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Abstract 

The research presented in this thesis consists of two parts. The first one proposed to perform 

a detailed testing analysis of lean combustion in a PFI equipped SI engine and find out its 

operational envelope. The second one presented development of simplified thermodynamic 

model for conventional SI engine simulation, which can further be extended to lean burn 

operations.  

The first part focuses on conducting an experimental investigation of parameters that facilitate 

lean burning and their implications on cyclic variability, exhaust emissions. The magnitudes 

of cyclic variability and exhaust emissions decide the operational range of lean burn. An air 

fuel ratio swing is carried under different loads and compression ratios from 14:1 to 22:1. The 

cyclic variability results have been presented in terms of normalised COV in IMEP. The 

results show an increment trend in COV with leaner mixtures for each load. The COV values 

reduce with the increase in loads. The CR findings indicate that increase in compression ratio 

substantially reduces cyclic variability. The NOx emissions increase significantly up to 5 

times from AFR 14:1 to 22:1 for 3.36 bar load and CO emissions decrease with leaner 

mixtures drastically.   

The second part focuses on developing in house MATLAB code for simulation of a 

conventional SI engine, which can be used as a teaching tool. A detailed thermodynamic quasi 

dimension model for each process and sub process that occurs in SI engine operation has been 

formulated and validated against experimental results from the literature. The model is 

developed on the basis of first law and second law of thermodynamics. The working fluid is 

considered as an ideal gas and combustion is modelled as a two zone model. The results show 

that the model gives quite a good match for in-cylinder pressure trace and mass fraction 

burned curve with that of the experiment. Also, results for performance parameters against 

speed show the shortcomings in the model for predicting the performance under variable 

speed conditions.  

Based on the results of both parts, direction of further research is mentioned in the future 

scope. 
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Nomenclature 

AFR  Air -Fuel ratio 

ὃ                 Thermo-mechanical availability (J) 

ὃ   Curtain flow area of inlet valve (m2) 

ὃ   Flame front area (m2) 

CAD  Crank angle in degree 

CR  Compression ratio 

C  Carbon atom 

ὅ    Coefficient of discharge 

CO                Carbon monoxide 

CO2              Carbon dioxide 

COV              Coefficient of variation (%) 

ὅὴ, ὅὴ Specific heat of unburned and burned mixtures at constant pressure (J/kg-K) 

ὅὺ, ὅὺ Specific heat of unburned and burned mixtures at constant volume (J/kg-K) 

             Net heat release rate (J/degree) 

                Rate of change of Pressure (Pa/degree) 

                Rate of change of volume (m3/degree) 

ECU  Electronic control unit 

EAR  Excess air ratio 

H  Hydrogen atom 

Ὄ , Ὄ   Enthalpy of unburned and burned mixtures (J) 

Ὤ, Ὤ  Specific enthalpy of unburned and burned mixtures (J/kg) 

HC                Unburned hydrocarbons 

Ὄ Ὄ            Enthalpy change of the system when it reaches a dead state condition (J) 

IC  Internal combustion engine 

IMEP             Indicated mean effective pressure (Pa) 

ὑ , ὑ     Thermal conductivity of unburned and burned mixtures (W/m-K) 

ὒ   Turbulent eddy length Scale (m) 

ὒ   Maximum Valve lift (m) 

MBT            Maximum brake torque (N-m) 

ά   Instantaneous mass flow rate (kg/degree) 

ά , ά  Instantaneous rate of mass change of unburned and burned mixture 

respectively (kg/degree) 
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ά , ά   Instantaneous mass of unburned and burned mixture (kg) 

N  Speed of engine (rps) 

nhrr     Net heat release rate 

ὲὬὶὶ  Maximum net heat release rate  

NOx              Oxides of nitrogen 

NIMEP1         Indicated mean effective pressure normalized by inlet pressure 

NIMEP3         Indicated mean effective pressure normalized by peak pressure 

O  Oxygen atom 

P,p                   Instantaneous in-cylinder pressure 

ὴ                   Peak pressure 

ὴ  Inlet pressure when the piston is at TDC 

ὴ  Peak pressure 

PFI  Port fuel injection 

ὖ ȟ Ὕ  Pressure and temperature of the system at the dead state condition 

ὖ   Static pressure at the downstream of inlet valve (Pa) 

ὖ, ὖ   Rate of pressure change of unburned and burned mixtures (Pa/degree) 

ὖ, ὖ  Pressure of unburned and burned mixtures (Pa) 

ὖ , Ὕ  Pressure and Temperature of mixture at the end of expansion respectively 

ὗ , ὗ    Rate of heat transfer from unburned and burned mixtures to chamber wall 

(J/degree) 

RON  Research octane number 

R   Gas constant (J/kg-K) 

Ὑ    Radius of cylinder (m) 

Ὓὖ   Stagnation pressure at the upstream of inlet valve in the manifold (Pa) 

SI  Spark ignition engine 

SFC  Specific fuel consumption (kg/kW-hr) 

Ὓ Ὓ  Entropy change of the system when it reaches dead state condition (J/K) 

Ὓ, Ὓ  Entropy of unburned and burned mixtures (J) 

ί, ί  Specific entropy of unburned and burned mixtures (J/kg) 

Ὓ   Laminar Flame Speed (m/s) 

Ὓ    Laminar Flame Speed at standard conditionὖ, Ὕ (m/s) 

Ὕ, Ὕ Rate of temperature change of unburned and burned mixtures (K/degree) 

Ὕ, Ὕ  Temperature of unburned and burned mixtures (K) 

Ὕ     Temperature of cylinder wall (K) 



8 
 

Ὗ   Turbulent eddy velocity Scale (m/s)  

Ὗ     Velocity of charge at the inlet valve (m/s) 

ὠ ὠ             Volume change of the system when it reaches dead state condition (m3) 

ὠ                 Swept volume (m3) 

V                  Instantaneous in-cylinder volume (m3) 

ὠ, ὠ  Volume of unburned and burned mixtures (m3) 

WOT  Wide open throttle 

ὡ                 Work done per cycle (J/cycle) 

ὼ   Mass fraction burned  

ū                  Equivalence ratio 

‎                  Ratio of specific heats 

ɚ  Excess air ratio 

Ўὃ                    Change of availability of the system (J) 

—    Crank angle at which peak pressure reaches (degree). 

—   Crank angle at which maximum net heat release rate reaches (degree). 

”, ”      Density of unburned and burned mixtures (kg/m3)  

†   Turbulent eddy time Scale (s) 

—   Spark timing crank angle (degree) 

Ў—   Flame development angle (degree) 

Ў—  Rapid burn angle (degree) 
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1 Introduction:  

1.1 Background of Lean Combustion 
The internal combustion (IC) engine has been a primary power source for most of the 

transportation systems and small power generating stations, around the world for many 

decades. As the world has been growing very rapidly, the use of IC engines has tremendously 

increased in the last several decades. The growth of the IC engine has brought many 

difficulties. The IC engines operate on naturally occurring fossil fuels, which are non-

renewable in nature. In the 1960ôs the automobile began to be associated with several 

problems such as air pollution, smog and the destruction of the ozone layer. Currently, global 

warming is attributed to emissions of gases like methane and carbon dioxide that increase the 

greenhouse effect. Oil crisis has led to shortages of fuel and increased prices. With the current 

use of these fossil fuels, it is estimated that fossil fuel reservoirs will be depleted completely 

in the next 50 to 70 years. All of these factors have had an impact upon engine development 

with the governments tightening the emission regulations. Today's legislation has been 

pushing current engine research towards two key parameters; efficiency improvements 

(efficient use of fuel chemical energy) and emissions reduction.  

 

Lean burn combustion is one of the promising technologies that can improve the performance 

and emission of an internal combustion engine. Lean burn refers to a burning of fuel with an 

excess of air in an IC engine. The AFR needed to stoichiometrically combust gasoline is 

14.6:1. The burning of a mixture with greater AFR than 14.6:1 is considered as lean burning. 

Lean burning with AFR within an accepted limit may improve thermal efficiency and reduce 

exhaust emission. However, it is often limited by the onset of unacceptable cyclic variation 

in the overall combustion rate. As the AFR of a homogeneous mixture is moved lean of 

stoichiometric, the associated change in mixture properties favours improved thermal 

efficiency and reduced exhaust emission. During a part load operation, lean mixture improves 

overall efficiency by reducing throttling losses. Pollutant emissions are reduced because flame 

temperatures are typically low, reducing the thermal nitric oxide formation. In addition, for 

hydrocarbon combustion, when leaning is accomplished with excess air, complete burnout of 

fuel generally results, reducing hydrocarbon and carbon monoxide emissions. However, a 

corresponding decrease in heat release rates causes a large cycle to cycle variation in power 

and ultimately, unaccepted partial burn and an occasional misfire overwhelm the advantage 
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in lean mixture properties. The effect of lean mixture on the thermodynamic cycle processes 

has been explored quantitatively in this thesis.  

A lot of research has been taking place in the field of Lean combustion, but most of it focuses 

on an evaluation of performance and emission characteristic of lean burn SI engine and 

evaluation of different techniques which tend to extend the operational range of lean burn. 

Wang et al [1] have studied an effect of hydrogen blending on the performance of SI engine 

at WOT. Ceviz & Yüksel [2] have compared lean burn LPG and Gasoline engines in terms of 

cyclic variability. Ismail and Mehta [3] evaluated the effects of fuels and combustion-related 

processes on an exergetic efficiency of combustion by using SI engine simulation. However, 

limited research has been done on how lean combustion affects an individual process in the 

actual operating cycle of an SI engine. Improvement in the performance of a lean burn engine 

is not sufficiently justified by quantifying the different losses occurred in the lean operating 

cycle due to different thermodynamic effects. The cyclic variability in the combustion process 

is also not presented in a way so as to compare the stability of two different sized engines or 

same engine with different atmospheric conditions.   

1.2 Background of Numerical Simulation 
A mathematical model is a description of a system using mathematical expressions and the 

process of developing a mathematical model is termed mathematical modelling. A model may 

help to explain a system and to study the effects of different parameters, and to make 

predictions about the behaviour. 

The evaluation of performance of IC engines could be done in more detailed manner by 

applying second law of thermodynamics to the averaged operating thermodynamic cycle of 

IC engine. But, it is cumbersome and costly affair to conduct experiments at every operating 

condition to do the very analysis. Numerical simulation is one of the methods by which 

thermodynamic cycle can be simulated easily and with considerable accuracy for different 

operating conditions. So it is a very productive method to predict the performance of the IC 

engine and second law analysis can be easily applied to this simulated cycle to understand the 

reasons behind the behaviour of the engine at that condition. The outcomes of this analysis 

can be utilized to optimize the performance of the engine. Engine designers always need this 

numerical simulation tool to design better and optimized engines. These models also enrich 

our understanding of the processes occurring in the operation of an IC engine. 
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1.3 Objectives of research 
This research thesis has two main objectives. 

1.  To investigate the parameters that facilitates lean burning in an SI engine and their 

implications on the cyclic variability and availability destruction. 

2. To develop a MATLAB code which can predict the performance of SI engine under 

different operating conditions as well as investigate the availability destruction during 

each process of thermodynamic cycles. The code is available in appendix section. 

The focus of the first part of the study is to find out the operational envelope of an existing 

facility of an SI gasoline engine equipped with PFI injection running under lean burn 

conditions. The effect of compression ratio on the lean combustion is also investigated. It is 

proposed to analyse engine combustion stability through cyclic variations in the combustion 

related parameters under lean operating conditions at part loads. Availability analysis is 

performed over each process and sub process of operating cycle to quantify availability 

transfer and availability destruction. 

The second part of the study will focus on developing a mathematical model to simulate a 

thermodynamic operating cycle of four stroke SI engine. A detailed thermodynamic analysis 

is performed by using first and second law of thermodynamics to evaluate the performance of 

SI simulated cycle under given operating conditions.  

This study will help in understanding the basic knowledge of lean combustion and associated 

cyclic variations. Overall, it will assist in improving the performance of lean burn SI engine 

by knowing the operating parameters that affect the cyclic variations and availability balance. 

The Numerical simulation model will assist in comprehension of different processes that 

affect the performance of IC engines.   

 

1.4 Motivation:  

Todayôs world, gasoline and diesel engines are most commonly utilized among other IC 

engines, despite alternative fuel engine technology have been showing promising potential. 

Diesel engine usually operates on the overall lean equivalence ratio over the entire operating 

range. So it offers greater thermal efficiency, but produces the greater amount of exhaust 

emissions like particulate matter and smoke. Exhaust emissions can be lowered, but requires 

sophisticated and costly equipment for treating exhaust gases. As opposite to this, gasoline 
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engine operates on the equivalence ratio ranging from 0.8-1.2. Because of the narrow 

operating range, it gives low efficiency at part load condition. Exhaust emissions can be 

lowered to a very low value by using widely used technology, 3-way catalytic converters. 

 

Recent technological developments are focussed on improving overall engine efficiency and 

reducing exhaust emissions within accepted standards. Gasoline engine operated on lean AFR 

mixture may give combined benefits of a diesel engine (higher efficiency) and a 

stoichiometric gasoline engine (lower exhaust emissions). 

 

As discussed above in couple of paragraphs, to keep up with the recent technological 

development in IC engines, students should know the basic knowledge of IC engine in detail. 

Numerical simulation is a very easy and cheap tool in this context to groom the students. 

Though commercial software is available, they are not able to provide the information about 

what is happening actually in background.  

 

In-cylinder pressure measurement device used does not measure pressures precisely and 

accurately during intake and exhaust processes. The effect of this error in pressure 

measurement on the each test result is considered identical for each test, since the study is 

being carried out relatively. The engine is highly susceptible to unstable operation at 2kg load 

i.e. approximately zero throttle opening condition. So experiments are conducted on loads 

varying from 4kg to 8 kg only. 

 

This chapter introduces lean combustion and simulation model in SI engine briefly. It also 

explains the necessity and aim of this thesis. The next chapter will be the review of research 

done in the field of lean combustion and Numerical simulation of SI engine. 
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2 Literature Review 

2.1 History 

Lean combustion was considered only with regards to explosion hazards until the late 1950s, 

when lean flames were introduced as useful diagnostic tools for identifying detailed reaction 

behaviour. However, it was not until the late 1960s that lean combustion began to be discussed 

as a practical technology, particularly for trying to improve fuel economy  and reduce 

emissions from spark-ignited reciprocating internal combustion engines. The emission 

requirements of CO, HC and NOx kept lean combustion a viable and important technology 

for IC engines for almost two decades [9]. 

 

The extreme of lean combustion is represented by an in-flammability limit. Firstly, Davy 

reported lean limits of the in-flammability in his efforts to prevent explosions of methane gas 

in coal mines. In modern terminology, this represents an equivalence ratio range. Further, 

Parker added that the limit of in-flammability depends on the vessel used for the test, among 

other experimental variations. It also depends on the oxidizer and diluents composition. 

Mason and wheeler found that lean in-flammability limit depends on the chemical and 

physical properties of the reactant mixture, the temperature of the mixture, details of the 

combustion vessel and ignition method. However, in IC engines, the extreme of lean 

combustion is represented by the stable lean operating limit. It is the limit of lean AFR beyond 

which COV in IMEP increases above 2% for low loads & 10% for high loads and drivability 

of the engine becomes difficult [9]. 

 

The main limitation to lean combustion is increasing cyclic variations at high AFR, which 

makes combustion unstable and causes an increase in hydrocarbon emission. Minimization of 

a cycle to cycle variation is a key factor in effective operating near to or extending the stable 

lean limit. Many different methods for this have been suggested by the researchers. Ceviz & 

Yuksel [2] have studied a cyclic variation of LPG and Gasoline lean burn SI engine. Cylinder 

pressure, IMEP, MFB and combustion duration have been presented in relation to cyclic 

variation. Variations in the CO, CO2 and HC emissions have also been discussed. The 

findings showed that LPG reduces the cyclic variability and exhaust emission at the same 

operating condition compared to gasoline. The same study has been done by many other 

people with different fuels possessing better combustion characteristics than that of pure 

gasoline. Badr et al. [7] carried out a parametric study on the lean operating limits of an SI 



19 
 

engine using propane and LPG as fuels, and effects of compression ratio, spark timing, intake 

pressure and temperature on engine operational limits were examined. The results showed 

that MBT timings need to be advanced for a lean mixture to provide more time for completion 

of the reactions. The engine speed and intake temperature increase lean misfire limit. Ayala 

et al. [8] investigated the effect of different operating variables on the engine efficiency under 

lean condition. The finding shows that increase in engine efficiency and COV in IMEP as 

AFR increases. The increase in COV is small at the beginning, and after a certain AFR value 

is reached, it rises sharply. Engine efficiency starts decreasing after the same AFR. Burn 

durations are evaluated based on the experimental results over a wide range of operating 

conditions. It showed that 2% COV in IMEP, which is often used as the stability limit, is 

corresponding to about 40 degrees of 0-10% burn duration. By analysing burn duration and 

IMEP of lean combustion with fixed average load, the authors found that the distribution of 

0-10% burn duration keep normal distribution even though the combustion becomes more 

unstable. However the average value of 0-10% changes significantly as lean level increases. 

The distribution of 10-90% burn duration is close to normal distribution when the leanness of 

AFR is low. When lean level increases, the distribution becomes asymmetric and small 

amount of cycles with extremely small IMEP values appear. These small IMEP cycles are the 

results of partial burn or misfire which increases cyclic variations. The findings also show 

that the cycle to cycle variability of combustion has close relation to the early flame kernel 

growth. This can be justified since the average values of 0-10% burn duration distributions 

change significantly under different lean conditions. However, gasoline has been widely used 

fuel in SI engine, the researchers focussed on improving the characteristics of gasoline by 

blending of fuels.  

  

Wang et al. [1] studied lean burn performance of hydrogen blended gasoline engine at the 

WOT condition. The engine was operated at 1400rpm and two hydrogen blending levels of 

0% and 3%. The combustion and performance parameters have been presented. The results 

showed that hydrogen addition enhances combustion and improves thermal efficiency at lean 

conditions. It reduces cyclic variation and emission such as HC and CO. However NOx 

emissions are increased due to the raised cylinder temperature. The performance of such 

blended fuel lean burn engine can further be improved by optimizing the combustion 

parameters. Goldwitz [4] studied combustion optimization in a hydrogen enhanced lean burn 

SI engine. Combustion was optimized by varying ignition systems, charge motion in the inlet 

ports and mixture preparation. The results indicated that optimization of the combustion 

system in conjunction with hydrogen enhancement can extend the lean limit of operation by 
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roughly 25% compared against the baseline configuration. Nearly half of this improvement 

may be attributed to improvements in the combustion system. The inductive ignition system 

in conjunction with a high tumble motion inlet configuration leads to the highest levels of 

combustion performance. Furthermore, hydrogen enhancement affects a nearly constant 

absolute improvement in the lean misfire limit regardless of baseline combustion behaviour. 

Mahato [5] studied lean burn and stratified combustion in small utility engine. In this, the 

effect of spark plug variation, load control and charge stratification on cyclic variability and 

exhaust emission have been evaluated. The findings showed that spark discharge energy had 

a major influence on engine performance. The initial stages of flame kernel development are 

largely influenced by sparking characteristics. Low load operations, increase cyclic variability 

suggesting that initiating a stable flame gets harder with decreasing charge density. Charge 

stratification does not affect the 0-10% burn duration noticeably, a significant reduction in the 

10-90% burn duration was observed, indicating a faster burn cycle. An engine operation 

optimization study showed that exhaust emissions are reduced below regulatory limits 

without the use of catalytic converters and overall fuel economy increases by about 6% over 

baseline configuration. Charge stratification improves the performance of lean burn SI engine 

by extending its lean operational range by repetitively initiating combustion of slightly rich 

mixture pockets produced in the vicinity of the spark plug.   

 

Peres & T.J [6] evaluated port fuel strategies for a lean burn gasoline engine at low load and 

speed, to extend the limit of lean combustion through the introduction of charge stratification. 

Novel port fuel injection strategies such as dual split injection, multiple injections, and phased 

injection were developed to achieve this goal. Each strategy is analysed through parameters 

such as combustion duration, combustion stability, and unburned hydrocarbon emission, to 

propose the optimum strategy suitable for extension of the lean operation. Combustion 

stability was improved for lean AFR extending up to 22:1 with 1800rpm and 1.8 GIMEP by 

using phased and multiple injection strategies. 

 

Availability balance analysis of actual lean burn SI engine has not been done extensively and 

there has been more interest in the availability analysis of the simulated thermodynamic cycle 

of SI engine. Rakopoulos & Giakoumis [11] reviewed literature concerning the application of 

the second law of thermodynamics to IC engines. The identification and quantification of the 

irreversibility of various processes and subsystems have been discussed. Some interesting 

cases of low heat rejection engines, use of alternative fuels and transient operation have also 

been reviewed along with various parametric studies. Ismail & Mehta [3] evaluated the effects 
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of fuel and combustion related processes on exergetic efficiency. A method of estimating the 

availability destruction and exergetic efficiency of combustion has been discussed for four 

classes of fuels like hydrogen, hydrocarbons, alcohols and biodiesel surrogates. The results 

showed that availability destruction is greater for heavier hydrocarbon and oxygenated fuels 

with higher oxygen fraction. The unsaturated hydrocarbon fuels give poor exergetic efficiency 

as a significant fraction of the fuel availability is lost in the products. Leaner mixtures provide 

increased exergetic efficiency. It is also found that preheating the reactants tends to mitigate 

availability destruction. Rezapour [12] investigated availability analysis of a bi-fuel SI engine 

model for improvement in its performance. The engine model is developed in a two zone 

model, to compute thermodynamic properties and equilibrium product composition. The 

Simultaneous model based on availability analysis is also developed to investigate the engine 

performance. The flow of different availabilities in the engine operating cycle has been 

presented for gasoline and CNG mode. The parametric studies have been carried out to 

evaluate the effects of equivalence ratio, spark timing and engine speed on the availability 

balance. The results showed that lean mixtures improve exergetic efficiency. Exegetic 

efficiency does not vary significantly with engine speed. The optimum spark advance gives 

maximum exergetic efficiency.  

A lot of Engine simulation models have been attempted and developed successfully by many 

researchers for performance and emissions predictions till date which vary from simplistic to 

more sophisticated models. Benson et al. [15] developed a full-fledged simulation model of a 

four stroke cycle, single cylinder, SI engine in 1974. The model was capable of handling gas 

dynamics in intake and exhaust manifold along with chemical reactions in the exhaust pipe. 

Two zone combustion model and chemical equilibrium composition of products were taken 

into consideration. The model could predict the NO compositions in good agreement with the 

experimental results for different equivalence ratios. Benson & Baruah [16] further extends 

this approach to multi-cylinder SI engine. The authors concluded that the simulation programs 

developed from single cylinder combustion models together with gas exchange models with 

allowance for variation of composition and specific heats along path lines may be used in 

multi-cylinder engine calculations. In late 70ôs computers were not so powerful to handle 

these complicated models, it became time consuming and costly affair to use these models. 

So researchers focussed to develop more simplistic models, which are easy to understand and 

moderate or less in accuracy for academia. In opposite, the models for commercial use have 

been evolving in more complex ways to match up with the actual engine behaviour. In more 

recent, researchers have applied this modelling tool for different fuels combustion cycle to 

predict the potential of these fuels as an alternative fuels to conventional one. The effect of 
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variable valve timing, variable valve lift, valve deactivation, supercharging, EGR etc. have 

been studied by using this tool. Bayraktar [18] developed a simplistic, two zone mathematical 

model in 2003 by using combinations of analytical and empirical equations to predict the 

performance of SI engine. The model was able to simulate the thermodynamic cycles for 

different combustion geometries with reasonable agreement with that of experiments.  

The indispensable role of these mathematical modelling is to analyse each and every sub 

process and process through the perspective of exergy law of thermodynamics. Rakopoulos 

& Giakoumis [11] reviewed second law analyses applied to IC engine simulation. Different 

availability transfer and destruction terms have been presented for each thermodynamic 

process in the SI and CI engine. Karimi & Kamboj [22] studied effect of fuel and compression 

ratio on energetic and exergetic efficiency of SI engine simulation. Detailed analysis of 

availability destruction during each process is being performed. The results show that 

maximum availability destruction occurs during combustion and it decreases with increase in 

compression ratio. The shortcoming of the formulation is that heat addition process is 

considered as a constant volume process and heat transfer effects are not included during 

compression and expansion process.      

 

2.2 Premixed Lean Combustion 

2.2.1 What is lean Combustion 

A characteristic feature of the spark-ignition engine is that combustion occurs as a premixed 

flame, i.e., a flame front moves through a mixture of fuel and air which has been premixed to 

be at, or very near, stoichiometric conditions. The premixed air-fuel charge for a conventional 

spark-ignited engine is homogeneous in composition, providing a uniform equivalence ratio 

everywhere in the cylinder. This air fuel ratio must be kept within the combustible limits of 

the mixture, somewhere between the rich limit and the lean limit of the particular fuel-air 

mixture being used. The lean limit is of practical importance, however, since lean operation 

can result in higher efficiency and can also result in reduced emissions. The lean limit is where 

misfire becomes noticeable, and is usually described in terms of the limiting equivalence ratio, 

ū, which will support complete combustion of the mixture. In most engines, a value of ū=0.7 

is usually the leanest practical mixture strength. The requirement for a near constant air-fuel 

ratio at all operating conditions result in one of the main weaknesses of the spark-ignition 

engine. For part-load operation, as the supply of fuel is reduced, the supply of air must also 

be reduced to maintain the correct air-fuel ratio. In order to achieve this, the air supply must 

be throttled using the throttle valve. This throttling of the mixture results in additional 
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pumping losses (work required to pump the mixture past a partially closed throttle). This 

throttling operation results in poor part-load efficiency of the spark-ignition engine compared 

to the un-throttled diesel engine. The homogeneous fuel-air mixture always present in the 

cylinder results in another characteristic of the spark-ignition engine - knock. Knock occurs 

when unburned mixture self-ignites due to the increasing cylinder pressure as a result of 

combustion of the bulk of the mixture. Persistent knock causes very rough engine operation, 

and can cause engine failure if it is not controlled. This problem is exacerbated by high 

compression ratios and fuels, which readily self-ignite at the temperature achieved following 

compression (low octane fuels). Knock is the principal reason why spark ignition engines are 

usually limited to a compression ratio of less than approximately 10:1 with currently available 

fuels. This relatively low compression ratio result in lower thermal efficiency compared to 

diesel engines operating at approximately twice the compression ratio [9]. 

 

 

Figure 1: Effect of the equivalence ratio variations on IMEP, SFC and fuel conversion efficiency of a 6 

cylinder spark ignition engine at WOT and 1200 rpm [10]. 

The theoretical analysis indicates that for high efficiency, the ratio of specific heats of the 

working fluid should be as high as possible. In practice, it turns out that ɔ for air (1.4) is 

greater than ɔ for the air-fuel mixture for typical hydrocarbon fuels. This means that the value 

of ɔ will be higher for mixtures with more air (i.e., lean mixtures) than for rich mixtures. It 

indicates that thermal efficiency is higher for lean mixtures (mixtures with excess air) than 

for rich mixtures. But in practice length of the burning time, or combustion duration, also has 



24 
 

an effect on thermal efficiency. Since burning rates are generally highest close to the 

stoichiometric air-fuel ratio, operating an SI engine lean, with an equivalence ratio of less 

than one, results in increased combustion duration which then reduces power output and 

thermal efficiency, thereby tending to counteract the increased efficiency of lean operation 

due to an increased ratio of specific heats [10]. 

The emission levels of a spark-ignition engine are particularly sensitive to air-fuel ratio. At 

rich air-fuel ratios, with ū greater than 1.0, unburned hydrocarbon levels (HC) are high since 

there is not enough air to completely burn all the fuel. Similarly, CO levels are high, because 

there is not enough oxygen present to oxidize the CO to CO2. For lean mixtures, with ū less 

than 1.0, there is always excess air available, so that CO almost completely disappears, while 

HC emissions reach a minimum near ū = 0.9. For ū less than about 0.9, some increased 

misfiring occurs because of proximity to the lean misfire limit, and HC emissions begin to 

rise again. The main factor in production of NO is combustion temperature: the higher the 

temperature, the greater the tendency to oxidize nitrogen compounds into NO. Since the 

combustion temperature is at a maximum near stoichiometric conditions where ū = 1.0, and 

falls off for both rich and lean mixtures, the NO curve takes the bell shape [9]. 

Lean operation can therefore be used both to increase thermal efficiency, and reduce exhaust 

emissions. However, there is a lean limit of operation, beyond which it is impossible to 

maintain reliable ignition and combustion, resulting in an increased cyclic variation in 

combustion, pressure and misfire. 

In order to achieve stable combustion with improved thermal efficiency and reduced 

emissions even at extremely high lean limits, We might have following techniques which 

have been developed over a number of years in order to extend the lean limit of operation of 

a spark ignited, homogeneous-charge engine. These methods are meant to represent the kinds 

of approaches that can be used to create practical lean-burn spark-ignited engines [9]. 

ü Extending the lean limit through increased turbulence Generation 

It is aimed at increasing turbulence generation in the combustion mixture just before 

ignition and during the combustion process, involves a new combustion chamber 

designed specifically for lean-burn engines. 

 

ü Extending the lean limit through partial stratification 

The concept is to produce a small pocket of the relatively rich mixture near the spark plug 

so that it would ignite more readily than the main, very lean, combustion charge. 
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ü Extending the lean limits through fuel blending 

The fuels having superior combustion characteristics such as hydrogen, ethanol, LPG etc.    

can be blended with pure gasoline. 

 

2.2.2 Cyclic variability in lean combustion 

It has been observed from the in cylinder pressure data that there exists a substantial variation 

in the combustion process on a cycle-by-cycle basis even under steady operation of SI engine. 

Cyclic variations in the lean combustion process are important to study for two reasons. First, 

since the optimum spark timing is set for the ñaverageò cycle, slower than average cycles have 

retarded timing, so losses in power and efficiency result. Second, it is the extremes of the 

cyclic variations that limit engine operations. The slowest burning cycles, which are retarded 

to optimum timing, are most likely to burn incompletely. Thus, these cycles set the practical 

lean operating limit of the engine. Beyond this limit, engine efficiency decreases and 

emissions like HC and CO increase drastically [10].     

The cyclic variations in the combustion process are usually caused by variations in mixture 

motion within the cylinder at the time of the spark, variations in the amounts of air and fuel 

fed to the cylinder each cycle and variations in the mixing of fresh mixture and residual gases 

within the cylinder each cycle, especially in the vicinity of the spark plug. Along with that, 

the cyclic variations in the lean mixture are mainly affected by [10]: 

1.   Mixture composition 

As the mixture is leaned out, the chemical energy density of the mixture and flame 

temperature decreases. The flame front speed decreases and it becomes thicker. Thus 

more time is available for heat losses from the inflammation zone; less energy is 

available to offset these heat losses and the rate of energy transfer into the zone 

decreases. It makes the formation of stable flame kernel difficult in lean mixtures. 

The initial stages of flame kernel growth and development vary substantially, since 

small laminar speed. This causes cyclic variations in the subsequent combustion 

stages.   
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2. In-cylinder mixture motion 

The in-cylinder mixture motion of an IC engine is highly turbulent. Turbulence is 

beneficial in that it accelerates combustion by increasing the flame front area and 

enhancing heat and mass transport between the burned and unburned mixture. But 

turbulence can cause random variations in the local equivalence ratio, degree of 

mixture dilution and in the mean velocity cycle by cycle, both in the vicinity of the 

spark plug and throughout the combustion chamber. Velocity variations contribute in 

a major way to variations in the initial motion of the flame centre as it grows from 

the kernel established by the spark, and in the initial growth rate of the flames; they 

can also affect the burning rate once the flame has developed to fill a substantial 

fraction of the combustion chamber. Variations in the turbulent velocity fluctuations 

near the spark plug will result in variations in the rate at which the small initially 

laminar like flame kernel develops into a turbulent flame. 

3.   Spark and spark plug effects 

 As mentioned in the mixture composition, flame kernel growth can be increased by 

increasing the rate and amount of energy deposited by the ignition system. About 0.2 

mJ of energy is required to ignite a quiescent stoichiometric fuel air mixture at normal 

engine condition by means of a spark. For substantially leaner mixture, and where the 

mixture flows past the electrodes, an order of magnitude greater energy (~3mJ) may 

be required. The spark with less energy discharge may result in a partial burn or 

misfire; giving rise to cyclic variations in the overall combustion process. So to 

reduce the cyclic variations, a proper ignition system which can provide required 

ignition energy system has to be chosen for lean operation. 

The cyclic variability can be measured in different ways. It can be defined in terms of 

variations in the cylinder pressure between cycles, or in terms of variation in the details of the 

burning process. One important measure of cyclic variability, derived from the pressure data, 

is the coefficient of variation in indicated mean effective pressure [10]. It is usually expressed 

in percent: 

ὅὕὠ
„

ὭάὩὴ
ρzππ 

It defines the cyclic variability in indicated work per cycle, and it has been found that vehicle 

driveability problems usually result when ὅὕὠ  exceeds about 10 percent. 
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2.2.3 Availability Analysis  

The first law based methods for evaluating IC engine performance do not explicitly identify 

those processes within the engine systems that cause unrecoverable degradation of the 

thermodynamic state of the working fluid. However, second law based analysis methods do 

provide the capability to identify and quantify this unrecoverable state degradation. Thus 

cause and effect relationships which relate these losses to individual engine processes can be 

determined. The first law analysis approaches are based on the fact that energy is conserved 

in every device and process. Thus, they take account of the conversion of energy from one 

form to another: e.g., chemical, thermal, mechanical. Although energy is conserved, second 

law analysis indicates that various forms of energy have differing levels of ability to do the 

useful mechanical work. This ability to perform useful mechanical work is defined as 

availability [10]. 

The availability of a system at a given state is defined as the amount of useful work that could 

be obtained from the combination of the system and its surrounding atmosphere, as the system 

goes through reversible processes to reach thermal, mechanical and chemical equilibrium with 

the atmosphere. It is a property of the system and its surrounding atmosphere. Usually, the 

terms associated with thermo-mechanical and chemical equilibration are differentiated and 

calculated separately. For an open system experiencing heat and work interactions with the 

environment, the thermo-mechanical availability is given by, 

ὃ Ὄ Ὄ ὖ ὠ ὠ Ὕ Ὓ Ὓ  

 Availability is not a conserved property; availability is destroyed by irreversibility in any 

process the system undergoes. The change in availability of any system undergoing any 

process where work, heat, and mass transfer across the system boundary occur can be written 

as, 

Ўὃ ὃ ὃ ὃ  

When availability destruction occurs, the potential for the system to do useful mechanical 

work is permanently decreased. Thus to make a proper evaluation of the processes occurring 

within an engine system, both energy and availability must be considered concurrently [10].  

2.2.3.1 Effect of Equivalence ratio       

The fuel-air cycle with its more accurate models for working fluid properties can be used to 

examine the effect of variations in the equivalence ratio on the availability conversion 

efficiency. During combustion, entropy increase is the result of irreversibilities in the 
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combustion process and mixing of complete combustion products with excess air. The 

significance of these combustion related losses- the destruction of availability that occurs in 

this process is shown in fig. 2. The loss of availability increases as the equivalence ratio 

decreases. The combustion loss is a stronger function of the rise in temperature and pressure 

which occurs than of the change in the specific heat ratio that occurs [10]. 

 

Figure 2: Ratio of availability of burned gases after CV combustion to availability of unburned charge 

before combustion as a function of equivalence ratio [10]. 

What is the reason behind increasing engine efficiency with decreasing equivalence ratio 

then? The reason is that the expansion stroke work transfer, as a fraction of the fuel 

availability, increases as the equivalence ratio decreases; hence, availability lost in the exhaust 

process, again expressed as a fraction of the fuel availability, decreases. The increases in the 

expansion work as the equivalence ratio decreases more than offsets the increase in the 

availability lost during combustion. The availability accounting per mass of fuel for each 

process for different equivalence ratios is shown in the following Figure 3. 
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Figure 3: Availability accounting per mass of fuel for different processes as a function of equivalence ratio 

for dissociated methanol [10]. 

2.2.4 Exhaust Emissions 

One of the most important variables in determining SI engine emissions is the equivalence 

ratio. The SI engine has normally been operated close to stoichiometric, or slightly fuel rich, 

to ensure smooth and reliable operation. Figure (4) shows qualitatively how NO, CO, and HC 

exhaust emissions vary with equivalence ratio. It shows that leaner mixtures give lower 

emissions until the combustion quality becomes poor, when HC emissions rise sharply and 

engine operation becomes erratic. The shapes of these curves indicate the complexities of 

emission control. 
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Figure 4: Variation of HC, CO, and NO concentrations in the exhaust of a conventional SI engine with 

equivalence ratio [10]. 

  

Figure 5: Initial NO formation rate as a function of temperature for different equivalence ratios and 15.20 

bar pressure [10]. 
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The nitric oxide and nitrogen oxide are usually grouped together as NOx emissions. The 

principal source of NO emissions in SI engine is the oxidation of atmospheric nitrogen. NO 

forms in both the flame front and the post flame gases. The NO formation in the post flame 

gases almost always dominates any flame front produced NO. The kinetics of NO formation 

shows its strong dependence on temperature. High temperature and high oxygen 

concentrations result in high NO formation rates. Figure (5) shows the NO formation rate as 

a function of gas temperature and equivalence ratio in post flame gases [10]. 

For lean mixtures, CO concentrations in the exhaust vary little with equivalence ratio and are 

of order of ρπ  mole fraction. 

This chapter gives an overview of research that has been done in the field of lean combustion 

and numerical simulation in SI engine. It summarizes what is lean combustion, how it 

enhances the performance of SI engine, what are the limitations to it and methods to achieve 

stable lean operation. It also gives brief information about cyclic variability, availability 

analysis, and exhaust emissions in a SI engine. 
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3 Experimentation 

3.1 Experimental Setup 

A two cylinder optical access research engine shown in Figure (6) is used for this study. Out 

of two cylinders, one is working cylinder in which combustion occurs continuously, called 

thermodynamic cylinder and other cylinder is optically accessed in which combustion occurs 

whenever it is required. This study does not consist of any optical diagnosis of the combustion 

process, so the optical accessed cylinder is cut off throughout the experimentation. The 

combustion chamber geometry is a toroidal bowl in a piston top, ensuring fast burning and 

compact combustion chamber. The engine is equipped with two overhead camshafts driving 

4 inlet valves (2 for each cylinder) and 4 exhaust valves. 

 

Figure 6: Optical access research engine 

An electronically controlled throttle body is used to control flow of air to the engine. It is 

mounted on the inlet manifold upstream to the positions of PFI injectors. The air flow rate is 

measured by an air box instrument, wherein, air from a large volume box passes through the 

orifice plate and the pressure drop across the orifice is measured. This pressure drop signal is 

fed to the ECU to calculate the accurate air flow rate. 

A fuel flow rate is measured by an automatic volumetric fuel flow meter. It consists of two 

sensors, one at the bottom and another at the top of a 100 ml measuring burette. The fuel is 

made to pass through this burette and time required for emptying the burette is recorded and 

fed to the ECU. The ECU then calculates the mass flow of fuel based on density of fuel fed 
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to it manually. The fuel properties are mentioned in the Table 2.The specifications and valve 

timings of the engine are given in the Table 1. 

No of running cylinders 1 out of 2 

Stroke (mm) 100 

Bore (mm) 94 

Connecting rod length (mm) 235 

Compression ratio 10:1 

Speed range (rpm) 1000-1200 

Inlet open (degree) 5 ATDC 

Inlet close (degree) 21 ABDC 

Exhaust open (degree) 25 BBDC 

Exhaust close (degree) 9 BTDC 

Injection system PFI 

Injection pressure (bar) 3  

Injection timing (degree) -90 before start of intake stroke 

Spark plug TVS 

Ignition system Ignition coil system 

Table 1: Specifications of research engine 

Fuel property Value 

Name Gasoline 

Octane rating ~91 RON 

Density (kg/m^3) 740 

Calorific value (kJ/kg) 44000 

Table 2: Properties of a fuel 

The in-cylinder pressure is measured using a piezoelectric pressure transducer. It is fitted to 

the cylinder head, receiving gas pressure through a passage drilled in the head, up to the centre 

of the cylinder head, opened to the combustion chamber. An eddy current dynamometer is 

directly coupled to the engineôs crankshaft to apply and measure the load on the engine. Its 

load range varies from 0kg to 10 kg.  

The engine is equipped with PFI injection system. It consists of PFI driver module and PFI 

kit, which control spark timing, injection pressure, injection timing and duration. The 

schematic diagram of PFI system is shown in Figure (7). 
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(a)                                                            (b) 

Figure 7: PFI system. (a) Schematics of fuel flow in PFI; (b) PFI kit 

The acquisition software is legion brotherôs software. This system allows real-time, on screen 

display of recorded parameters such as in-cylinder pressure, exhaust gas temperature, 

temperatures of cooling water to the engine and the calorimeter. It also displays calculated 

parameters such as air-fuel ratio, volumetric and brake thermal efficiency. For every test 

point, pressure data is recorded for 400 consecutive cycles and averaged. The parameters like 

IMEP, peak pressure etc. are calculated for each cycle and then averaged.   

3.2 Experimental Procedure 

3.2.1 Test methodology 

It is advisable to read the operating and safety manual of research engine, provided by the 

engine supplier before embarking any work on an engine first time. It is necessary to attend 

certain daily check points for better and uninterrupted operation, before cranking the engine. 

Before each test, it is required to warm up the engine for approximately 10 minutes to ensure 

a steady state operation. The spark plug is regularly cleaned for better performance during 

lean mixtures. 

  














































































