natural gas production and petroleum refinery processing. This limits its availability as it is very unlikely these processes would be increased just to produce propane (Pulkrabek, 2004).
2.6 Methane (CNG)
	Natural gas, being in gaseous phase at normal conditions is ideal and poses very few problems in using them in internal combustion engines. Natural gas mix more homogeneously with air and eliminate the distribution and starting problems that are encountered with liquid fuels. Even though the gaseous fuels are the most ideal for internal combustion engines, storage and handling problems restrict their use in automobiles. Natural gas is commonly stored as compressed natural gas (CNG) or Natural Gas for Vehicles (NGV) in Malaysia.

	Natural gas offers some advantages in terms of performance if the engine is designed correctly and accordingly. Natural gas like hydrogen has relatively wide flammability limits and higher ignition temperature which makes higher compression ratio possible (King, 1992). This will lead to a lower tendency for engine knock. Natural gas engines can have higher compression ratio that will lead to higher power output for an engine with the same size (Borges, 1999). Natural gas (NG), which is primarily composed of methane, is one of the most appropriate alternative fuels to replace gasoline for the time being. Methane with high hydrogen over carbon or H/C ratio will have higher heating value and lower emission due to lower level of carbon in the fuel. Natural gas also has a very high research octane number RON at 120 (Cho and He, 2006). So, natural gas engines that used high compression ratio, lean burn mixture or high exhaust gas recirculation will have higher torque, higher power, improved thermal efficiency and reduce pollutant emission that is based on carbon compared to gasoline (Sobiesiak and Zhang, 2003).
Table 2.3: Stoichiometric air/fuel ratio (Pulkrabek, 2004)

	
	
	

	Fuel
	Formula
	(A/F)stoich

	
	
	

	
	
	

	Octane
	C8H18
	15

	
	
	

	Hydrogen
	H2
	34.5

	
	
	

	Methane
	CH4
	17

	
	
	

	Propane
	C3H8
	15.7

	
	
	

	Methanol
	CH4O
	6.5

	
	
	

	Ethanol
	C2H6O
	9



2.7 Exergy Analysis
	To model the performance of internal combustion engine using alternative fuels, the second law of thermodynamics has proven to be a very good method for the optimization of complex thermodynamic systems. First we need to be familiar with some of these terms. Exergy is the maximum useful work that could be obtained from the system at a given state in a specified environment conditions. Reversible work is the maximum useful work that can be obtained as a system undergoes a process between two specified states which is between the highest temperature of combustion and the dead state temperature of the sink. Irreversibility is the exergy destruction or lost work, which is the wasted work potential during a process as a result of irreversibilities (Cengel and Boles, 2007).

	Some study had been made applying the second law of thermodynamics to internal combustion engines to improve engine performance and efficiency and to minimize losses. A lot of work has been done also for alternative fueled engines. Bayraktar and Durgun (2005) have developed a simulation of engine to compare performance and emission of an engine working on LPG and gasoline fuel. Mustafi et al. (2006), in their work compared gasoline and natural gas (NG). Rakopoulos and Kyritsis (2001) shown that exergy of methane and methanol is lower than dodecane but the pollutant emissions decreased. Jerald (2000), state that the destruction of the fuel’s available energy or exergy due to the combustion process decreases when the engine operates at higher temperatures. Looking at energy loss after combustion the highest availability was found to exist for the unreacted fuel. This represents another potential to perform work that can be improved. When the chemical energy from breaking the molecular bonds in fuels is transformed into thermal energy, some portion of it that depends on the final temperature of the original availability is destroyed. The amount of the availability destruction increases for lower final temperatures. During the combustion process, the availability destroyed by combustion is about 18.9%, and the availability destroyed by the heat transfer is about 12.0% (Feng & Li, 2006). Soma & Dattab (2008) has recognized that, in almost all situations, the internal thermal energy at high temperature caused by heat release in combustion reactions is the major source of irreversibilities. Some way of reducing the exergy destruction in a combustion process within a reasonable limit is to reduce the irreversibility from heat transfer by conduction. Another way is to keep the high value of combustion temperature but lower temperature gradients. Parametric studies on combustion irreversibilities can be made to obtain the optimum operating condition.
CHAPTER 3

METHODOLOGY


3.1 Introduction
	Combustion process in an internal combustion engine will change the composition of working fluid from air and fuel to combustion products during the cycle. However, air is mainly nitrogen that undergoes hardly any chemical reactions in the combustion chamber. So, the working fluid can be considered air at all times. The actual gas power cycles are rather complex. To reduce the analysis to a manageable level, approximations need to be made according to air-standard assumptions. So, to construct a thermodynamic model for the working fluid inside an internal combustion engine, following assumptions need to be made:
· The system will be in a closed system.
· The working fluid is modeled as an ideal gas.
· All the heat losses during the cycle are caused by the engine cooling system and only convective heat transfer effects are considered.
· The compression and expansion processes are polytropic.
· Valve timing is assumed to be at the beginning/end of each respective stroke.
· Combustion is assumed to be stoichiometric.

Based on the second law of thermodynamics, the exergy balance of a closed system is given as follows (Cengel & Boles, 2007):
w tmchemhtgen…………………………………………………….(3.1)

Thermodynamic analyses for different fuel are going to be made based on air-standard Ideal Otto cycle (Pulkrabek, 2004) at 3000 RPM. The engine will be four-cylinder, 2-liter, spark ignition, square engine. Combustion efficiency can be made a constant variable for comparison and it is assumed as 100% for combustion of all fuels. It can be assumed that the initial conditions in the cylinder before compression stroke are 100 kPa and 30°C using the standard atmosphere and air pressure.   
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Figure 3.1 P-V and T-S diagram of an Ideal Otto Cycle



Process 1-2 – isentropic compression stroke:
…………………………………………………………………………(3.2)
…………………………………………………………………………...(3.3)
………………………………………………………………………(3.4)
Process 2-3 – constant-volume heat input (combustion):
…………………………………………………...(3.5)
……………………………………………………………………...………(3.6)
………………………………………………………………………….…….(3.7)
…………………………………………………………………...…………...(3.8)
Process 3-4 – Isentropic power stroke:
………………………………………………….……………………...(3.9)
………………………………………………………………..…………(3.10)
 ...........................................................................................................(3.11)

3.2 Mean Effective Pressure
Pressure in the cylinder of an engine is continuously changing during the cycle. An average or mean effective pressure (mep) is defined by (Pulkrabek, 2004)
……………………………………………………………..…………..(3.12)

3.3 Horsepower
Power is defined as the rate of work of the engine. If n = number of revolutions per cycle and N = engine speed, then (Pulkrabek, 2004)
...……………………………………………………………………..(3.13)
Power is commonly measured in horsepower (hp)
……………………………………………………………..……….(3.14)

3.4 Torque
Torque is a good indicator of an engine’s ability to do work. It is defined as force acting at a moment distance and has units of N-m. Torque τ is related to power by (Pulkrabek, 2004)
 ……………………………………………………………………………….(3.15)

3.5 Exergy by heat transfer
	Exergy by heat transfer is the work potential of the energy transferred from a heat source in a system taken from its initial temperature to temperature of the environment or dead state or heat sink. Heat is a form of disorganized energy with no specific direction, and thus only a portion of it can be converted to work, which is a form of organized energy (the second law). Work can always be produced from heat at a temperature above the environment temperature by using a heat engine to direct the energy at desired direction and rejects the waste heat to the environment. Therefore, heat transfer is always accompanied by exergy transfer. Heat transfer Q at a location at temperature T is always accompanied by exergy transfer Xheat in the amount of (Cengel & Boles, 2007)
Xheat =  ……………………………………………………………………(3.16)

3.6 Exergy transfer by work
	Work exergy is defined as the availability of the system to do actual work on the changing control volume against its surroundings. For an internal combustion reciprocating, boundary work is the work required to move the piston against the boundary conditions and change the cylinder volume. The compression and expansion processes are assumed to be polytropic and as a function of cylinder volume (Cengel & Boles, 2007). Finally the exergy due to work can be given by:
Xwork = ………………………………..(3.17)
Where
Wsurr = P0 (V2 – V1)…………………….. ……………………………………….…(3.18) 
P0 is atmospheric pressure
V1 is initial volume
V2 is final volume 

3.7 Irreversibility
	The property exergy serves as a valuable tool in determining the quality of energy and comparing the work potentials of different energy sources and in this case, fuel. The evaluation of exergy alone, however, is not sufficient for studying engineering devices operating between two fixed states. This is because when evaluating exergy, the final state is always assumed to be the dead state, which is hardly ever the case for actual engineering systems. The work done by work-producing devices is not always entirely in a usable form. Reversible work Wrev is defined as the maximum amount of useful work that can be produced as a system undergoes a process between the specified initial and final states (Cengel & Boles, 2007). 

	Any difference between the reversible work Wrev and the useful work Wu is due to the irreversibilities present during the process, and this difference is called irreversibility I. It is expressed as
I = Wrev,out – Wu,out ……………………………………………………………………(3.19)
Where
Wrev,out = Xheat (Exergy is the maximum potential to do work, so it is also consider as reversible)
Wu,out = (Net work output is useful work in this case)

	The irreversibility can be defined as the exergy destroyed and can be viewed as the wasted work potential or the lost opportunity to do work. It represents the energy that could have been converted to work but was not. The smaller the irreversibility associated with a process, the greater the work can be produced. The performance of a system can be improved by minimizing the irreversibility associated with it (Cengel & Boles, 2007).

	According to Dunbar and Lior (1994), a combustion reaction has four major sources of internal irreversibility. They are:
· During chemical diffusion process.
· Combustion of the fuel with air mixture or thermo chemical reaction.
· Internal energy exchange through molecular collisions and radiation heat transfer amongst product.
· Mixing process where reactants mix before combustion, and products mix with reactants during combustion.

3.8 First and 2nd Law Efficiency
First Law efficiency is a measure of the performance of a heat engine according to the fraction of the heat input that is converted to net work output. The 1st Law efficiency of an engine can be expressed as (Cengel & Boles, 2007)
…………………………………………………..………………………(3.20)

Or
Thermal efficiency of the Otto cycle at WOT can be determine by Pulkrabek (2004)
…………………………………………………………………...(3.21)
Second-law efficiency ηII is defined as the ratio of the actual thermal efficiency to the maximum possible (reversible) thermal efficiency under the same condition (Cengel & Boles, 2007). From irreversibility equation (3.19), the second-law efficiency can be expressed as the ratio of the useful work output and the maximum possible (reversible) work output:
……………………………………………………...………………………..(3.22)
Where
Wrev,out = Xheat (Exergy is the maximum potential to do work, so it is also consider as reversible)
Wu,out = (Net work output is useful work in this case)
So, we can write here as
……………………………………………...…………………………….(3.23)






CHAPTER 4

RESULTS AND DISCUSSION


4.1 Introduction
This chapter will present all the results that have been obtained from the input data and calculations on tables and graphs followed by detailed discussion reasoning, commented upon and comparing with literature reviews.

Table 4.1: Results obtained from calculation

	
	
	
	
	
	
	
	
	
	

	 
	W
	ηth
	mep
	
	τ
	Xheat
	Xwork
	I
	ηII

	Fuel
	(kJ)
	(%)
	(kPa)
	(hp)
	(N-m)
	(kJ)
	(kJ)
	(kJ)
	(%)

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	Gasoline
	1.02
	56.40
	2040
	136.76
	325
	1.69
	1.07
	0.67
	60.49

	
	
	
	
	
	
	
	
	
	

	Hydrogen
	1.37
	65.64
	2740
	183.70
	436
	1.97
	1.37
	0.60
	69.40

	
	
	
	
	
	
	
	
	
	

	Methanol
	1.04
	61.68
	2077
	139.30
	331
	1.57
	1.04
	0.53
	66.13

	
	
	
	
	
	
	
	
	
	

	Ethanol
	1.03
	60.19
	2060
	138.12
	328
	1.60
	1.03
	0.57
	64.53

	
	
	
	
	
	
	
	
	
	

	Propane
	1.07
	60.19
	2140
	143.50
	341
	1.66
	1.07
	0.59
	64.40

	
	
	
	
	
	
	
	
	
	

	Methane
	1.13
	66.15
	2262
	151.53
	360
	1.60
	1.13
	0.47
	70.65




4.2 Mean Effective Pressure

Figure 4.1 Comparison of mean effective pressure
Figure 4.1 shown that, mean effective pressure for all alternative fuelled engines are higher compared to gasoline engine. This result was due to higher work output associated with alternative fuelled engines. The higher work output of alternative fuelled engine was caused by higher heat energy input from combustion because of higher heating value of hydrogen fuel, 120 MJ/kg, methane, 50 MJ/kg, Propane, 46.4 MJ/kg compared to gasoline fuel, 44 MJ/kg (Pourkhesalian et al., 2009). However, for alcohol fuels like Methanol and Ethanol, both have lower heating value than gasoline which is 20 MJ/kg and 26.9 MJ/kg respectively but somehow still have higher mean effective pressure than gasoline. This might be because of the lower Stoichiometric air/fuel ratio associated with alcohol fuels that leads to burning more fuels and produce more work output. 

 
4.3 Horsepower

Figure 4.2 Comparisons of Horsepower
Figure 4.2 illustrate that alternative fuels has higher power output compared to gasoline. The results are relatively consistent with report from Sorensen, (2005) for hydrogen, Szwaja et al., (2009) for alcohols, Pourkhesalian et al., (2009) for LPG, and Borges, (1999) for CNG which also indicated that alternative fuels can have higher power output than gasoline. The high power output for alternative fuels is largely related to the torque output which will be discussed after this.



4.4 Torque

Figure 4.3 Comparison of torque
Higher horsepower also means that the torque will be higher or vice versa. Figure 4.3 shown that torque of alternative fuelled engines are higher compared to gasoline fuelled engine. Higher compression ratio and higher pressure due to combustion of hydrogen fuelled engine are the major factors for the higher torque of hydrogen engine (Verhelst, 2009). Yamin & Badral, (2002) states that engines run on LPG tend to produce 3-5% less power than gasoline. However, by offsetting the heat in the inlet manifold, volumetric efficiency of LPG will rise up to 8% and increased the engine power output. Rovai et al. (2005), states that ethanol has higher volumetric efficiency and torque because of ethanol evaporation decreases the air intake temperature. 


4.5 Exergy by heat transfer

Figure 4.4 Comparison of Exergy by heat transfer
Figure 4.4 shown that greater heat exergy for hydrogen engine compared to gasoline engine was due to higher combustion temperature associated with the hydrogen fuelled engine (Cengel, 2007). However, the high available thermal energy or thermal exergy of hydrogen fuelled internal combustion engine needs higher cooling load which decreases the power of hydrogen fuelled internal combustion engine (Shudo et al., 2002). The results obtained were consistent with studies by Nieminen et al. (2010) which illustrate the variation of exergy due to heat transfer as a function of crank angle. Lower combustion temperature for other alternative fuels like alcohol, LPG and CNG leads to lower heat exergy compared to gasoline engine.


4.6 Exergy transfer by work

Figure 4.5 Mechanical Exergy
Figure 4.5 shown that all alternative fuels have higher ‘Exergy Due to Work’ than gasoline fuelled engine due to higher temperature and pressure from combustion of fuel (Cengel, 2007). However, Nieminen et al. (2010) in his studies stated that hydrogen has lower work exergy due to higher compression stroke associated with hydrogen fuelled engine and this also applied to CNG because of the higher compression ratio. The transfer of exergy via compression work is the reason for the negative value of exergy. However, higher compression stroke will also leads to higher pressure and ligher power stroke afterwards which leads to higher mechanical exergy. 



4.7 Irreversibility

Figure 4.6 Comparison of Irreversibility
An irreversibility analysis is done for all fuels combustion reactions using the approach from eq. 18. It was found in figure 4.6 that the combustion of alternative fuels is less irreversible than the combustion of gasoline. The results are consistent with results reported by Nieminen et al. (2010) for hydrogen fuel. Less irreversibility means fewer losses will occur during the operation of an engine.






4.8 1st and 2nd law efficiency

Figure 4.7 Comparison of 1st law and 2nd law efficiency
Figure 4.7 shown that all 1st law and second law efficiency for alternative fuelled engines is higher than gasoline engine. The results is consistent with Nieminen et al. (2010) who also found that the hydrogen fuelled engine had a greater proportion of its chemical exergy converted into work. The higher first law efficiency of hydrogen (Verhelst, 2009), CNG (Gupta, 2006), LPG (Ozcan et al., 2008), Methanol (Li et al., 2010) and Ethanol (Park et al., 2010) engine was due to higher compression ratio  and the higher second law efficiency associated with alternative fueled engine is due to significantly lower irreversibilities of hydrogen engine.


4.9 Comparison of result with other researcher’s achievement
	Experiments were carried out by Pourkhesalian et al., 2010 on a four cylinder Mazda B2000i engine. The engine is four-stroke, four-cylinder, spark ignition and naturally aspirated. Bore and stroke are both 86 mm, connecting rod length is 153 mm and compression ratio is 8.6. It has three valves per cylinder. 
Table 4.2: Comparison of results with other researcher’s 

	 
	Pourkhesalian et al., 2010
	Faizal, 2010

	Fuel
	(hp)
	(hp)

	 
	 
	 

	
	
	

	Gasoline
	56
	136.76

	
	
	

	Hydrogen
	50
	183.7

	
	
	

	Methanol
	58
	139.3

	
	
	

	Ethanol
	59
	138.12

	
	
	

	Propane
	64
	143.5

	
	
	

	Methane
	50
	151.53



Table 4.2 shown that all alternative fuels except hydrogen and CNG have higher horsepower than gasoline from experimental result of Pourkhesalian et al., (2010). The results are different from Sorensen, (2005) for hydrogen and Borges, (1999) for CNG indicating higher power output than gasoline. This might be because Pourkhesalian et al., 2010 in his experiments maintained the compression ratio at 8.6 for all fuels. Hydrogen and CNG can have higher compression ratio and if the compression ratio is increased, the power output will increase significantly.
CHAPTER 5

CONCLUSION AND RECOMMENDATION


5.1 Conclusions
	The study is focused on performance aspects of Internal Combustion Engines associated with alternative fuels. From the outcome of this analysis, it should be possible to troubleshoot potential problems and predict performance characteristics including MEP, power, torque, heat exergy, mechanical exergy, Irreversibility, 1st law and 2nd law efficiency of the engine when using alternative fuels.
	
	MEP for all alternative fuelled engines which is 2740 kPa for hydrogen, CNG, 2077 kPa, LPG, 2060 kPa, Methanol, 2140 kPa and Ethanol 2262 kPa is higher compared to gasoline, 2040 kPa. The power output of alternative fuels like hydrogen, 183.7 hp, Methanol, 139.3 hp, Ethanol, 138.12 hp, LPG, 143.5 hp and CNG, 151.53 hp exceeds the power output of gasoline, 136.76 hp. Torque for alternative fuels are also higher, with hydrogen 436 N-m, Methanol, 331 N-m, Ethanol, 328 N-m, LPG, 341 N-m and CNG, 360 N-m compared to gasoline, 325 N-m. For heat exergy, only hydrogen, 1.97 kJ exceeds gasoline, 1.69 kJ while Methanol, 1.57 kJ, Ethanol, 1.6 kJ, LPG, 1.66 kJ and CNG 1.6 kJ have lower heat exergy than gasoline.  For mechanical exergy, hydrogen, 1.37 kJ, Methanol 1.09 kJ, Ethanol, 1.09 kJ, LPG, 1.12 kJ and CNG, 1.18 kJ are higher than gasoline, 1.07 kJ.  The Irreversibilities or losses for alternative fueled hydrogen, 0.6 kJ, Methanol 0.53 kJ, Ethanol, 0.57 kJ, LPG, 0.59 kJ and CNG, 0.47 kJ are lower than gasoline, 0.67 kJ.  The 1st law efficiency of hydrogen, 65.64%, methanol, 61.68%, ethanol, 60.19%, LPG, 60.19%, CNG, 66.15% and the 2nd law efficiency of hydrogen, 69.40%, methanol, 66.13%, ethanol, 64.53%, LPG, 64.40% and CNG, 70.65% are higher compared to gasoline, 56.40% and 60.49% respectively.

5.2 Recommendations for future work
	This study only analyze on performance aspect of using alternative fuels for internal combustion engines. It is recommended that future researches will focus on emission and economical aspects of alternative fuels.
	
	This study is a theoretical prediction of the performance analysis of alternative fuels using thermodynamics model. The actual data might be different from theoretical data and it is recommended to actually test it out when the equipments, technical and financial supports are ready and available.  
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APPENDIX A


SAMPLE OF CALCULATIONS
Gasoline
2L, 4cyl, Otto, 3000RPM, square, k=1.4, Cv=0.718kJ/kg-K, P1=100kPa, T1=303K, ηc=100%, rc=8, AF=15, QHV=44000kJ/kg
For 1 cylinder



State 1





State 2



State 3





State 4



Analysis













1st law and 2nd law efficiency 
















Hydrogen
2L, 4cyl, Otto, 3000RPM, square, k=1.4, Cv=0.718kJ/kg-K, P1=100kPa, T1=303K, ηc=100%, rc=14.5, AF=34.5, QHV=120000kJ/kg
For 1 cylinder



State 1




State 2



State 3





State 4




Analysis










1st law and 2nd law efficiency 





Methanol
2L, 4cyl, Otto, 3000RPM, square, k=1.4, Cv=0.718kJ/kg-K, P1=100kPa, T1=303K, ηc=100%, rc=11, AF=6.5, QHV=20000kJ/kg
For 1 cylinder



State 1




State 2



State 3





State 4





Analysis










1st law and 2nd law efficiency 


Ethanol
2L, 4cyl, Otto, 3000RPM, square, k=1.4, Cv=0.718kJ/kg-K, P1=100kPa, T1=303K, ηc=100%, rc=10, AF=9, QHV=26900kJ/kg
For 1 cylinder



State 1




State 2



State 3





State 4




Analysis










1st law and 2nd law efficiency 





Propane
2L, 4cyl, Otto, 3000RPM, square, k=1.4, Cv=0.718kJ/kg-K, P1=100kPa, T1=303K, ηc=100%, rc=10, AF=15.7, QHV=46400kJ/kg
For 1 cylinder



State 1




State 2



State 3





State 4




Analysis










1st law and 2nd law efficiency 


Methane
2L, 4cyl, Otto, 3000RPM, square, k=1.4, Cv=0.718kJ/kg-K, P1=100kPa, T1=303K, ηc=100%, rc=15, AF=17, QHV=50000kJ/kg
For 1 cylinder



State 1




State 2



State 3





State 4




Analysis










1st law and 2nd law efficiency 




Results from calculation in table
	fuel
	CR
	AF
	QHV
	T2
	Qin
	T3
	T4

	Gasoline
	8
	15
	44000
	696
	1.807
	4526
	1970

	Hydrogen
	14.5
	34.5
	120000
	883
	2.087
	5591
	1918

	Methanol
	11
	6.5
	20000
	790.7
	1.6685
	4504
	1726

	Ethanol
	10
	9
	26900
	761.1
	1.719
	4508
	1795

	Propane
	10
	15.7
	46400
	761.1
	1.775
	4631
	1844

	Methane

	15

	17

	50000

	[image: ]895

	1.711

	4764

	1613


	fuel
	mep
	Wnet,out
	Power(kW)
	power(hp)
	torque

	Gasoline
	2040
	1.02
	102
	136.76
	325

	Hydrogen
	2740
	1.37
	137
	183.7
	436

	Methanol
	2077
	1.04
	104
	139.3
	331

	Ethanol
	2060
	1.03
	103
	138.12
	328

	Propane
	2140
	1.07
	107
	143.5
	341

	Methane
	2262
	1.13
	113
	151.53
	360



	fuel
	Xheat
	Xwork
	I
	ηth
	ηII
	ηex

	Gasoline
	1.69
	1.07
	0.67
	56.45
	60.5
	52.67

	Hydrogen
	1.97
	1.37
	0.6
	65.64
	69.4
	62.08

	Methanol
	1.57
	1.04
	0.53
	61.66
	66.1
	57.51

	Ethanol
	1.6
	1.03
	0.57
	59.92
	64.25
	55.89

	Propane
	1.66
	1.07
	0.59
	60.28
	64.5
	56.34

	Methane
	1.6
	1.13
	0.47
	66.04
	70.54
	61.84
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Comparative thermodynamics analyses of gasoline and hydrogen fuelled Internal Combustion Engines
M. Faizala, R. Saidurb
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Abstract
Comparative thermodynamics models for naturally aspirated gasoline and hydrogen fuelled spark ignition internal combustion engines were developed according to the first and second law of thermodynamics. Analysis of mean effective pressure, power, torque, exergy due to heat transfer, exergy due to work, and irreversibility was made. Thermodynamics model was developed according to Ideal Otto cycle. Assumptions were made according to air standard assumptions.  First law efficiency, mean effective pressure, power, and torque of hydrogen fuelled internal combustion engine are higher than gasoline fuelled internal combustion engine due to higher compression ratio associated with hydrogen fuelled internal combustion engine, 14.5:1 compared to 8:1 of gasoline fueled internal combustion engine. Hydrogen fueled internal combustion engine can have higher compression ratio because of higher auto-ignition temperature, 858°C associated with hydrogen fuel compared to 300-450°C for gasoline fuel. All results were shown and graphed in this paper. A second law analysis shown that hydrogen fuelled internal combustion engine had higher second law efficiency of 69.40% compared to 60.49% for a gasoline fuelled internal combustion engine due to significantly lower irreversibilities and lower specific fuel consumption for a hydrogen fuelled internal combustion engine. The greater exergy due to heat transfer of hydrogen fuelled internal combustion engine occurs due to a greater amount of heat generated from hydrogen combustion. However, the high available thermal energy or thermal exergy of hydrogen fuelled internal combustion engine needs higher cooling load which decreases the power of hydrogen fuelled internal combustion engine. The combustion irreversibilities were constructed and discussed in this paper according to information found in literature reviews.   
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Table 1: The gasoline and other fuel properties [10]

	Fuel type
	RON
	Formula
	Molecular weight
	Density
	Heat of vaporization at 298 K
	Lower heating value
	Stoichiometric air /fuel ratio

	
	
	
	
	(kg/m3)
	(kJ/kg)
	(MJ/kg)
	

	Gasoline
	95.8
	C7.56H15.5
	106.22
	750
	305
	44.0
	14.60

	Methane
	120
	CH4
	16
	720
	-
	50.0
	17.23

	Propane
	112
	C3H8
	44
	545
	426
	46.4
	15.67

	Hydrogen
	106
	H2
	2
	90
	-
	120.0
	34.30



Table 2: Ignition temperature and compression ratio used for various fuels

	
	
	Ignition Temperature
	Compression ratio
	

	Fuel
	Formula
	(°C)
	rc
	Reference

	Octane/gasoline
	C8H18
	300 - 450
	8.0
	Cengel [4]

	Hydrogen
	H2
	858
	14.5
	Verhelst and Sheppard[14]

	Methane
	CH4
	813
	15.0
	Gupta[15]

	Propane
	C3H8
	457
	10.0
	Ozcan and Yamin [16]

	Methanol
	CH4O
	574
	11.0
	Li  et al. [17]

	Ethanol
	C2H6O
	537
	10.0
	Park et al. [18]











Figure Caption
Fig.1 P-V and T-s Diagram for ideal Otto cycle
Fig 2: Comparison of mean effective pressure
Fig 3: Comparison of horsepower (hp) and torque (N. m) of different fuels
Fig 4: Comparison of heat exergy, mechanical exergy and irreversibility(kJ) of different fuels
Fig 5: Comparison of 1st and 2nd law efficiency of the fuels.
Fig 6: Exergetic efficiency of the fuels 
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Comparative exergy analyses of gasoline, hydrogen, methanol, ethanol, LPG (propane) and CNG (methane) fuelled SI Engines

M. Faizal, R. Saidur, J. U. Ahamed*, H. H. Masjuki
Department of Mechanical Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia
Abstract
The current works examines the detailed thermodynamics models for naturally aspirated gasoline and alternative fuelled to spark ignition internal combustion engines on the basis of ideal Otto cycle. A comparative study based on the first and second laws of thermodynamics are discussed here. The key parameters for analysis are considered as mean effective pressure (MEP), power, torque, exergetic efficiency, second law efficiency, and irreversibility. Air standard assumptions were taken consideration for the analyses.  MEP, power output and torque for all alternative fuelled engines, are higher compared to that of a gasoline engine. Exergy due to heat and work are also discussed here. For heat exergy, only hydrogen exceeds gasoline while other alternative fuels have lower heat exergy than gasoline.  But work (mechanical) exergy for all the alternative fuelled engines are higher than the gasoline engine.  The Irreversibility or losses for the alternative fuelled engines are significantly lower than a gasoline engine. Alternative fuel engines have lower specific fuel consumption than the gasoline engine. Hence the 1st law and second law efficiency of the alternative fuelled engines are higher compared to that of gasoline. This is also due to having a high compression ratio associated with alternative fuelled internal combustion engine. Exergy heat transfer of alternative fuelled internal combustion engine is higher due to having high heat generation during combustion. 
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Note : Dateline for abstract submission has been exetended to 16 Aug 2010

Introduction

Energy & Green Technology (EGT) s a thrust area of Research at Monash University Sunway Campus
with the following focus

Green technology

The rapid economic growth and the threat of climate change have given rise to an upsurge in the
development of renewable and efficient energy recovery systems including renewable sources of energy
(solar energy and biodiesel), management of efficient energy conversion processes (heat pipes,
thermoelectric devices, heat pumps, drying, hydrogen and fuel cell technology) and efficient solid waste
management for sustainable resources management and improved economic and social situation

Environment

On the global scale, studies on natural and anthropogenic changes in past and projected climate change
such as Monsoons and EI Nino which affect the weather and climate in the South-East-Asia-Australia
region in significant ways have increased. On the microscopic scale, studies on the environment in
bioreactors for culturing of mammalian cells have been encouraged to develop suitable in-vitro conditions
for the production of functional tissues.

Optimized Design for Sustainable Systems

The conventional mechanical design is centered on improving the efficiency by increasing the strength
and reducing cost. For sustainable development, various novel design methodologies including utilization
of green technology and consideration of environmental impact, such as energy consumption and carbon
footprint for products, life cycle assessment (LOA) and life extension of ageing structures, etc. have
gained popularity.

Theme of the Symposium

The Symposium on Energy & Green Technology (ISEGT) is a series of annual seminars proposed and
intended to disseminate information to the general public on the latest developments in the area of Energy
& Green Technology. The theme for the First Symposium is Hydrogen & Fuel Cell Technology.

Afuel cellis an electrochemical device that converts fuel into electricity. A hydrogen fuel cell uses
hydrogen as fuel and combines with the oxygen in the air to produce steam as its waste product. Other
fuels could be from hydrocarbons. Fuel cell science and technology has been evolving rapidly for the past
two decades. Their initial development was spurred on by space applications. In the face of depleting
fossil fuel resources and environmental concerns, fuel cell development is now in the forefront of
commercialization for vehicle propulsion

The Symposium would provide a common forum for researchers, scientists, engineers and practitioners
not only in Malaysia but throughout the world to present their latest research findings, ideas,
developments and applications. The general public will gain knowledge into the basic principles of how
fuel cells operate and their applications to replace conventional fuel for vehicles.
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