
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


i 

Doctor of Philosophy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A Numerical Study on Residual Gas Effects on 

Combustion, Performance and Emission of a Small 

Spark Ignition Engine 

The Graduate School  

of the University of Ulsan 

Department of Mechanical Engineering 

Nguyen Xuan Khoa 

[UCI]I804:48009-200000370634[UCI]I804:48009-200000370634



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Supervisor: Prof. Lim, Ocktaeck 

 

A Dissertation 

 

Submitted to 

the Graduate School of the University of Ulsan 

In partial Fulfillment of the Requirements 

for the Degree of 

 

Doctor of Philosophy 

 

by 

 

Nguyen Xuan Khoa 

 
 
 

Department of Mechanical Engineering 

University of Ulsan, Republic of Korea 

December 2020 

A Numerical Study on Residual Gas Effects on 

Combustion, Performance and Emission of a Small 

Spark Ignition Engine 



iii 

 

 
 

 



iv 

ABSTRACT 

 

A Numerical Study on Residual Gas Effects on Combustion, 

Performance and Emission of a Small Spark Ignition Engine 

 

Department of Mechanical Engineering 

Nguyen Xuan Khoa 

 

There are a large number of motorcycles in operation today, with that number constantly 

increasing, the goal of improving motorcycle engine power, while satisfying emission 

standards, is worth investigating. Two essential factors in the study of engines are engine 

efficiency and the reduction of pollutant emissions. Past researchers are attempting to 

optimize engine combustion systems by used experimental optimization method. However 

when the optimization tasks focus on hardware components such as changing the geometry of 

the combustion chamber, bore, stroke or injection nozzle, the experimental optimization 

method is limited because of its high cost, manufacturing time and resource consumption. It 

is complicated to determine the residual gas ratio, the effective release energy and control 

combustion duration under the various testing conditions from the experiments. As a result, 

experimental investigations in detail of residual gas and effective release energy with various 

combustion duration, bore-stroke ratios, valve port diameter and exhaust valve closing timing 

is limited till date. 

The residual gas fraction is known as effective factors, which influence energy efficiency and 

pollution engine exhaust gas. The trapped residual gases in the combustion chamber will 

premix with the fresh air-fuel and take part in the next combustion stroke. This trapped 

exhaust residual gases also effect on the NOx , HC and CO emission of the engine. The peak 

pressure rise shows the increasing pressure value per crankshaft angle, this peak pressure rise 

is expected higher value to reduce heat loss and improve engine efficiency. An effective 

method for determining the residual gases, effective energy, and peak pressure is necessary. 

To obtain this target, the experimental system is installed with a dynamo system and a 

simulation model base on AVL-boost software was setup. Through combined experimental 

and simulation methods, author eliminated certain above drawbacks. From results of the 

research, we thoroughly investigated the effects of combustion duration, bore-stroke ratio, 

intake port diameter-bore ratio, exhaust valve closing timing and internal exhaust residual 

gases to improve engine performance and emission characteristics.  

 

Keywords: combustion duration, bore-stroke ratio, valve port diameter-bore, exhaust valve 

closing timing, exhaust residual gas, engine performance. 
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1. INTRODUCTION 

 

1.1 Background 

There are a large number of motorcycles in operation today, with that number constantly 

increasing. The vehicles’ pollution has significant impact on human health and environment. 

The researchers and producers have trying to control and reduce the harmful gases and 

greenhouse gases emissions from vehicles by applying the exhaust gas treated systems and 

using alternative fuels or new energy sources. However, the air quality is still a serious 

problem and challenge until nowadays, so the goal of improving the engine power, and 

satisfying emission standards is worth investigating. 

In the scope of research on engine hardware optimization, past researchers attempting to 

optimize engine combustion systems by used experimental optimization method, it is 

continuing until present. This confirmed that the important and necessary to improve the 

engine performance and engine emission characteristics. Recently, various approaches have 

been taken to deliver improved engine power and reduce pollution emissions, (bore-stroke 

ratio) including re-designing the intake pipe [1], recovering heat lost from the cooling system 

[2], optimal combustion phasing [3], using fuel injection instead of a carburetor to improve 

engine performance and resist knock [4], the use of multiple sparks to improve the thermal 

efficiency of lean spark-ignition (SI) engine operation [5] and improving SI engine 

performance with a turbocharger [6]. However, when the optimization tasks focus on 

hardware components such as changing the geometry of the combustion chamber, bore, 

stroke or injection nozzle, the experimental optimization method is limited because of its high 

cost, manufacturing time and resource consumption. As a result, experimental investigations 

in detail of residual gas, peak pressure rise and effective release energy and optimal 

parameters such as: bore-stroke ratio, valve port diameter – bore ratio, exhaust valve closing 

timing is limited till date. 

In the scope of research on engine software optimization, some effective methods to improve 

engine power and engine emission are reported in the published articles such as: investigation 

the optimal ignition timing [7], optimal injection timing [8], optimal air-fuel ratio [9], optimal 

compression ratio [10]. 

From the historical trend of research on engine software parameters optimization, we know 

that almost software parameters could be optimized through experimental methods. However, 
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it was complicated to optimize combustion duration or determine the exhaust residual gas in 

the combustion chamber through experiments with the various testing conditions. In the 

previous studies are due to the lack of control and lack of ability to determine the precise 

combustion duration and exhaust residual gas inside the combustion chamber. These were the 

main reasons for the loss of time, researching cost and less confident in the results. This is a 

drawback of the experimental method in the scope of research on engine software 

optimization. 

The drawback in the scope of research on engine hardware and software optimization, which 

was above discussed is a significant vacuum in the open literature which evaluates so the 

author seek to fill this important gap through the work presented in this thesis. To achieve 

this goal, an experimental system was installed within a dynamo testing system, and a 

simulation model was established using AVL-Boost software. Through combined 

experimental and simulative methods, the effects of combustion duration, bore-stroke ratio, 

valve port diameter-bore ratio, exhaust valve closing timing and exhaust residual gas on the 

engine efficiency and emission characteristics are completely investigated. This method also 

provides good accuracy in control combustion duration and prediction of exhaust residual gas. 

 

1.2 Objectives of the study 

This study focuses on the combination experimental and simulation methods to determine 

exhaust residual gas, combustion duration, optimal hardware and software parameters to 

improve engine efficiency and engine emission. 

The objectives of this study are given below: 

 

(i) Setup an experimental system to provide the basic data for validation the simulation 

model. The basic data are ignition timing, air-mass flow, peak pressure, peak 

temperature, engine torque.  

(ii) Setup a simulation model base on AVL-boost software to estimate the engine 

performance and engine emission characteristic with the various testing conditions. 

(iii) To control and investigate the effects of combustion duration on the exhaust residual 

gas and engine performance and emission characteristics. 

(iv) To investigate the effects of bore-stroke ratio on the exhaust residual gas and engine 

performance and emission characteristics. 
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(v) To investigate the effects of valve port diameter - bore ratio on the exhaust residual 

gas and engine performance and emission characteristics. 

(vi) To investigate the effects of exhaust valve closing timing on exhaust residual gas and 

engine performance and emission characteristics. 

(vii) To investigate the influence of the hardware and software parameters on exhausts 

residual gas. 

(viii) To investigate the effects of exhaust residual gas on the engine performance and 

emission characteristics. 

 

To obtain above targets, the brief explanation in the effect flowchart as seen in the Fig 1.1. 

 

 

Fig. 1.1 Effect flowcharts of the potential strategies to obtain high efficiency and low 

emission through experimental and simulation approach 
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1.3 Scope of the study 

In the efforts of provides a good accuracy method to control combustion duration, prediction 

of exhaust residual gas and to determine optimal parameters to improve engine efficiency and 

engine emission. This method also helps to eliminate the drawback of the experimental 

method in the scope of research on engine hardware and software optimization. 

The scopes of the study include: 

 

(i) The basic experimental results for the simulation validation are from the experiments 

were conducted at steady state and full load condition. 

(ii) The multi-functions of the simulation model are used base on using Version 2018 of 

AVL-boos software 

(iii) The engine performance and emission characteristics is estimated with a band of 

combustion duration is from 40 to 110 deg CA 

(iv) The reference bore-stroke ratio value is the engine’s original bore-stroke ratio value 

(v) The reference valve port diameter-stroke ratio value is the engine’s original valve port 

diameter-stroke ratio value valve 

(vi) Estimation the effect of exhaust valve closing timing on the exhaust residual gas with 

the maximum intake valve and exhaust valve lift is 6.5 mm. 

(vii) The NOx, CO and HC emission is used to estimate the engine emission characteristics.  

(viii) The obtained results may only valid for the engine used in this study. 
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1.4 Thesis outline 

 Chapter 1: this chapter gives a briefly introduction of thesis general topic area of 

small SI-engine, explanation how important in improvement engine efficiency and 

engine emission, brief introduction the effective solution which research specific aims 

and scope of the research. 

 Chapter 2: this chapter gives a briefly literature review of the research object most 

closely related to the work such as: small SI-engine, engine efficiency, engine 

emission and exhaust residual gas. A briefly review of familiar previous research that 

has been done in this area. Highlight the gap of the research on engine hardware and 

software optimization that has not been well researched or solved. This gap will be 

filling up by this thesis work. 

 Chapter 3: this chapter briefly describes the research engine specification, 

experimental system and experimental condition. 

 Chapter 4: this chapter briefly introduces the AVL-software, numerical modeling 

and governing equations for the analysis. 

 Chapter 5: this chapter presents the simulation results and discussion in detail, here 

the optimization of combustion duration, bore-stroke ratio, valve port diameter – bore 

ratio, exhaust valve closing timing and the effect of exhaust residual gas on engine 

performance and emission characteristics will be completely studied. 

 Chapter 6: this chapter shows a summary through all of this thesis and suggestions to 

further work.  
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2. LITERATURE REVIEW 

 

2.1 Introduction 

This chapter presents a review of the research objects most closely related to the research 

work: small SI-engine, engine efficiency, engine emission and exhaust residual gas. From a 

review of the previous research which has been done in this area such as the research on 

engine hardware, software optimization method and determination of exhaust residual gas. 

Author will find out the drawbacks that have not been well researched or solved. This gap 

will be filling up by this thesis work. 

2.2 Small SI-engine 

The Spark ignition (SI) engines are the most popular reciprocating engine. This engine is 

equipped on the various vehicles such as cars, motorcycles or equipping for agriculture 

machine as lawn mowers and chain saws. The spark ignition engines are four stroke or two-

stroke engines. In the scope of this thesis, the four stroke small SI engine will be focused. The 

small SI engine may have single or two cylinders, the engine capacities typically ranged from 

about 50 cc to 350 cc normally.  

This type of SI engine is most popular in motor cycles nowadays. The motorcycle has some 

advantages when compare to automobile such as:  

- Lower cost price 

- Generally better fuel economy 

- Better performance per dollar  

- More parking options 

- Advantages in slow or stopped traffic 

- Retains value 

- Customization 

These advantages explain why the motorcycle is very popular and the number of this vehicle 

is increasing day by day, especial in the Asian countries.  

This table 1 shows the registered motorcycles in thousand in the year from 2008 to 2017 of 

Asian countries: 
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Table 2.1: the registered motorcycles in thousands of the Asian countries through years [11] 

Country 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

Brunei 

Darussalam 
3.47 1.70 2.59 3.28 4.00 4.00 6.00 3.00 10.27 10.31 

Cambodia 188 275 236 218 233 244 303 342 464 381 

Indonesia 47,683 52,767 61,078 68,839 76,381 86,253 94,243 100,457 106,538 108,594 

Lao PDR 623 711 804 818 1,005 1,111 1,218 1,318 1,413 1,504 

Malaysia 8,487 8,940 9,442 9,985 10,590 11,087 11,629 12,094 12,677 13,173 

Myanmar 1,609 1,674 1,881 1,934 3,153 3,419 4,162 4,505 5,122 
 

Philippines 2,983 3,201 3,482 3,881 4,117 4,251 4,489 4,623 5,330 6,174 

Singapore 146 147 148 147 144 144 144 143 143 142 

Thailand 16,448 16,729 17,322 18,174 19,169 19,987 20,327 20,519 20,276 20,501 

Viet Nam 25,273 28,195 31,155 33,774 36,894 38,643 41,197 44,128 47,131 54,063 

 

Due to the rising number of motorcycles in operation and the motorcycles exhaust gas has 

harmful impact on human health and environment, the need to improve motorcycle engine 

power and to reduce emission pollution is worth pursuing. To achieve this goal the researcher 

have to understand the engine thermal efficiency theory and emission characteristics 

formation which will be introduced in the next parts. 

 

2.2.1 Engine efficiency 

In the internal combustion engine, the compression ratio (CR) is known as a sensitive 

parameter influence on the thermal efficiency. CR is the ratio of the maximum in-cylinder 

volume before compression stroke to the minimum in-cylinder volume after compression 

stroke. The SI engine efficiency obeys on the Otto cycle efficiency: 

1

1
1th

r



 

         (1) 

p

V

C

C
 

 

where  

ηth is theoretical engine efficiency, 
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r is compression ratio, 

γ is specific heat ratio (depend on monatomic gas or diatomic gas), 

Cp is specific heat capacity with constant pressure (J/(kg.K), 

Cv is specific heat capacity with constant volume (J/kg.K). 

Equation (1) shows two methods to improve engine efficiency: by increasing engine 

compression ratio or specific heat ratio.  

The increasing of CR in an SI engine is limited by a phenomenon that is known as engine 

knock. Because CR is influenced by the geometry of engine hardware parameters: bore, 

stroke, connecting rod, piston head so optimal engine hardware parameters as a way to 

improve engine efficiency. 

On the other hand, the exhaust residual gas and engine emission characteristic was a factor 

that influenced the specific heat ratio because it causes N2 gas to increase in the cylinder. 

Meanwhile, the specific heat ratio of N2 gas (1.47) was greater than that of mixed gas in the 

cylinder (1.2 – 1.4). A method to determine and control exhaust residual gas is necessary to 

improve engine efficiency.  

In the next parts, the engine emission characteristics formation and exhaust residual gas 

formation will be introduced. 

 

2.2.2 Engine emission formation and emission standards 

The main pollutants of the internal combustion engine considered are NOx, CO, unburned 

hydro carbon (HC) and particulate matter (PM). The high combustion temperature was 

known as the most sensitive effect of NO formation. In the power stroke, the fuel chemical 

energy was converted to thermal energy when burned fuel. The dominant reactions in NO 

formation are show in equation (2), (3) and (4): 

N2 + O = NO + N        (2) 

N + O2 = NO + O        (3) 

N + OH = NO + H        (4) 
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Though the formation of NOx depends on combustion characteristics, the major source of 

NOx is NO. Due to the high combustion temperature in the power stroke, a high NOx 

emission in the SI engine emission is recognized. CO is generally formed when the mixture is 

rich in fuel and HC emissions are produced from unburned air-fuel mixture trapped in cold 

crevice regions between the piston and piston rings. The HC and CO emission is strong 

depended on the homogeneous air-fuel mixture, because a less homogeneous of air-fuel 

mixture in the cylinder to increase the rich fuel with lack of Oxygen area. The dilution of the 

air-fuel mixture and the lack of oxygen led to reduce chemical reaction between HC, CO with 

Oxygen (as equation 5 and 6). This is reason for increasing the unburned HC and CO 

emissions: 

4HC + 5O2 = 2H2O + 4CO2        (5) 

2CO + O2 = 2CO2        (6) 

A suitable an amount of high temperature exhaust residual gas trapped in the cylinder to raise 

the evaporation and homogeneity in the air-fuel mixture. The homogeneous air-fuel mixture 

helped the thermal energy can be released in a shorter time to improve peak temperature and 

pressure rise and reduce heat loss. However, when too much exhaust gas gets trapped in the 

combustion chamber it may restrict the fresh air-fuel mixture into the combustion chamber 

and due to poor combustion. From above discussion, we know that the exhaust residual gas is 

not only influence on engine efficiency, it also influences on the engine NOx, CO and HC 

formation. A more understand and discussion of exhaust residual gas will be given in section 

2.2.3. 

As the most types of vehicle along with passenger as cars, bus, trucks, trains. The motorcycle 

emission has to meet the existing standards because the harmful emission effects on health 

and environment. Nowadays, Euro-V standard for motorcycle emission is applying in almost 

countries. This standard limits the emission in NOx, CO and HC of the vehicle. Table 2.1 

shows a detail the limited emission of NOx, CO and HC. 
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Fig. 2.1 Motorcycle emission standard 

 

2.2.3 Exhaust residual gas 

In internal combustion engines, the exhaust residual gases is known as essential factor, which 

influence engine performance and emission characteristics. Some exhaust residual gases are 

trapped inside the combustion chamber after the exhaust stroke. These residual gases will 

premix with the fresh air-fuel mixture and affect combustion stability, charge mass, flame 

speed, and emission of toxic products in the next combustion stroke. The engine speed and 

valve overlap are known as the most sensitive factors that influence the exhaust residual gas 

of the internal combustion engine.  

The increase of engine speed led to increases in the velocity and inertia of the exhaust and 

intake gas flows. In the exhaust stroke, the increased velocity and inertia of the exhaust gas 

flow expelled more exhaust gas from inside the cylinder to the outside. In the intake stroke, 
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the increased velocity and inertia of the intake air flow introduced fresher air-fuel mixture to 

sweep the exhausted gas out of the cylinder.  

The intake valve timing is known as an effective factor which effects on inlet airflow into the 

cylinder, in the other hand the exhaust valve timing is a factor has strong effect on the 

exhaust gas flow. The intake and exhaust valve timing are the sensitive factors which has 

strong effect on valve overlap. An optimal valve overlap allowed for fresh air-fuel mixture 

into the cylinder and carried more exhaust gas out of the combustion chamber. An early valve 

overlap may cause the exhaust gas to be expelled into the intake port, and a late valve overlap 

may result in the reverse flow, which would bring exhaust gas flow back into the cylinder. 

From above discussion, for the first step, the effect of exhaust residual gas on engine 

performance and emission characteristics was introduced. The engine parameters get 

influence on exhaust residual gas also were mentioned. 

In the next part, some previous studies on the exhaust residual gas will be reviewed, and there 

results has been done and didn’t completed yet in this area will be highlighted. 

 

2.3 Review of previous studies on improvement engine efficiency, 

emission characteristics and determination the effect of 

exhaust residual gas 

This part presents a review of familiar previous research that has been done in this area. The 

previous results of study the effect of combustion duration, bore-stroke ratio, valve port 

diameter – bore ratio, exhaust valve closing timing and residual gas on engine performance 

and emission characteristics will be shown. The drawback of those research also are pointed 

out and will be solved. 

2.3.1 Optimal combustion duration previous studies review 

In the four-stroke SI engine, the power stroke is the most important stroke. The combustion 

process has been the major factor affecting engine performance with pollutant emissions 

associated to the conversion of the chemical energy gotten from fuel into thermal energy, and 

the emission of harmful gases such as NOx, CO, HC, and PM. Because of the combustion 
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process had a significant effect on the engine performance and emission characteristics so the 

parameters involve in the combustion duration process also were studied, for example: the 

effect of flame stretch on fuel performance of spark ignition engine [12]. Lean-burn mixture 

was used to improve combustion quality and reducing heat transfer losses [13]. The impact of 

the combustion phasing on the performance of dual-fuel engine [3]. From literatures, higher 

effective combustion process has been reported through newly applied technologies such as: 

an improvement of the thermal efficiency and knock resistance of a gasoline engine by 

applying a Miller cycle with split injection [4]. A multiple spark discharge using multi-coil 

ignition system was applied to ensure the stable, complete and fast combustion of lean SI 

engine operation [5]. Using direct injection with low-pressure strategies to improve efficiency 

and reduce emission of a small SI natural-gas two-stroke engine [14]. 

In the power stroke, the combustion duration is a crucial parameter that indicates the 

optimum burning process. Generally, for extremely short combustion duration, an incomplete 

conversion of fuel from chemical energy to thermal energy seems to exist. Moreover, 

excessive thermal energy loss tends to occur during long combustion duration due to the 

increase in the duration for the heat transfer process in and out of the cylinder, piston and 

flowing exhaust gas. Some recently published papers relating to combustion duration 

presented the combustion duration effect on engine performance as well as the parameters 

affecting the combustion duration such as: ignition timing, engine speeds, engine load 

conditions, and fuels etc. [15] This research reflected on the trend of combustion duration 

discovered in HICE and affirms that when the equivalence ratio was greater than 0.6, the 

combustion duration was almost independent of engine speed. However, the low speed and 

leaner mixtures of the combustion duration were reduced sharply when engine speed 

increases. [16] An SI-engine was studied, and the effect of air-fuel ratio, engine speed, spark 

advance, and compression ratio in combustion duration was found based on the comparison 

between the experimental method and theory to determine the combustion duration, which 

uses the empirical correlation method. [17] The presented investigation was of the 

combustion duration of a diesel engine that used a dual fuel and hydrogen engine. The 

research shows that the combustion duration increases 2.5 degrees CA and the ignition 

advance decreases 2 degrees CA when the engine operated at a light load. At 80% load and 

50% volume of hydrogen in the fuel, the combustion duration increased to a maximum of 9 

degrees CA, and the ignition advance decreases to 6 degrees CA. [18] The engine combustion 
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duration had a large effect on engine performance and NOx emission of the engine with dual-

fuel diesel-LNG. At a light load, the combustion duration increased from 1.7–6.0 degrees. 

After the top dead center, the engine thermal efficiency increased to 16.7%, and the NOx 

declined. However, THC and CO emissions increased. If the advance of combustion duration 

was before top dead center (TDC) then the NOx emission will increase. [19] The engine 

working at light load saw the combustion duration increase to 5.0 degrees CA compared to a 

hydrogen or diesel engine. However, the combustion duration was reduced by 5.0 degrees 

CA at the engine load around 80.0 % with a mixing fuel of 50.0 % hydrogen and 30.0 % LPG. 

[20] This suggests to us that both the main and initial combustion durations were affected by 

the addition of hydrogen; when the amount of hydrogen was increased, the combustion 

duration decreased. [21] Haroun A.K, Maher A.R. showed that the addition of hydrogen 

affected combustion duration and increased flame speed, leading to complete combustion. 

When the amount of hydrogen increased to 10.0% in volume, the combustion duration 

decreased to 24.0% and the flame speed increased by 46.0%. Also, the combustion duration 

decreased the heat transfer rate so that engine efficiency increases. [22] The combustion 

duration has decreased from the norm and two stages of combustion in the same condition as 

the coke oven gas. In normal combustion phases, the combustion duration changes from 24.0 

– 29.0 degrees of CA, while that of two-stages combustion changes from 11.0 – 14.0 degrees 

of CA. [23] The optimum engine combustion duration is said to vary from 24.5 to 27.5 

degrees of CA upon addition of 20.0% hydrogen and from 28.5 to 32.0 degrees of CA when 

13.7% hydrogen was added. However, in two-stages combustion, the combustion duration 

was reduced at excess amount of hydrogen. [24] Using the diesel engine for research, the 

effects of engine load and volume hydrogen addition on combustion duration were presented. 

If a small amount of hydrogen was added, the effects on combustion duration would not be 

high. At a 70.0% load, the hydrogen volume fraction decreases the combustion duration, by 

using a zero-dimension, two-zone model to study the effect of the combustion process on 

thermal efficiency and to determine the best thermal efficiency in each combustion phase. [25] 

In this research, the best thermal efficiency occurred when the maximum pressure in the 

cylinder was 9.0 degrees after TDC. The development of combustion duration had a higher 

heat transfer rate. [26] A compression ignition engine using dual fuel hydrogen-ethanol was 

set in 1,500 rpm, 100% load, and 0 – 80% hydrogen volume fraction. The appropriate 

condition in terms of engine performance was a combustion duration range of 35 – 42 

degrees. [27] An analytical model was used to study the combustion duration effect on engine 
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performance, and emission characteristics for the four-stroke, spark ignition engine were 

analyzed using propane as fuel. The results have shown that the combustion duration has a 

large effect on engine performance and emission characteristics, so the designer should 

carefully design the engine to achieve optimal performance characteristics.  

All previous studies have focused on the heavy-duty engine with alternative fuel as well as 

used dual fuel (hydrogen-ethanol) and LPG fuel. However, these results were difficult to 

apply in a small SI-engine since it failed to shed light on the combustion duration effect on 

residual gas and effective release energy. Besides that, many previous studies reported the 

combustion duration effect on engine torque, engine power without elaborating on the effect 

on engine emission characteristics. Other studies presented the effects of combustion duration 

on engine emission characteristics but nothing was stressed on its effects on engine torque, 

BSFC, IMEP, BMEP. In our research, the combustion duration effect on the engine 

performance and engine emission characteristics are presented.  

In the previous studies due to the lack of control and lack of ability to determine the precise 

combustion duration inside the cylinder. These were the main reasons for the loss of time and 

researching cost. However, through combined experimental and simulative methods, author 

has been able to eliminate these drawbacks.  

 

2.3.2 Optimal bore-stroke ratio previous studies review 

Two essential factors in the study of engines are engine efficiency and pollutant emissions. 

Due to the increasing number of motorcycles in operation, the need to improve motorcycle 

engine power and to reduce emission pollution is worth pursuing. Recently, various 

approaches have been taken to deliver improved engine power and reduce pollution 

emissions, including re-designing the intake pipe [28], recovering heat lost from the exhaust 

gas system [29], optimal combustion phasing [30], using fuel injection instead of a carburetor 

to improve engine performance and resist knock [31], the Influence of spark discharge 

characteristics on ignition and combustion process and the lean operation limit spark-ignition 

(SI) engine [32]and improving SI engine performance with a turbocharger [33]. In the scope 

of research on engine hardware optimization, the bore-stroke ratio (BTR) is the most 

significant factor that affects the heat transfer, friction, and air-fuel mixing time [34].  
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From the historical trend of research on engine efficiency and engine emission, heavy-duty 

compression ignition (CI) engines with various bore-stroke ratios are known to be 

characterized with an excellent compression ratio, high NOx and soot emissions. Fasolo et al. 

[35]evaluated a new 2-liter, 4-cylinder turbocharged diesel engine with a common-rail 

injection system to study the main characteristics of the CI engine combustion systems and 

discovered that the bore-stroke ratio had a sensitive effect on engine combustion, friction 

losses and air filling. The decrease of this ratio leads to decreased air mass flow into the 

cylinder and decreased brake specific fuel consumption (BSFC). It was also noted that at a 

bore-stroke ratio of 0.93, the engine power was improved by 7% compared to a reference 

bore-stroke ratio of 0.81. Kermani et al. [36] also conducted similar study on engine 

performance, emissions and fuel consumption. According to authors, the piston bowls and 

cylinder heads were designed to provide the same bowl profile and same top dead-center 

swirl, respectively. Their results showed that the bore-stroke ratio had a sensitive effect on 

thermal losses; an increase in bore-stroke ratio led to increased heat losses due to larger wall 

surfaces. Conversely with a lower bore-stroke ratio, the friction losses were reportedly higher 

due to the larger piston-swept surface. The engine showed optimal performance at a bore-

stroke ratio of 0.9 to 0.95. Generally, the bore-stroke ratio does not only affect the heat 

transfer loss; but also has a significant impact on friction. According to Payri, F. et al. [37][38] 

a bout 4%-10% of the injected fuel energy is consumed by mechanical losses. In further 

research they reported a 50% mechanical loss due to friction between the piston and cylinder, 

suggesting that the bore-stroke ratio has an effect on the fuel economy. Filipi et al. 

[39]reported that the stroke-bore ratio affects heat transfer, combustion, and overall 

efficiency in a homogeneous charge SI engine. Authors assessed three values of bore-stroke 

ratio, 0.7, 1.0, and 1.3 and found that the ratio had a significant effect on the geometric 

interaction of the flame front and turbulence levels. Thus, the increased stroke-bore ratio led 

to an increase in thermal efficiency associated to lower heat loss and faster burning. 

Research on engine performance and emission characteristics with various bore-stroke ratios 

continues to this day. Miles et al. [40] studied the effect of basic geometric architecture on 

light-duty diesel combustion engine performance. Their results showed that the bore-stroke 

ratio was a potential factor to improve air-fuel mixing time, heat transfer and friction. By 

modifying the bore-stroke ratio, engine efficiency could be improved. Benajes et al. [41] used 

computational analysis to determine the effect of bore-stroke ratio on high-speed direct 
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injection (HSDI) combustion emission and efficiency. They used a CFD model to assess 

engine performance with a bore-stroke ratio range of 0.8-1.1. They discovered that the engine 

efficiency was improved with a lower bore-stroke ratio because of faster combustion and 

lower heat transfer losses. The lower bore-stroke ratio also led to increased NOx emissions 

and decreased soot emission. 

As described here, past researchers attempting to optimize engine combustion systems by 

used experimental optimization method, this confirmed that the important of study the engine 

performance and engine emission characteristics with various bore-stroke ratio. However 

when the optimization tasks focus on hardware components such as changing the geometry of 

the combustion chamber, bore, stroke or injection nozzle, the experimental optimization 

method is limited because of its high cost, manufacturing time and resource consumption. As 

a result, experimental investigations in detail of residual gas, peak pressure rise, combustion 

duration and effective release energy with various bore-stroke ratios is limited till date. 

In summary, most of the previous studies have focused reporting on heat transfer losses, 

friction, fuel consumption, NOx and soot emission. Few studies have addressed small SI 

engines such as motorcycle engines without sufficient information on the residual gas, 

effective release energy and combustion duration. This is a significant vacuum in the open 

literature which evaluates so the authors seek to fill this important gap through the work 

presented in this thesis. 

 

2.3.3 Optimal valve port diameter-bore ratio previous studies review 

As stated earlier, the estimation of the effect of hardware factors and software factors on 

engine power and reduce pollution emission were presented such as: changing cam profiles 

[42], piston head profile [43], optimal intake and exhaust valves [44], using optimal cylinder 

head to improvement of the diaphragm compressor [45] and effect of intake port diameter 

[46][47]. 

Can, et al. [48] have studied the effets of valve lift on the engine performance and emission 

of a homogeneous charge compression ignition (HCCI) engine. The conditions of the 

experiment were 800 rpm to 1900 rpm engine speed, 0.5 to 2 air-fuel ratio, and 20
0
C to 

120
0
C air temperature. In this research, the intake valve lift and exhaust valve lift were 
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reduced from 9.5 mm to 2 mm. The results of the experiments show that the intake and 

exhaust valve lifts have a substantial effect on the performance and emission of an HCCI 

gasoline engine. The mixture of air and fuel into the cylinder increases when the intake valve 

lift increases. The maximum indicated mean effective pressure (IMEP) of the engine was 11 

bars, the intake valve lift was 5.5 mm, and the exhaust valve lift was 3.5 mm. When using 

low cam lifts, the engine operation ranges are extended to include misfiring and knocking 

conditions. Y, et al. [49] presented a study on the effects of changing valve timing and cam 

lift in controlled auto-ignition combustion. In their study, a single cylinder engine was used. 

The valve lift was changed from 0.3 mm to 9.5 mm. The results showed that: the low cam 

lifts effected the heat release rate and pressure in the cylinder. Ghazal, et al. [50]presented the 

effect of various inlet valve diameters at different inlet valve opening, inlet valve closing and 

valve overlap on a spark-ignition engine performance. In their research, a spark-ignition 

engine was conducted with engine speed band from 500 to 3500 rpm. The original inlet port 

diameter is 31 mm and exhaust port diameter is 26 mm. The inlet diameters were 29, 30, 31, 

32 and 33 mm was presented. The results showed that the decrease of the inlet valve close 

angle of all inlet port diameters is due to decrease engine power and increase NO and CO 

emissions. A reduction of valve overlap till 50 deg crank angle could improve engine power. 

Raghu, et al. [51] presented the effect of intake port parameters on the air motion 

characteristics of a diesel engine. The intake port parameters were analyzed such as: intake 

valve diameter, valve seat angle and width, intake port eccentricity and orientation angle. In 

their research, the results showed that the geometries of the combustion chamber and intake 

port had a significant effect on the flow into the cylinder. They also found that, when the 

intake valve diameter increased from 43 to 55 mm, the swirl ratio decreased 27.61% with 

directed port and decreased 17.65% with helical port. Yasar, et al. [52] also experimented 

with an internal combustion engine to study the effect of various intake port shapes on the 

intake air flow motion in the cylinder. In order to analyses the air flow behavior and to 

measure air flow velocity distribution, a particle image velocimetry technique (PIV) was 

employed in their research. Their results showed that the intake port geometry had a sensitive 

effect on the air flow structure into the cylinder. With valve lift was 7mm and intake valve 

seat angle was 30 degrees, the inlet flow into the cylinder was a jet flow. Most of the air flow 

direction followed the axial direction; a reversed flow appeared due to the presence of the 

side wall of the cylinder. QI, et al. [53] used CFD simulation model to study the effects of 

intake port geometry on the intake air flow characteristics in the cylinder of an SI-engine. 
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They found that a small change of intake port has a significant effect on in-cylinder flow. A 

suitable inlet port design helps to increase tumble and reduce recirculation of the intake air 

flow. A strong tumble leads to increase the homogenous of air-fuel and improve the stability 

of combustion. Their final design improved by 20% of the fuel vaporization. Latheesh et al. 

[54]also studied with a compression ignition engine to analyze the designed intake port and 

exhaust port by using the CFD simulation model. In that research, the exhaust port was 

increased form 2 valves to 4 valves. They found that by using the simulation software helps 

to save the number of times in experiments and the swirl motion generated inside the cylinder 

was sensibly affected by the position of tangential and helical intake port. 

All previous studies lacked detail on the investigation the effect of exhaust port diameter-bore 

ratio on effective release energy, residual gas fraction and engine emission characteristics. 

These studies focus to present the inlet port configuration effect on intake air flow 

characteristics such as: swirl ratio, air flow motion, flow velocity distribution or air flow 

tumble. There are no articles present in detail the residual gas, effective release energy with 

various intake and exhaust port. A comparison between the two cases is necessary. This is an 

existing gap in the open literature will be filled up through the work presented in this thesis. 

 

2.3.4 Optimal exhaust valve closing timing previous studies review 

Previously, there have been studies on the engine parameters that have an influence on 

airflow and exhaust mass flow motion in the combustion chamber such as: backpressure at 

the exhaust manifold, intake and exhaust port shapes [40][54]; and intake and exhaust tube 

configuration [55][56]The valve timing is known to be a crucial parameter that has a strong 

influence engine efficiency and emission characteristics [57][58]. Some recently published 

papers presented the effect of valve timing on engine efficiency and emission characteristics. 

[59] A 3D code KIVA-3V was used to conduct simulations of the spark-assisted compression 

ignition combustion. The Coherent Flamelet model was used to simulate the Turbulent 

Flamelet spread. This simulation model was used to investigate the dependence of heat 

release rate the spark timing, charge temperature and change negative valve overlap. The 

testing engine speed was 2000 rpm, and the compression ratio was 12.4:1. The results of the 

research showed that with advance spark timing and negative valve overlap, the total end-gas 

mass, the thermal and equivalence ratio distributions lower the peak values. This shift led a 
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43% reduction in the peak heat release rate. [60] Using a spark ignition (SI) engine with 

methane fuel, the intake valve timing was changed while the exhaust valve timing was fixed. 

The engine compression ratio was 10.93:1 and the engine speed in two tests was 1250 and 

2000 rpm. The results showed that the variable valve overlap has a large effect on exhaust 

gas emission (NOx, THC and CO), combustion phasing, and engine performance. With a 

positive valve overlap of 55 to 85 deg, emissions of CO and THC increased nearly 75% while 

NOx decreased 67%. [61][62] A physical model was defined to satisfy the conservation law 

and the physical gas exchange model was derived from the high level model description. The 

simulation’s engine speed was 1000 rpm. Those papers presented a method to estimate and 

control the residual gas fraction based on the cylinder pressure, heat transfer to the cylinder 

wall, and the CO2 concentration in the combustion chamber. In addition, dynamic behavior of 

the effect of residual gas on the air-fuel ratio was presented. C. Guardiola et al. [63] presented 

a method for simultaneous estimation of the residual mass and the intake in an engine with 

negative valve overlap. The experimental engine was modified to perform multi-mode 

combustion such as spark ignition combustion, homogeneous charge compression ignition 

combustion, and spark assisted compression ignition combustion. The compression ratio was 

increased from 9.2:1 to 11.25:1. The negative valve overlap was 50 crank angle degrees. The 

testing engine speed was maintained at 2000 rpm. The results showed that this method could 

estimate the mass of residual gas and intake mass in SI-engine, the spark-assisted 

compression ignition combustion engine, and the homogeneous charged compression ignition 

engine. [64] Their experiments used a direct injection gasoline, which was equipped with a 

fully flexible valve mechanics system to change the negative valve overlap. Negative valve 

overlap was used to help retain internal exhaust gas recirculation. The testing engine speed 

was 2000 rpm, and the compression ratio was 12.5:1. In the case of varying spark advance, 

the negative valve overlap was from 114 to 136 crank angle degrees. In the case of constant 

spark timing, the negative valve overlap was from 104 to 130 crank angle degrees. The 

results showed that with constant combustion phasing at 50 crank angles degrees the peak 

heat release rate was decreased 40% and the ringing intensity decreased 75% with no 

influence on thermal efficiency. Over the range of the negative valve overlaps that were 

tested, the potential variation of thermal and compositional stratification had only a small 

effect on burn characteristics. The changing of temperature and spark timing were the main 

effect of the spark-assisted compression ignition burn rate. Hui Xie et al. [65] presented the 

effect of positive valve overlap on gasoline engine performance at a medium-high load. In 
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this research, a Ricardo Hydra 140 four-stroke engine was used for experiments. The 

combustion ratio was 10.66:1 and the testing engine speed was fixed at 1500 rpm. The 

research was focused on the spark-assisted compression ignition using positive valve overlap 

to investigate optimal engine performance. The results of the research showed that the 

positive valve overlap had a large effect on the combustion process and gas exchange. In the 

case of late exhaust valve closing, inhomogeneous distribution and internal exhaust gas 

recirculation were higher than that in case of early intake valve opening. The external exhaust 

gas recirculation and positive valve overlap were the primary controlled factors of the load of 

the spark-assisted compression ignition combustion. At a constant engine middle load, a 

small positive valve overlap and high exhaust gas recirculation improved the fuel economy. 

The optimal positive valve overlap was also determined to improve NOx emission, pumping 

loss, and fuel economy. Cheolwoong Park et al. [66] presented the effect of valve timing on 

emission characteristics of a hydrogen-compressed natural gas engine at the full load. In this 

research, an 11-L 6-cylinder compressed natural gas (CNG) engine was used for experiments. 

The combustion ratio was 11.5:1 and the testing engine speed was 1260 rpm. The results of 

this research showed that with a reduced valve overlap duration, the engine gave a lower 

torque at the lean burn limit. The reduced valve overlap duration increased residual gas and 

NOx emission. By using hydrogen compressed natural gas (HCNG) fuel and opening the 

exhaust valve early, the THC and CH4 emissions were reduced by approximately 41%. Jacek 

Hunicz [67] presented the effect of negative valve timing on combustion in a homogeneously 

charged gasoline compression ignition engine. In this research, a single cylinder engine with 

an 11.7:1 compression ratio was used for experiments. The testing engine speed was held at 

1500 rpm. The negative valve overlap values ranged from 157 to 182 crank angle degrees. 

The results of this research showed that negative valve overlap injection had a large effect on 

the combustion process and emission characteristics. When fuel injection is at the early stage 

of negative valve overlap, 46% of the fuel carbon was converted into carbon species. One kg 

of fuel was converted into CO (206 g), acetylene (26.5 g), propene (70.8 g), ethylene (133.7 

g), formaldehyde (13.5 g), and methane (78.3 g). When fuel injection was at the late stage of 

negative valve overlap, 4.6% of the fuel carbon was converted into carbon species. 

In summary, most previous studies only focused on reporting the effect of intake valve timing 

on NOx emission and engine torque. A few articles mentioned the influence of exhaust valve 

closing timing (EVCT) on residual gas, but there has been a lack of detailed investigation on 
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the amount of residual gas in the combustion chamber. Moreover, to the best of our 

knowledge, no published article has completely mentioned the effective release energy, peak 

firing pressure rise and engine performance and engine emission with various exhaust valves 

closing timings. This is a significant gap in the open literature and the authors seek to fill this 

gap through the work presented in this thesis. 

 

2.3.5 Determination exhaust residual gas previous studies review 

In internal combustion engines, the exhaust residual gases and effective release energy are 

known as essential factors, which influence engine performance and emission characteristics. 

Some exhaust residual gases are trapped inside the combustion chamber after the exhaust 

stroke. These residual gases will premix with the fresh air-fuel mixture and affect combustion 

stability, charge mass, flame speed, and emission of toxic products in the next combustion 

stroke. In diesel engines, the exhaust gas recirculation (EGR) method is an excellent 

approach to decrease the NOx emissions [68] [69] [70][71][72][73].  

From the historical trend of research on the factors which affect the mass of exhaust residual 

gas in the cylinder, the effects of residual gas on engine performance, and engine emission 

characteristics. Past researchers attempting to control the amount of residual gas trapped in 

the cylinder and used new techniques to measure exhaust residual gas, such as Variable 

Valve Timing technologies [57][74][75][76], and an exhaust gas prediction method [77][78]. 

Because it is complicated to determine the residual gas and the effective release energy in the 

cylinder through experiments under various testing conditions, computational analysis 

methods are powerful and effective tools to eliminate this problem. 

Thompson et al. [79] built a one-dimensional model in GT-Power to evaluate the effect of 

valve timing strategies on the exhaust residual gas factors of a Ricardo Hydra camless spark 

ignition (SI) engine fueled with wet ethanol. The engine was operated at a partial load 

condition and 1500 rpm of engine speed. They discovered that an increased percentage of 

water in the wet ethanol led to an increase in the residual gas fraction, which in turn led to an 

increase in the maximum pressure in the cylinder.  

Costa et al. [80] presented a study on the effect of exhaust gas recirculation on engine 

combustion and engine emissions of a natural gas-hydrous ethanol dual-fuel SI engine. In that 
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experimental setup a single-cylinder AVL 5495 SCRE engine with a 13.6:1 compression 

ratio was used. The testing engine speed was 1800 rpm and the stoichiometric air-fuel 

condition was maintained at 4 bars. A 1-D combustion model was created in the GT Power 

software to predict the exhaust residual gas fraction with an advanced intake valve opening 

strategy. Their results showed that an increase in internal exhaust gas recirculation led to 

increased ignition delay and combustion duration, and decreased NOx emissions. The effect 

of internal exhaust recirculation was more sensitive when the dual-fuel mode was applied.  

Lei Zhou et al. [81]evaluated a single-cylinder, four-stroke Ricardo E6 to study the influence 

of exhaust gas recirculation on the engine combustion characteristics under low load 

conditions. The intake valve timing and exhaust valve timing were used to adjust the exhaust 

residual gas ratio. They found that under partial load conditions, when the exhaust residual 

gas ratio was small, the heating effect was the main influence on the burning rate, but when 

the exhaust residual gas ratio was larger, the burning rate was reduced. Under idle conditions, 

the combustion stability and fuel consumption were improved with a larger residual gas ratio.  

In summary, most previous studies did not present in detail the sensitive parameters that 

distribute exhaust residual mass trapped in the cylinder, such as intake and exhaust valve 

timing, engine speed, air-to-fuel ratio, combustion duration, engine load, and intake and 

exhaust pressure. That research only focused on adjusted intake and exhaust valve timing to 

control the exhaust residual, and this was specifically accomplished by modifying the 

engine’s original valve mechanics system or manufacturing several camshafts. Those 

methods were limited because of high cost, lengthy manufacturing time, resource 

consumption, and difficulties in maintaining the same testing environmental conditions in the 

experiments. Further, because those experiments were conducted in limited experimental 

conditions with changing valve timings, the validation of the simulation model was also 

limited. This may results in largely inaccurate of the simulation model in prediction of the 

exhaust residual gas. All of these drawbacks are significant gaps in the extant literature, and 

we therefore seek to fill this gap through the work presented in this thesis. 
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2.4 Summary 

This chapter gives an introduction of research engine and a literature review about the effect 

of combustion duration, bore-stroke ratio, valve port diameter-bore ratio, exhaust valve 

closing timing and exhaust residual gas on engine performance and emission characteristics. 

All previous studies have focused on the heavy-duty engine with diesel fuel or alternative 

fuel as well as used dual fuel (hydrogen-ethanol) and LPG fuel. However, these results were 

difficult to apply in a small SI-engine since it failed to shed light on the combustion duration, 

bore-stroke ratio, valve port-diameter and exhaust valve closing timing effect on residual gas 

and effective release energy. Besides that, the previous studies due to the lack of control and 

ability to determine the precise combustion duration and exhaust residual gas inside the 

cylinder. These were the main reasons for the loss of time and researching cost. However, 

through combined experimental and simulative methods, author has been able to eliminate 

these drawbacks.  

Thus, a laboratory system was established combines with a simulation model to study the 

small SI-engine behavior to control the combustion duration and investigated engine 

parameters were residual gas, effective release energy, BSFC, IMEP, BMEP, peak firing 

temperature, engine torque, engine power, NOx, CO, and HC emissions. Also, the optimum 

combustion duration, bore-stroke ratio, valve port diameter–bore ratio, exhaust valve closing 

timing and exhaust residual gas for engine giving the optimal performance or at least harmful 

emission are investigated. The information of engine testing specification and basic 

performance parameters that will be used to valid the simulation model which will be 

introduced in the next parts. 
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3. EXPERIMENTAL SYSTEM  

3.1 Introduction 

This part introduces the research engine and experimental system. The research engine is a 

small SI engine that is equipped for the motorcycle. The purpose of the experimental setup 

just is support the basic engine behavior data such as ignition timing, air-mass flow, cylinder 

pressure, cylinder temperature and engine torque to valid simulation model. The detail of 

researching engine and experimental system will be introduced below. 

3.2 Researching engine 

A four-stroke, spark-ignition engine with 137 cm
3
 in displacement volume of each cylinder 

was used. There are two intake valves and exhaust valves in each cylinder. Two different 

camshafts controlled the exhaust valves and intake valve. 

The main specifications of the engine are summarized in Table 3.1. 

     Table 3.1 Engine specifications 

Parameter Unit Value 

Model - Four stroke, Spark ignition 

Number of cylinder - 2 

Compression ratio - 11.8:1 

Bore mm 57 

Stroke mm 53.8 

Connecting rod mm 107.9 

Intake valve - 

Number : 2 valves 

Diameter: 22 mm 

Valve lift: 6.5 mm 

Opening: 40 deg BTDC, 

Closing: 200 deg ATDC. 

Exhaust valve - 

Number: 2 valves 

Diameter: 22 mm 

Valve lift: 6.5 mm 

Opening time: 230 deg ATDC 

Closing: 30 deg ATDC. 

Cooling system - Air cooled 
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3.3 Experimental condition 

Fig 3.1 and Fig 3.2 show the experimental schematics and experimental system. The 

experiment was conducted with engine speed band of 2000 – 8000 rpm, 11.8:1 is the 

compression ratio of the engine, and the air/fuel ratio was kept at 13.6 and 29.5-30
0
C of the 

temperature of intake air during experiments. Before doing the experiments, all the tested 

devices were calibrated. The system resistant moment was controlled by a Dynamometer 

Controller. During the engine performance the oil temperature was maintained at 80
0
C and 

the engine was cooled by using air, and the oil temperature was determined and controlled by 

thermal couple and temperature sensors. The injector controller was used to maintain air-fuel 

ratio is 13.6. The steady state of engine performed was present in the experiments. At each 

engine speed the throttle angle was kept at 100% of opening. The pressure and temperature in 

the combustion chamber are determined by using pressure sensor is located on the engine 

head.  

 

 

Fig. 3.1 Experimental schematics 
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Fig. 3.2 Experimental system 

The devices were used in the experiment system: A dynamo testing system controller (1), 

AVL’s Hydraulic / Water Brake dynamometer with serial number is ZAG56907 (2), the 

connecting shaft (3) to connect the engine to the dynamometer. The experimental engine (4), 

the encoder Autonics E40S8-1800-3-T (6) is located on the flywheel (5). To prevent engine 

working in knocking condition a knocking sensor 30530-P2M-A01 (7) was employed. The 

fuel tank (8), fuel pump (9), fuel filter (10) and injector denso (16450-C12-235) (11) were the 

fuel system’s parts. The sensors (12) and (13) were used to determine the exhaust gas 

temperature and oxygen in the exhaust gas. The cylinder pressure sensor Kistler 6056A (14) 

was located on the engine’s head. The air cleaner box (15) and throttle (16), an air-heater (17) 

was used to remain temperature of air flow from 29.5-30
0
C. The air flowing meter (18) and 

ECU (20) are used to determine air flow and control fuel mass. The monitor (19), encoder’s 

signal convertor (21) and a computer (22) were used to observe and analyze input data. The 

main of experiment devices specification is shown in table 3.2. 
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 Table 3.2 Experiment devices specification 

Equipment Parameter Range [unit] Accuracy 

AVL’s Hydraulic / Water Brake 

dynamometer (ZAG56907) 

Speed 2000 – 8000 [rpm] 
± 0.1% 

Power 0 – 150 [kW] 

Encoder Atonics E40S8-1800-3-T Power supply 5 [VDC] ± 0.1% 

A knocking sensor 30530-P2M-A01 
Package 

Dimensions 

4.7 x 3.45 x 1.85 

[inches] 
± 0.1% 

Injector denso (16450-C12-235) Power supply 4- holes,12[V]- 3[bar] ± 0.1 bar 

Cylinder pressure sensor Kistler 

6056A 

Pressure range 
0 - 250 [bar] ± 0.5 bar 

 

Fig 3.3 shows the injection timing and ignition timing control system. Base on this this 

system, the ignition timing can be setup for various testing condition such as low or high 

engine speed and part load or full load condition. Base on this process, the effect of ignition 

timing and injection timing engine performance and emission characteristics can be 

investigated.  

 

Fig. 3.3 Injection timing and ignition timing control system 

Fig. 3.4 shows a computer was used to observe and analyze input data and output data as the 

cylinder pressure, engine speed, and engine torque can be observed during the experiments. 
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Fig. 3.4 dynamo controller and output data observed monitor 

3.4 Summary 

This chapter has detail explained about the engine testing specification, experimental system 

setup and experimental condition. Base on this experimental system, the engine ignition 

timing, air-mass flow, cylinder pressure, cylinder temperature and engine torque will be 

obtained under steady state and full load condition. This output experimental data will be 

used to valid the engine simulation model, which will be discussed in chapter 4.  
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4. SIMULATION MODEL SETUP 

4.1 Introduction 

It was complicated to determine the effective energy, trapped residual gases and pressure rise 

or to control combustion duration in the combustion chamber through experiments with the 

various testing conditions. Simulation method is powerful and effective tools to eliminate this 

problem, and AVL-Boost software was employed to estimate the influence of the hardware 

and software parameter on the engine performance and emission characteristics. This AVL-

Boost software is well-known in the field of internal combustion engines. It helps researchers 

simulate various combustion engine types, such as SI engines [82], [83] compression ignition 

(CI) engines [84], diesel engine with turbocharger [85], [86] and engine using alternative fuel 

[87]. 

 

4.2 Numerical modeling 

Fig. 4.1 presents the simulation model setup. The simulation model’s elements represent the 

experimental engine parts. The engine part’s characteristics were defined in simulation 

elements, this will be shown in appendix section. The steady state or transient state of the 

testing engine condition is selected in the element E1. The monitor MNT1 helps research 

observer interesting output data such as engine brake torque, residual gas, and effective 

energy. The system boundary conditions of the exhaust and intake tube were defined in 

elements SB1 and SB2. The air cleaner CL1 helps to filter air into the combustion chamber. 

The TH1 element helps to control the throttle angle. In the experiments, the throttle angle was 

kept at100%, and the restriction in the exhaust and intake tubes was defined by R1, R2, and 

R3. The junction (J1, J2, J3, J5, and J6) collects or distributes the air flow in the pipe. 

Measurements MP1 and MP2 on the exhaust and intake pipes defines the airflow 

characteristics. I1 and I2 is injector provides fuel to cylinders C1 and C2. 
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Fig. 4.1 Simulation model 

Combustion model: 

The Vibe function was used to determine heat release characteristics: 

  

  
 

 

  
(   )        (   )

       (8) 

    
  

 
    

    

   
 

Where 

Q is total fuel heat input (W); 

α is the crank angle (deg); 

   is the start of combustion (deg); 

    is combustion duration (deg); 

m is shaped parameter (-); 
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a is Vibe parameter a = 6.9 (-) for complete combustion.  

The faction burned in mass ε can be calculated: 

 

   ∫
  

  
          (   )

       (9) 

The combustion chamber’s heat transfer: 

 
             (     )        (10) 

Where 

   is heat lost to the wall (W/m
2
); 

A is the total surface area of the cylinder head, piston and cylinder (m
2
); 

       is heat transfer coefficient (W/m
2
 K); 

   is combustion gas temperature (K); 

   is the wall temperature of the cylinder (K). 

 

The residual gas fraction was calculated from the equation (11): 

    
  

 
∫         
 

  

∫     
 

  

         (11) 

𝜌 is local cylinder density (kg/m
3
); 

V is local cylinder volume (m
3
); 

xcp is local cylinder combustion product mass fraction at SOC. 

The effective release energy was calculated from equation (`12): 

 

,released eff released CPQ Q Q 
       (12)

 

The NOx formation followed the six reactions [88] listed in Table 4.1: 
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Table 4.1. NOx formative reactions 

Stoichiometry 
Rate 

ki = k0,i. T
a
.e

(-TA
i/

T
) 

k0 [cm
3
, mol, 

s] 
a [-] TA [K] 

N2 + O = NO +N r1 = k1 . CN2. CO 4.93E13 0.0472 38048.01 

O2 + N = NO + O r2 = k2 . CO2. CN 1.48E08 1.5 2859.01 

N + OH = NO + H r3 = k3 . COH. CN 4.22E13 0.0 0.0 

N2O + O = NO + NO r4 = k4 . CN2O. CO 4.58E13 0.0 12130.6 

O2 + N2 = N2O + O r5 = k5 . CO2. CN2 2.25E10 0.825 50569.7 

OH + N2 = N2O + H r6 = k2. COH. CN2 9.14E07 1.148 36190.66 

 

The concentration of N2O and the production rate of NO were determined by Equations (13) 

and (14): 

2 2 2

9471.6

6 0.61251.1802.10 . . . .T
N O N OC T e C P

     (13) 

2 1 4

1 2

2. . .[1 ]. .
1 . 1

NO p K

r r
r C C

R R



 

 
     (14) 

,

,

1 4
1 2

2 3 5 6

1
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;

NO act

NO equ P

C

C C

r r
R R

r r r

 

 
 

 

The CO formation followed the two reactions [89] in Table 4.2: 

Table 4.2 CO formative reactions 

 

Stoichiometry Rate 

CO + OH = CO2 +H 
r1 = 6,76 .10

10
.e

(T/1102)
.CCO.COH 

 

CO + O2 = CO2 + O 
r2 = 2,51 . 10

12
. e

(24055/T)
.CCO.CO2 

 

 

The production rate of CO emission was calculated by Equation (15): 

1 2

,

,

.( ).(1 )CO Const

NO act

NO equ

r C r r

C

C





  



       (15) 
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The unburned HC mass was calculated by Equation (16) 

. .

.

C crevice
HC

piston

P V M
m

R T


        (16) 

Air mass flow has a large impact on the performance of internal combustion engines. If the 

air mass flow into the cylinder in the limited band is increased while keeping the air-fuel ratio 

constant, the injected fuel into the cylinder increases. As a result, the maximum pressure in 

the cylinder would increase and the engine would perform at a higher torque. To improve the 

power of small SI-engines, several methods have been presented, such as reducing the 

restriction of the intake tube and reducing the bending tube in the intake tube system.  

The air mass flow into the cylinder was calculated by Equation 17 

  

  
          √

 

      
  

       (17) 

  

  
 is mass flow rate; 

 

    is effective flow area; 

    is upstream stagnation pressure; 

    is upstram stagnation temperature; 

   is gas constant. 

For subsonic flow: 

  √
 

   
[(
   

   

)
 
  (

   

   

)
   
 ] 

For sonic flow: 

  (
 

   
)

 

    √
 

   
  

 

  is ratio of specific heats; 

    is downstream static pressure. 
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4.3 Model validation 

The confidence of the simulated model was evaluated based on the comparison between the 

experimental results and simulated results. The black curves describe the experimental results 

while the red curves describe simulated results. Before using the simulated model to estimate 

the effect of parameters on engine performance and emission characteristics, this model was 

validated. The values of engine’s specification and experimental data (bore, stroke, 

connecting length, intake and exhaust tube length and diameter, experimental conditions) 

were used as input data for the simulated model.  

The ignition timing for each engine speed in both cases is shown in Fig. 4.2. Because the 

ignition timing is an input data for the simulation model so it can be seen that the 

experimental values for ignition timing were very close to the simulated values. 

In the internal combustion engine with air-fuel ratio is constant, the air mass flow is a most 

sensitive factor which affects the fuel mass. Fig. 4.3 shows a comparison between 

experimental and simulated results in an air mass flow. The air-mass flow is changed while 

the air-fuel ratio is constant. The maximum difference between simulation and experimental 

result was 1.42% at 6000 rpm. It is acceptable because the experimental value of air mass 

flow is the average value. 

The peak firing temperature is known as an important factor which has a strong effect on NOx 

emission. Fig. 4.4 shows a comparison between experimental and simulated results for peak 

firing temperature. The values for the two cases are not much different at each engine speed. 

The maximum differential was 5.34% at 4000 rpm. 

Fig. 4.5 shows the validation peak firing pressure rise. It can be seen that the values of peak 

firing pressure rise in the two cases are almost same at each engine speed. The maximum 

difference was 4.5% at 5000 rpm. During the combustion stroke, a better homogeneous air-

fuel mixture leads to a full transient from chemical energy to the thermal energy and increase 

peak pressure in a shorter time to reduce heat loss and improve energy efficiency. 

Fig. 4.6 shows a comparison between experimental and simulated results for engine torque. 

The maximum difference is 0.9% at 8000 rpm.  
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Fig. 4.2 Ignition timing versus engine speed 
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Fig. 4.3 Air mass flow versus engine speed 
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Fig. 4.4 Peak temperature flow versus engine speed 
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Fig. 4.5 Peak pressure rise flow versus engine speed 
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Fig. 4.6 Engine torque versus engine speed 

From the comparison between experimental results and simulation results of the applied 

engine, all of the results in two cases are same, so the simulation model made by AVL-Boot 

software has a good accuracy in prediction of engine performance. 

 

4.4 Summary 

This chapter has explained the simulation modeling setup base on the AVL-boost software 

with version 2018. The simulation is validated base on the comparison between simulation 

results and experimental results in ignition timing, air-mass flow, peak cylinder pressure, 

peak cylinder temperature and engine torque. A steady base model was produced to support 

the simulated model, which had a more accurate method for predicting engine performance 

and emission characteristics. The investigation the effect of combustion duration, bore-stroke 

ratio, valve port diameter-bore ratio, exhaust valve closing timing and exhaust residual gas on 

engine performance and emission characteristics could be carried out via simulated approach. 

A detail of optimization hardware and software parameters and determination of exhaust 

residual gas will be estimated in Chapter 5.  
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5. SIMULATION RESULTS AND DISCUSSION 

Based on the simulation model made by AVL-Boot software has a good accuracy in 

prediction of engine performance in chapter 4. This chapter presents a study the effect of 

parameters such as: combustion duration, bore-stroke ratio, valve port diameter-bore ration, 

exhaust valve closing timing and exhaust residual gas on engine performance and emission 

characteristic. The drawback of the previous could be eliminated and from the results, the 

engine performance and emission could be improve with those optimal determination 

parameters. 

5.1 Effects of combustion duration estimation 

This part presents how combustion duration affects the performance and emission 

characteristics of motorcycle engines. From the results, the researcher is able to know the best 

combustion duration value that gives the target engine torque, NOx, CO and HC. The 

investigated engine parameters were residual gas, effective release energy, BSFC, IMEP, 

BMEP, peak firing temperature, engine torque, engine power, NOx, CO, and HC emissions. 

Also, the relationship between the optimum combustion duration at each engine speed, 

residual gas, effective release energy, and engine emission were discussed. 

5.1.1 Effects of combustion duration on engine performance 

This section described the effect of combustion duration on engine performance. The results 

show the relationship between combustion duration and some other parameters as like as 

residual gas, effective release energy, BSFC, IMEP, BSFC, peak firing temperature, brake 

torque, engine power and NOx, CO and HC emission. 

Fig 5.1 shows gross release energy versus combustion duration at different engine speeds. 

The gross release energy depends mostly on the air-fuel mass in the cylinder and the 

combustion conditions. 
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Fig. 5.1 Gross release energy versus combustion duration 

Fig 5.2 shows the effect of combustion duration on the residual gas ratio. It can be seen that 

when combustion duration increase from 40 degrees to 110 degrees at engine speed was 7000 

rpm and 8000 rpm. The residual gas ratio shows a downward trend from 0.25% – 0.13%. 

When the engine speed was 6000 rpm, the residual gas ratio decreases from 0.36% to 0.22% 

and then increase to 0.3%. The minimum residual gas ratio was 0.22% at 80 degrees 

combustion duration. It can be explain by that at a low and medium engine speed, an 

excessively long combustion duration can extend the burning process until the pistons are at 

BDC or even in the exhaust stroke. This process will affect the next intake stroke to reduce 

fresh air-fuel into the cylinder, thereby sweeping the exhausted gas outside. 
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Fig. 5.2 Residual gas ratio versus combustion duration 

Figure 5.3 shows the effect of combustion duration on peak firing temperature. The peak 

firing temperature decreases as the combustion duration increases. This is because the 

increase in combustion duration is due to the increased percentage of heat loss. On the other 

hand, if the combustion duration is too long then it will take more time for the heat transfer 

within the piston, cylinder and flowing out through the exhaust gas. This accounts for the 

decrease in the mean effective release energy has decreased (Fig 5.4).  
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Fig. 5.3 Peak firing temperature versus combustion duration 

As shown in Figure 5.4, as the combustion duration increases, the effective release energy 

increases until a maximum value was achieved after that, a subsequent decrease was observed. 

The maximum effective release energy was different at different engine speeds. This could be 

explained by following two aspect factors. Firstly, if the combustion duration is extremely 

short then the chemical energy of fuel could not be completely converted to thermal energy. 

Moreover, if the combustion duration is long, then more thermal energy loss will occur 

because of increased heat loss. That is why the effective release energy initially increased 

until a maximum value was achieved. After that, it was decease following the increase in 

combustion duration. Secondly, in a real SI engine, because the combustion reaction always 

takes some time, the heat release is conducted instantaneously at TDC. To increase thermal 

efficiency, a short duration is required for the total heat release energy to occur. Because it 

increases the frequency of heat release energy to make the real cycle resembles an Otto cycle 

better. The engine speed band has a strong effect on the time of total heat release energy 

which accounts for the different maximum release energy at gotten different engine speeds. 

In this research, at 6000 rpm, the maximum effective release energy was 0.826 KJ at 60 

degrees combustion duration. At 80 degrees combustion duration, the maximum effective 

release energy at 7000 rpm and 8000 rpm was 0.831 KJ and 0.825 KJ, respectively.  
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Fig. 5.4 Effective release energy versus combustion duration 

Figures 5.5 and Fig 5.6 show the BMEP and IMEP versus combustion duration. The BMEP 

and IMEP increases until a maximum value was achieved before further decrease began to 

occur. At each engine speed, there was an optimal combustion duration value, at that value, 

the engine showed a higher BMEP and IMEP. Besides that, the engine achieves a maximum 

BMEP and IMEP at the same combustion duration. This is because the effect of combustion 

duration on BMEP and IMEP was same with effect on effective release energy. As shown in 

Fig 5.4, Fig 5.5 and Fig 5.6 similar trend of effective release energy, BMEP and IMEP was 

presented. The equation (18) shows the relationship between BMEP and IMEP. This equation 

explains why the maximum BMEP and maximum IMEP was dropped at the same 

combustion duration value. 

BMEP=IMEP – FMEP – SMEP       (18) 

Where 

FMEP is friction mean effective pressure, Bar;  

SMEP is scavenging mean effective pressure, Bar. 

In this research, at 6000 rpm and 60 degrees combustion duration, the maximum BMEP was 

10.55 bar and maximum IMEP was 12.6 bar. At 7000 rpm and 80 degrees combustion 
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duration, the maximum BMEP was 10 bar, and the maximum IMEP was 12.20 bar. At 8000 

rpm, the maximum BMEP was 9.24 bar, and maximum IMEP was 11.85 bar.  
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Fig 5.5 BMEP versus combustion duration 
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Fig. 5.6 IMEP versus combustion duration 

Figure 5.7 shows the combustion duration effect on BSFC. Initially, the BSFC was 

decreasing until a minimum value was achieved after that, an increase began to occur. At 

each engine speed, a combustion duration value for optimal fuel consumption was identified. 

At 6000 rpm and 60 degrees combustion duration, the minimum BSCF was 319.8 g/KWh. At 

7000 rpm and 80 degrees combustion duration, the minimum BSFC was 373.5 g/KWh. At 

8000 rpm and 80 degrees combustion duration, the minimum BSFC was 385.7 g/KWh. The 

effect of combustion duration on BSFC, engine effective torque and engine effective power 

all suggest that the BMEP has a strong effect on BSFC, engine effective torque, and engine 

effective power. 

Equation 19 shows the relationship between BMEP and engine effective torque. 

     
       

        
         (19) 

Where 

Teff is engine effective torque (Nm); 

VD is displacement (m
3
); 

kcycle is a simulation cycle parameter, cycle. 

The relationship between BMEP and engine effective power 

                           (20) 

Where 

Peff is engine effective power (kW); 

ncycle is a number of cycle per second, cycle/sec.      

The relationship between BSFC and engine power 

     
 

    
         (21) 

Where 

ԑ is the fuel consumption rate in grams per second (g/s). 

From equation (19), (20), (21) it can be seen that the increase of BMEP helps improve engine 

effective torque, engine effective power, and BSFC. 
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Fig. 5.7 BSFC versus combustion duration 

Figures 5.8 and Fig. 5.9 show the combustion duration effect on engine brake torque and 

engine power. Following the increased combustion duration, the BMEP, engine brake torque 

and engine power had the same fluctuating trend. The engine brake torque and engine power 

increases until a maximum value was achieved after that, a decrease was observed as the 

combustion duration keeps increasing. At each engine speed, the optimal combustion 

duration value at that the engine shows an optimal performance. The maximum engine brake 

torque and engine power dropped at the same combustion duration value. At 6000 rpm and 

60 degrees combustion duration, the maximum brake torque was 22.7 Nm and maximum 

power 14.48 KW. At 7000 rpm and 80 degrees combustion duration, the maximum brake 

torque was 21.55 Nm, and maximum power was 16.01 KW. At 8000 rpm and 80 degrees 

combustion duration, the maximum brake torque was 20.25 Nm, and maximum power was 

16.92 kW. In case of the engine speed at 7000 rpm and 70 degrees combustion duration, the 

values fluctuated because of the combustion duration on the mixing air-fuel homogeneity at 

70 degrees was not better than that at 60 degrees and 80 degrees. The homogeneous air-fuel 

mixing in the combustion chamber was reflected through the residual gas and CO emission. 

With a combustion duration of 70 degrees, the residual gas was bigger than that at 60 degrees 

and 80 degrees. 
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Fig. 5.8 Brake torque versus combustion duration 
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Fig 5.9 Engine power versus combustion duration 
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Fig 5.10 Optimal combustion duration at each engine speed 

Figure 5.10 shows the optimal combustion duration at each engine speed. The optimal 

combustion duration has increased trend with increasing engine speed. This suggest that 

when engine run at higher speed, parameter such as air-fuel ratio, spark advance, and 

compression ratio should be adjusted to extend the combustion duration. When the engine is 

operated at the optimal combustion durations, the engine torque is at maximum value and 

BSFC is at a minimum value.  

 

5.1.2 Effects of combustion duration on engine emission 

Figure 5.11 shows the effect of combustion duration on the NOx emission. The NOx emission 

decreases with increasing combustion duration because of the decreased peak firing 

temperature (Fig. 5.3). The peak firing temperature has the greatest effect on NOx emission. 

The decrease in peak firing temperature is said to reduce NOx emission and vice versa. 
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Fig 5.11 NOX emission versus combustion duration 
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Fig 5.12 NOx emission versus combustion duration 
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Figure 5.12 shows that the trend of CO emission was not maintained, this trend was like that 

of the residual gas ratio. At 6000 rpm, the CO emission decreased while the combustion 

duration increased from 40 degrees to 80 degrees. At 7000 rpm and 8000 rpm, the CO 

emission trend decreases while engine combustion duration increases from 40 degrees to 80 

degrees. This suggests that the residual gas had a huge effect on the CO emission 

characteristics because when the residual gas increases, the amount of fresh air in the next 

intake stroke decreases. Thus, the CO emission increases with an increase in the residual gas. 

Figure 5.13 shows that HC emission decreases as the combustion duration increases because 

of the increase in the time needed for complete combustion of the fuel to occur. 

 

Fig 5.13 HC emission versus combustion duration 

The above result reveals the importance of combustion duration in a small SI-engine. In 

addition, how this parameter influences the residual gas ratio, effective release energy, BSFC, 

engine torque, and engine emission characteristics were discussed.  

  

 

40 60 80 100 120

1

2

3

 

 

H
C

 (
g
/k

W
h
)

Combustion duration (Deg)

 6000

 7000

 8000



50 

 

5.1.3 Summary 

This section has presented a solution for solving the lack of control and the inability to 

precisely determine the combustion duration. For the very first time, the effect of combustion 

duration was totally presented in a motorcycle engine. With an engine testing speed band 

ranging from 3000 rpm – 8000 rpm, the combustion duration increased from 40 degrees to 

110 degrees crank angle. Through combined experimental and simulated methods, this is an 

accurate method for predicting the effect of combustion duration on engine performance and 

engine emission characteristic. The optimal combustion duration at each engine speed was 

also determined. At that optimal combustion duration value, the engine displays superior 

performance. By varying the combustion duration, we were able to control both the NOx and 

CO emission in the limited band.  

The results were summarized below: 

1) The combustion duration has a significant effect on residual gas and the effective release 

energy. In various engine speeds, the effect of combustion duration on residual gas, and 

effective release energy varied. Following increased of combustion duration, at an engine 

speed was 7000 rpm and 8000 rpm the residual gas and effective release energy decreased. 

The minimum residual gas ratio was 0.14% and 0.15%, respectively. When engine speed was 

6000 rpm, the residual gas decreases initially and increases thereafter. Likewise, at 80 

degrees combustion duration, the minimum residual gas ratio was 0.22% while the maximum 

effective release energy was 0.826 KJ at 60 degrees combustion duration. 

2) The optimal value of effective release energy, BMEP, IMEP, and BSFC was achieved at 

the same combustion duration value of each engine speed. At an engine speed of 6000 rpm 

and 8000 rpm, the optimal value of effective release energy, BMEP, IMEP, and BSFC drops 

at 60 degrees and 80 degrees combustion duration. 

3) At each engine speed, an optimal combustion duration value was found. According to the 

result of the research, the engine gives the best performance at 6000 rpm and 60 degrees 

combustion duration. In this case, the engine was able to achieve the maximum brake torque 

at 22.7 Nm and minimum BSCF at 319.8 g/KWh. 

4) The combustion duration affected heat loss in the cylinder because the increased 

combustion duration gave rise to an increased heat transfer within the cylinder and piston. As 
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the combustion duration increases from 40 degrees to 110.0 degrees, the peak firing 

temperature decreases from 2900 K to 220 K.  

5) The residual gas affected the released energy and CO emission. The trend of residual gas 

was opposite to trend of effective release energy. As the residual ratio increases, the effective 

release energy decreases while the CO emission increase, and vice versa.  

6) The NOx and HC emission decrease when the combustion duration increases from 40 

degrees to 110.0 degrees. At engine speed of 6000 rpm, the NOx and HC decreases from 7 

g/kWh to 0.2 g/kWh and 3.56 g/kWh to 3.1 g/Kwh respectively. When engine speed was 

7000 rpm, the NOx and HC decrease from 11.22 g/kWh to 2.98 g/kWh and 2 g/kWh to 0.835 

g/Kwh respectively. When the engine speed was 8000 rpm, the NOx and HC decrease from 

16.2 g/kWh to 6.9 g/kWh and 2.45 g/kWh to 1.43 g/Kwh in respectively.  

 

5.2 Effects of bore-stoke ratio (BTR) estimation 

In the continual effort to develop an improved performance of a small SI engine, this part 

presents the effects of bore-stroke ratio on residual gas, peak firing pressure rise, combustion 

duration and effective release energy of a motorcycle engine. A laboratory system was 

established, and studied a small SI-engine via a simulation model. Through combined 

experimental and simulative methods, the drawbacks of the experimental in optimization of 

bore-stroke ratio parameter were eliminated. 

5.2.1 Effects of BTR on engine performance  

Figure.5.14 depicts the volume efficiency as a function of bore-stroke ratio. When the bore-

stroke ratio increased from 0.8 to 1.1, the volume efficiency increased from 0.78 to 0.83. The 

minimum volume efficiency was 0.78 at a 0.8 bore-stroke ratio and the maximum value was 

0.83 at a 1.1 bore-stroke ratio. This can be explained by that beside the intake port 

configuration and engine speed have sensitive effect on air mass flow and air-fuel mixture 

turbulent in the combustion chamber, the combustion chamber shape also effects on air mass 

flow and turbulent fluctuations of air-fuel flow. With increasing of bore-stroke ratio, the 

space between inlet port and cylinder wall was increased. A large space between inlet port 

and cylinder wall help increasing ventilating space behind inlet ports, a reduction of collision 
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between air-fuel flows with cylinder wall led to reduce the reverse flow, allowing higher air–

fuel mass and reduce the turbulence of air-fuel mixture flow in the cylinder. This accounts for 

the reason why the volumetric efficiency increases as the bore-stroke ratio increases. The 

decrease of turbulence fluctuations of air-fuel flow in the combustion chamber led to increase 

the air-fuel mixing time and reduce the homogeneous of air-fuel mixture. As the results, the 

increase of ignition timing and combustion duration when bore-stroke ratio increases was 

observed in Fig. 5.15 and Fig. 5.16. The ignition timing and combustion duration were 

increased from 15 to 35 deg BTDC and from 70 to 100 deg CA respectively. 
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Fig 5.14 The effect of BTR on volume efficiency 
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Fig 5.15 The effect of BTR on ignition timing 
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Fig 5.16 The effect of BTR on combustion duration 
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In the internal combustion engine: valves lift, valve overlap, ignition timing and engine speed 

were the most sensitive parameters effect on residual gas. In this section, how bore-stroke 

ratios effect on residual gas will be learned. Figure 5.17 shows the residual gas ratio as a 

function of the bore-stroke ratio. When the bore-stroke ratio increased from 0.8 to 1.1, the 

residual gas ratio declined from 7.5% to 5.6 %. The variation of residual gas ratio was within 

2% when bore-stroke ratio changed that means the bore-stroke ratio had quite effect on 

residual gas. The minimum residual gas ratio was 5.6% at a 1.06 bore-stroke ratio and the 

maximum residual gas ratio was 7.5% at a 0.8 bore-stroke ratio. This can be explained by an 

increase of bore-stroke ratio helping to increase the air-fuel mass flow and combustion 

duration. This process helps to reduce the multiform molecular of exhaust gases, and the 

subsequent effect of the intake stroke by introducing fresher air fuel to sweep the exhausted 

gas out of the cylinder. This accounts for the reason why the residual gas ratio decreases as 

the bore-stroke ratio increases. 
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Fig 5.17 The effect of BTR on residual gas ratio 
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The bore-stroke ratio has a significant effect on peak firing pressure rise and peak firing 

temperature. As shown in Figs. 5.18 and 5.19, the peak firing temperature de-creased when 

bore-stroke ratio increased. This is because the increase in bore-stroke ratio was due to the 

increase in heat loss. On the other hand, the peak firing pressure rise trend was not stable. At 

a bore-stroke ratio of 0.966, the peak firing pressure rise achieved its maximum value of 3.05 

bars/deg. This pressure rise value was bigger than that when compared to reference bore-

stroke ratio case (1.06). This could be explained by that, at 0.966 of bore-stroke ratio a better 

homogeneous air-fuel mixture was performed, this led to a full transient from chemical 

energy to the thermal energy and increase peak pressure in a shorter time. 
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Fig 5.18 The effect of BTR on peak firing temperature 
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Fig 5.19 The effect of BTR on peak firing pressure rise 

 

In the combustion stroke of the internal combustion engine, the chemical energy of fuel 

trapped in the cylinder was released into heat energy. An amount of loss heat energy was 

from heat transfer, pumping loss and energy that is not effectively released in the cylinder but 

is going into the combustion products so the remaining amount energy is effective release 

energy (Fig 5.20). The heat loss and combustion duration of an internal combustion engine 

have a large effect on effective release energy. In our study, the increases in the bore-stroke 

ratio were due to increases of the heat transfer loss, so we observed a decline in effective 

release energy. This could be because, combustion reaction does not occur instantaneously in 

a typical SI engine. However, heat is instantaneously released at top dead center (TDC). In 

order to increase the thermal efficiency, the burn time is expected to be short and the faster 

the release of the heat energy. As this was, the increased heat energy between the real cycle 

and a typical Otto cycle would be similar. Because a larger bore-stroke ratio leads to a longer 

burn time so a lower effective release energy was as a consequence. In this study, the 

effective release energy decreased from 0.606 kJ to 0.567 kJ when the bore-stroke ratio 

increased from 0.8 to 1.1. 
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Fig 5.20 The effect of BTR on effective release energy 

Figures 5.21 brake mean effective pressure (BMEP) versus bore-stroke ratio. The BMEP 

decreased when the bore-stroke ratio increased, because the bore-stroke ratio had the same 

impact on BMEP and effective release energy. Figures 5.20 and 5.21 present similar trends of 

effective release energy and BMEP. Equation (18) depicts the relationship between BMEP 

and IMEP, explaining why the maximum and minimum values of BMEP and IMEP declined 

at the same bore-stroke ratio value. When the bore-stroke ratio was 0.8, the engine achieved 

its maximum BMEP (6.92 bar) and maximum IMEP (9.09 bar). At the bore-stroke ratio was 

1.06, the minimum values of BMEP and IMEP were 6.42 bar and 8.61 bar, respectively. 
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Fig 5.21 The effect of BTR on effective release energy 

Fig. 5.22 shows that the BSFC was influenced by bore-stroke ratios, trending upward when 

the bore-stroke ratio increased from 0.8 to 1.1. In test conditions with constant the engine 

speed and constant air-fuel ratio, the BMEP had the greatest effects on the BSFC. The 

relationship between BMEP and BSFC is described in Equation (22): 

9. .2.16.10

. . .

air c

D

m n
BSFC

AFR BMEPV n


        (22) 

Fig. 5.23 shows the impact of bore-stroke ratio on the engine brake torque. With increasing 

bore-stroke ratio, the BMEP and engine brake torque showed the same downward trends. At 

a bore-stroke ratio of 0.8, the engine’s maximum brake torque was 15.13 Nm, a 7.68% 

improvement when compared to reference bore-stroke ratio case (1.06). 
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Fig 5.22 The effect of BTR on BSFC versus bore-stroke ratio 
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Fig 5.23 The effect of BTR on BSFC versus bore-stroke ratio 
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5.2.2 Effects of BTR on engine emission 

Figure 5.24 shows the NOx emission versus bore-stroke ratio. The NOx emissions tend to 

increase with increasing bore-stroke ratio due to two reasons. First reason was the increased 

in the bore-stroke ratio to increase air filling and reduce the homogeneous of air-fuel mixture 

in the cylinder to increase the level of Oxygen concentrate area. The increase in level of 

Oxygen concentrate led to increase NOx emission in combustion stroke. The second reason 

because residual gas has the sensitive effect on NOx emission. In diesel engines, the exhaust 

gas recirculation (EGR) method is an excellent approach to decrease the NOx emissions. The 

increase of residual gas in the cylinder leads to reduced NOx emissions. In this study, two 

above reasons explained why the NOx tended to increase with increasing bore-stroke ratio. 

The minimum NOx emission was 1.08 g/kWh at a 0.88 bore-stroke ratio and the maximum 

NOx emission was 16.91 g/kWh at a bore-stroke ratio of 0.966. 
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Fig. 5.24 The effect of BTR on NOx emission 

Figures. 5.25 and 5.26 show the CO and HC emissions versus bore-stroke ratio. An increased 

bore-stroke ratio leads to longer burn time and increases air filling. The longer combustion 

duration helps to completely burn the fuel to reduce HC emissions, while the increased air 

filling adds more oxygen to decrease the CO formed. This explains why the HC and CO 
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emissions decreased as of bore-stroke ratio increased. The HC and CO emission are not 

accurately predicted even by three dimensional, hence the HC and CO emission values were 

as referential values but the trend of HC and CO emission were accurately predicted when 

bore-stroke ratio increased. 

These results demonstrate in detail the investigation of residual gas, peak pressure rise, 

combustion duration and effective release energy with various bore-stroke ratios and explain 

the effect of residual gas on NOx emission of a small SI-engine. 
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Fig. 5.25 The effect of BTR on CO emissions 
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Fig. 5.26 The effect of BTR on HC emissions 

 

5.2.3 Summary 

In this part, the residual gas, peak firing pressure rise, combustion duration and effective 

release energy of a Small SI-engine were discussed. And the effects of residual gas on 

effective release energy and NOx emission are also described.  

The results were summarized below: 

1) When the bore-stroke ratio increased from 0.8 to 1.1, the residual gas ratio decreased from 

7.5% to 5.6 %. The volume efficiency increased from 0.78 to 0.83, the ignition timing 

increased from 15 to 35 deg BTDC and the combustion duration increased from 70 to 100 

deg CA. The peak firing temperature and effective release energy declined. At a bore-stroke 

ratio of 0.966, the peak firing pressure achieved its maximum value of 3.05 bar/deg. The 

effective release energy decreased from 0.606 kJ to 0.567 kJ. 

2) The NOx emission tended to increase as the bore-stroke ratio increased. The minimum 

NOx emission was 1.08 g/kWh at the bore-stroke ratio of 0.88, and the maximum was 16.91 
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g/kWh at the bore-stroke ratio of 0.966. The HC and CO emissions decreased as the bore-

stroke ratio increased. 

3) In this study, the engine performed at its optimal efficiency when the bore-stroke ratio was 

0.8. At this ratio, the residual gas and BSFC were minimal, the IMEP, BMEP and engine 

torque were at maximum, and the maximum engine torque improved by 7.68% compared to 

the reference bore-stroke ratio of 1.06. 

 

5.3 Effects of valve port diameter-bore (VPD/B) ratio estimation 

Above sections have presented detailed the effect of combustion duration and bore-stroke 

ratio on the engine performance and emission characteristics. Two effective factors are 

engine effective release energy and residual gas was highlighted. However, the engine 

effective release energy and residual gas are effected by other factors, such as valve port 

diameter-bore ratio and exhaust valve closing timing. In the section 5.3 and 5.4 the effect of 

valve port diameter –bore ratio and exhaust valve closing timing on engine effective release 

energy and exhaust residual gas was completely presented.  

5.3.1 Effects of VPD/B on engine performance 

The results were studied of two VPD/B ratio cases: 

Case 1: intake port diameter changes while the exhaust port diameter is 22 mm.  

Case 2: exhaust port diameter changes while the intake port diameter is 22 mm.  

The various of intake and exhaust port diameters were presented in Table 5.1: 

Table 5.1 VPD/B ratio of two cases 

VPD/B ratio 0.3 0.35 0.4 0.45 0.5 

Intake and 

exhaust port 

diameter 

(mm) 

17.1 20 22 25.7 28.5 
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Figure 5.27 depicts the volumetric efficiency as a function of VPD/B ratio. A contrary effect 

on engine volumetric efficiency of two cases (intake port-bore ratio (case 1) and exhaust port-

bore ratio (case 2)) can be observed. When the VPD/B increased from 0.3 to 0.5:  

In case 1: the volumetric efficiency decreased from 0.695 to 0.653. The minimum volumetric 

efficiency was 0.653 at a 0.5 VPD/B and the maximum value was 0.695 at a 0.3 VPD/B. This 

can be explained by that at a constant engine speed, an increase of VPD/B led to decrease the 

swirl ratio and acceleration of air flow into the cylinder. This was cause to reduce amounts of 

air fill into the cylinder as the subsequent effect of the intake stroke by decreasing fresh air 

fuel to sweep the exhausted gas out of the cylinder. This accounts for the reason why the 

volumetric efficiency decreases and the residual gas fraction ratio increases as the VPD/B 

increases (Fig. 5.28). The residual gas fraction increased from 11 to 14%. The minimum 

value was 0.107% at a 0.3 VPD/B and the maximum value was 0.144% at a 0.5 VPD/B. 

In case 2: the volumetric efficiency increase from 0.656 to 0.688 the minimum volumetric 

efficiency was 0.656 at a 0.30 VPD/B and the maximum value was 0.688 at a 0.5 VPD/B. 

This can be explained by that an increase of VPD/B led to decrease the reverse of exhaust gas 

back to the combustion chamber. This was cause to charge fresh air-fuel mixture more into 

the cylinder and reduce exhaust residual. This accounts for the reason why the volumetric 

efficiency increases and the residual gas fraction ratio decreases as the VPD/B increases (Fig. 

5. 28). The residual gas fraction decreased from 13.82 to 11.25%. The minimum value was 

11.25% at a 0.5 VPD/B and the maximum value was 13.82% at a 0.3 VPD/B. 
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Fig 5.27 Volumetric efficiency versus VPD/B 
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Fig 5.28 Residual gas fraction versus VPD/B 

As shown in Figs. 5.29 and 5.30, the peak temperature and pressure rise present the similar 

trend in both cases. As the increase of VPD/B, the peak temperature and pressure rise 
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increase after achieving a maximum value and then decreases. This is because a higher 

VPD/B was due to the increase or decrease in the residual gas fraction (Fig. 5.28). A suitable 

an amount of high temperature exhaust gases trapped in the cylinder to raise the evaporation 

and homogeneity in the air-fuel mixture. The homogeneous air-fuel mixture helped the 

thermal energy can be released in a shorter time to improve peak temperature and pressure 

rise. However, when too much exhaust gas gets trapped in the combustion chamber it may 

restrict the fresh air-fuel mixture into the combustion chamber and due to poor combustion. 

This is the reason why the pressure rise and peak temperature both decreased after achieving 

a maximum value.  

In this research: 

In case 1: the maximum peak temperature and maximum peak pressure rise achieved 

maximum values of 2047 K and 0.87 bar, respectively at 0.4 VPD/B. 

In case 2: the maximum peak temperature and maximum peak pressure rise achieved 

maximum values of 2056 K and 0.87 bar, respectively at 0.3 VPD/B. 
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Fig. 5.29 Peak firing temperature versus VPD/B 
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Fig. 5.30 Pressure rise versus VPD/B 

As discussed above, the residual gas fraction in combustion chamber has a big effect on 

homogeneous of air-fuel mixture. The influence of the residual gas fraction on the peak 

pressure rise, peak temperature and effective energy can be seen though figures 5.28, 5.29 

and 5.30. As the increase of VPD/B, the effective release energy increase until a maximum 

value after that decrease as shown in Fig. 5.31. The maximum value was 0.45 kJ at 0.4 

VPD/B in case 1; and 0.451 kJ at 0.35 VPD/B in case 2. From this result, we know that the 

engine performs optimal efficiency when the exhaust residual gas fraction ratio is from 13 to 

14%. 



68 

 

0.30 0.35 0.40 0.45 0.50

0.32

0.34

0.36

0.38

0.40

0.42

0.44

0.46

Exhaust port-bore ratio (Case 2)

 Intake port-bore ratio (Case 1)

n = 3000 rpm

Compression ratio = 11.8:1

A/F = 13.6

E
ff

e
c
ti
v
e
 r

e
le

a
s
e
 e

n
e

rg
y
 (

k
J
)

 

 

Valve port diameter - Bore ratio (-)

 

Fig. 5.31 Effective release energy versus VPD/B 

Fig. 5.32 and 5.33 shows the IMEP and BMEP at each VPD/B ratio. Because the cylinder 

pressure of power stroke has a sensitive effect on IMEP from the equation (23), and the 

effective release energy effect on BMEP. So the similar trend of IMEP and pressure rise, 

BMEP and effective release energy can be observed.      

1
.c

D

IMEP P dV
V

          (23) 

The IMEP and BMEP was achieved the maximum value of 6.63 bar and 4.5 bar at 0.4 

VPD/B in case 1, and in case 2 these values are 6.66 bar, 4.53 bar at 0.35 VPD/B, 

respectively. 
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Fig. 5.32 IMEP versus VPD/B 
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Fig. 5.33 BMEP versus VPD/B. 
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Figure 5.34 shows that the BSFC decrease when VPD/B ratio increase from 0.3 to 0.5. With a 

constant the engine speed and constant air-fuel ratio, BMEP had the greatest effect on BSFC. 

The influence of BMEP and BSFC to each other is shown in Equation (24): 

9. .2.16.10
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m n
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Fig. 5.34 BSFC versus VPD/B 

The opposite trends of BMEP and BSFC are depicted in Figs 5.33 and 5.34. The minimum 

BSFC is 849.5 g/kWh in case 1 and 842.8 g/kWh in case 2. 

It can be seen that, at the intake port-bore ratio is smaller than 0.35 or exhaust port-bore ratio 

is bigger than 0.45 the missing firing may happen because of this band of VPD/B ratio, the 

BSFC value, HC emission (Fig. 5.37) were very high and NOx emission was nearly zero (Fig. 

5.36). So with the intake port-bore ratio is smaller than 0.35 or exhaust port-bore ratio is 

bigger than 0.45, it is not a good condition to engine operate. 

The similar trend between BMEP and engine effective torque can be observed through Fig. 

5.33 and 5.35. The effect of BMEP on engine effective torque is presented in equation (25). 

Equation (25) shows that a higher BMEP due to an enhanced engine torque. 
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Fig. 5.35 shows the engine brake torque was achieved the maximum value of 9.85 Nm in 

case 1 and 9.91 Nm in case 2. This means the engine torque can be improved by adjusting the 

exhaust valve port diameter. 
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Fig. 5.35 Brake torque versus VPD/B 

 

5.3.2 Effects of VPD/B on engine emission 

The peak firing temperature is a factor which has a strong effect on NOx emission, in this 

research, the peak firing temperature increases to a maximum value, after that decrease event 

VPD/B was still increasing. As a result, with both cases: the NOx shows the similar trend 

with peak firing temperature. Fig. 5.36 shows the NOx emission increases until achieved a 

maximum value after that decrease even VPD/B was still increasing. The maximum NOx 

emission was 6.6 g/kWh, at 0.4 VPD/B of case 1, and this value was 7.07 g/kWh at 0.35 
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VPD/B of case 2. This result shows that the exhaust valve port-bore ratio has a more sensitive 

effect on NOx emission than intake valve port-bore ratio. 
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Fig. 5.36 NOx emission versus VPD/B 

 

Fig. 5.37 and 5.38 shows that with intake port-bore ratio is smaller than 0.35 and exhaust 

valve port–bore ratio is bigger than 0.45. The high HC emission and low CO emission was 

presented. This is because the poor combustion and miss firing occurred. With a VPD/B ratio 

of 0.35 to 0.4 the engine has stable performance. 
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Fig. 5.37 HC emission versus VPD/B 
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Fig. 5.38 CO emission versus VPD/B 
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5.3.3 Summary 

This section shows a study to determine the effective release energy, peak pressure rise and 

residual gas fraction of a spark-ignition engine with various VPD/B. Through our approach, 

the disadvantages of experimental methods were solved, producing a confident method to 

determine the effective energy, residual gas, peak temperature and pressure rise. 

The results were summarized below: 

1) A lager intake port diameter causes to decrease of volumetric efficiency, while volumetric 

efficiency increases with the lager exhaust port diameter.  

2) The VPD/B ratio gets large influence on residual gas fraction, effective energy and engine 

emission. As the increase of VPD/B ratio of 0.3 to 0.5 the residual gas fraction increases 27.3% 

with larger intake port and decrease 18.6 % with larger exhaust port. The engine will perform 

optimal efficiency when the exhaust residual gas fraction is from 13 to 14%. The maximum 

effective release energy was 0.45 kJ at 0.4 intake port-bore ratio, and 0.451 kJ at 0.35 exhaust 

port-bore ratio. 

3) The maximum peak firing temperature and peak pressure rise was 2047 K and 0.87 bar at 

0.4 intake port–bore ratio. This value was 2056 K and 0.87 bar at 0.3 exhaust port-bore ratio.  

4) The optimal effective release energy and BSFC was achieved at the same VPD/B value. 

When VPD/B from 0.35 to 0.4, the engine performs the maximum effective release energy 

and the minimum BSFC. The engine operates not well with VPD/B ratio value is smaller than 

0.35 or bigger than 0.45 because the misfiring may happen. 

5) This result shows that the exhaust valve port-bore ratio has a more sensitive effect on NOx 

emission than intake valve port-bore ratio. 

6) With the intake port-bore ratio is smaller than 0.35 and exhaust valve port–bore ratio is 

bigger than 0.45. The high HC emission and low CO emission were presented. 

 

 

 



75 

 

5.4 Effects of exhaust valve closing timing (EVCT) estimation 

In the continual effort to improved engine performance and engine emission characteristics, 

the effect of exhaust valve closing timing will be estimated in this part. In the combustion 

engine, the intake valve timing is known as an effective factor which effects on inlet airflow 

into the cylinder, in the other hand the exhaust valve timing is a factor has strong effect on 

the exhaust gas flow. The intake and exhaust valve timing are the sensitive factors which has 

strong effect on valve overlap. An optimal valve overlap allowed for fresh air-fuel mixture 

into the cylinder and carried more exhaust gas out of the combustion chamber. An early valve 

overlap may cause the exhaust gas to be expelled into the intake port, and a late valve overlap 

may result in the reverse flow, which would bring exhaust gas flow back into the cylinder. In 

this part, the residual gas, effective release energy and peak firing pressure rise with exhaust 

valve closing timing will be discussed in detail.  

5.4.1 Effects of EVCT on engine performance  

Figure 5.39 shows that the EVTC had a significant effect on the residual gas in the 

combustion chamber. When the EVCT increased from 10 to 90 deg ATDC, the residual gas 

ratio increased from 0.2 to 1.7%. The minimum residual gas ratio was 0.2% when the EVCT 

was 10 deg ATDC, and the maximum residual gas ratio was 1.7% at when the EVCT was 90 

deg ATDC. It could be explained by that: In this researching section, because the intake valve 

opening timing was fixed at 40 deg BTDC and the exhaust valve closing timing was 

increased. The increase of exhaust valve closing timing from 10 to 90 deg led valve overlap 

value increased from 50 to 130 deg. The level of late valve overlap increased with increasing 

of EVCT. This accounted for the increased in the reverse exhaust gas flow and increase 

residual gas in the cylinder as a consequence. 
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Fig. 5.39 Residual gas ratio versus EVCT 

In Figures 5.40 and 5.41, the same trend of the peak firing pressure rise and peak firing 

temperature can be observed with the increase of EVCT.  
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Fig. 5.40 Peak firing pressure rise versus EVCT 
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Fig. 5.41 Peak firing temperature versus EVCT 

The EVCT had a strong effect on peak firing pressure rise and peak firing temperature. The 

peak firing pressure rise and peak firing temperature were increased until maximum values 

were achieved, after which a decrease began to occur. This is because the increase in EVCT 

was due to an increase of exhaust gas drawn back into the combustion chamber. A suitable an 

amount of exhaust gas trapped in the cylinder with high temperature to increase the 

homogeneity of the fresh air-fuel mixture in the combustion chamber of the next intake 

stroke. The homogeneous air-fuel mixture in the combustion chamber helped the chemical 

energy of fuel could be completely converted to thermal energy in a short time to increase 

peak firing temperature and peak pressure rise. However, when too much exhaust gas gets 

trapped in the cylinder it may reduce the fresh air-fuel mixture into the cylinder and cause 

poor combustion. This is the reason why the peak firing pressure rise and peak firing 

temperature both decreased after achieving a maximum value. In this research, when the 

EVCT was 50 deg ATDC, the peak firing pressure rise and peak firing temperature achieved 

maximum values of 4.59 bar/deg ATDC and 2801.45 K respectively. 
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In the SI-engine typical, the combustion reaction does not occur instantaneously. In order to 

improve the thermal efficiency, the combustion duration is expected to be short and the faster 

release of the heat energy to reduce heat loss transfer to piston and cylinder wall. So a better 

homogeneous in air-fuel mixture is the main factor to reduce combustion duration and 

increase the heat release energy rise. As discussed above, the residual gas has a large effect 

on homogeneous of air-fuel in the cylinder. A similar effect of residual gas on peak firing 

pressure rise, peak firing temperature and effective release energy can be observed though 

figures 5.40, 5.41 and 5.42. As the increase of EVCT, the effective release energy increase 

until a maximum value after that decrease as shown in Fig. 5.42. The maximum value was 

0.64 KJ at 50 deg ATDC of EVCT. 

Fig. 5.43 shows the brake mean effective pressure (BMEP) versus EVCT. The BMEP 

reflected the effective release energy of the internal combustion engine because higher 

effective release energy led to an increase in the cylinder pressure. The increase of cylinder 

pressure helped improved BMEP. This explains why the changing of BMEP was similar to 

the effective release energy with an increase of EVCT. The maximum effective release 

energy and maximum BMEP (9.3 bar) both dropped at the same 50 deg ATDC of EVCT. 
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Fig. 5.42 Effective release energy versus EVCT 
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Fig. 5.43 BMEP versus EVCT 
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Fig. 5.44 BSFC versus EVCT 
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Fig. 5.45 Engine brake torque versus EVCT 

Figure 5.44 shows that the brake specific fuel consumption (BSFC) declined when EVCT 

was increased from 10 to 90 deg ATDC. In testing conditions with a constant the engine 

speed and air-fuel ratio, BMEP had the greatest effect on BSFC. The contrary trends of 

BMEP and BSFC are depicted in Figs. 5.43 and 5.44. The engine achieved its minimum 

BSFC (399.35g/kWh) and maximum value of BMEP at the same 50 deg ATDC of EVCT. 

An increase of BMEP led to an enhanced engine effective torque. Fig. 5.45 shows the engine 

brake torque versus EVCT. With increasing EVCT, the BMEP and engine brake torque 

showed the same trends. At an EVCT of 50 deg ATDC, the engine’s maximum brake torque 

was 20.4 Nm. 
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5.4.2 Effects of EVCT on engine emission 

Figure 5.46 shows the effect of EVCT on NOx emissions. The NOx emission increased until it 

achieved a maximum value and then decreased as the EVCT continued to increase. This 

could be explained by that: the combustion temperature and exhaust gas re-circulation are 

two main causes effect on NOx emission.  

When EVCT increased from 10 to 50 deg ATD, the peak firing temperature increased from 

2580 to 2801 K, the residual gas ratio slightly increase, and the NOx emission increased from 

7.5 to 12 (g/kWh). In this case the increase of NOx emission was the main function of 

combustion chamber temperature.  

When EVCT increased from 50 to 70 deg ATD, the peak firing temperature decreased and 

residual gas ratio suddenly increased, but NOx emission still increased to 13.5 (g/kWh). This 

is because the combustion temperature still remained at high temperature (2779 K decreased 

0.82%), while residual gas ratio increased 273.3%. This amount of residual gas combined 

with air-fuel mass in the next intake stroke to increase total mass of air-fuel in the combustion 

chamber. The increased mass of air-fuel in the combustion chamber led increase N2 and O2 

concentration area, under the high combustion temperature, this condition was speed up the 

chemical reaction between N2 and O2 (table 1) to increase NOx emission. In this case, the 

increase of NOx emission was the function of temperature and air-fuel mass in the 

combustion chamber. 

When EVCT was bigger than 70 deg ATD, two possible explanations for the decrease of NOx 

emission, first reason was the strong decreased in the peak firing temperature to reduce NOx 

emission. The second reason was the strong increase in the level of residual gas. The effect of 

an increase in residual gas would lead to a reduction of NOx emission such as the effect of 

exhaust gas recirculation (EGR) in the diesel engines. The combination of two above reasons 

explained why NOx emission decreased when EVCT was bigger than 70 deg ATDC. In our 

study, the minimum NOx emission was 7.54 g/kWh at a 30 deg ATDC of EVCT and the 

maximum NOx emission was 13.45 g/kWh at 70 deg ATDC of EVCT. 
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Fig. 5.46 NOx emission versus EVCT 

Fig. 5.47 shows the HC emission versus EVCT. The HC emission increased slightly when the 

EVCT increased from 10 to 50 deg ATDC. In contrast, after 50 deg ATDC of EVCT the HC 

emission increased quickly. This could be explained by that: the HC emission rose quickly 

because the increased level of residual gas hindered the movement of the fresh air into the 

cylinder such that there was lack of oxygen for complete combustion of the HC. The increase 

of the HC emission also led to a decrease in CO emission, as observed in Fig. 5.48 
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Fig. 5.47 NOx emission versus EVCT 
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Fig. 5.48 NOx emission versus EVCT 
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These results demonstrate the value in determining the effective release energy, residual gas, 

and peak firing pressure rise of a the engine for different EVCT values. The effect of each 

parameter on engine performance and engine emission characteristics were also discussed. 

5.4.3 Summary 

This section presents a study to determine the effective release energy, residual gas, and peak 

firing pressure rise of the engine over a range of EVCT values. For the first time, the effect of 

EVCT on residual gas, peak firing pressure rise, effective release energy and engine emission 

characteristics are completely discussed. The effect of residual gas on effective release 

energy and NOx emission are also described. Through our approach, the usual drawbacks of 

experimental methods were eliminated, producing an accurate method to determine the 

effective release energy, residual gas, and peak firing pressure rise.  

The results were summarized below: 

1) The EVCT had a large effect on residual gas. When the EVCT increased from 10 to 90 deg 

ATDC, the residual gas ratio was increased from 0.2 to 1.7%. At an engine speed of 5000 

rpm, the intake valve opening timing was 40 deg BTDC. Increasing EVCT beyond 70 deg 

ATDC increased the level of internal EGR with a corresponding reduction in NOx emissions.  

2) The residual gas had a significant effect on the homogeneity of the air-fuel mixture in the 

cylinder, which influenced the peak firing pressure rise and effective release energy. In this 

research, at an engine speed of 5000 rpm and an EVCT of 50 deg ATDC, the peak firing 

pressure rise and effective release energy achieved maximum values of 4.59 bar/deg and 0.64 

KJ respectively. 

3) The engine performed at its optimal efficiency when the EVCT was at 50 deg ATDC. Here 

the maximum BMEP was 7.74 bar, the minimum BSFC was 399.35g/kWh and the maximum 

engine brake torque was 16.92 Nm. 

4) The NOx emissions tended to increase with increasing EVCT because of the increased 

peak firing temperature. The NOx emission increased until it achieved a maximum value, 

after which it decreased because the decrease of combustion chamber temperature and the 

increase in level of residual gas. The minimum NOx emission was 7.54 g/kWh at a 30 deg 

ATDC of EVCT and the maximum value was 13.45 g/kWh at 70 deg ATDC of EVCT. 
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5.5 Effects of exhaust residual gas estimation 

In the previous sections discussion, the influence of exhaust residual gas on the engine 

emission was introduced. And the parameters such as: combustion duration, bore-stroke ratio, 

valve port diameter – bore ratio and exhaust valve closing timing influences on the exhaust 

residual gas also was presented. However, other parameters that also influences on exhaust 

residual gas were not mentioned. Therefore, this part will summarize, discuss in completely 

detail the parameters effect on exhaust residual gas and the effects of exhaust residual gas on 

engine performance and engine emission characteristics. Because of the rising number of 

motorcycles in the world and the higher emission standards required such as EURO-5 and 

EURO-6, the residual gas, peak firing pressure rise, effective release energy and engine 

emission characteristic are worth investigating. 

This research utilized an SI engine which had two separate camshafts, one for controlling the 

intake valve and the other for controlling the exhaust valve. This studies with changing valve 

timing were conducted without the limited experimental conditions described above. As a 

result, this simulation model produced more accurate predictions and we were able to 

thoroughly assess and discuss those parameters which have sensitive effects on exhaust 

residual gas. 

This currently part for further studies the estimation parameters which have sensitive effects 

on exhaust residual gas, and the influence of residual gas on the effective release energy, 

peak firing pressure rise, and engine emission characteristics.  

 

5.5.1 Parameters effect on exhaust residual gas estimation 

This part thoroughly discusses and summarizes the parameters affected in internal exhaust 

residual gases recirculation of an engine, which has not been presented elsewhere in the 

literature. Figure 5.49 shows the residual gas ratio as a function of engine speed. The engine 

speed has a sensitive effect on the residual gas ratio; in our study, when the engine speed 

increased from 3000 to 8000 rpm, the residual gas ratio decreased from 4.52% to 1.54%. This 

can be explained by the fact that the increase of engine speed led to increases in the velocity 

and inertia of the exhaust and intake gas flows. In the exhaust stroke, the increased velocity 

and inertia of the exhaust gas flow expelled more exhaust gas from inside the cylinder to the 
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outside. In the intake stroke, the increased velocity and inertia of the intake air flow 

introduced fresher air-fuel mixture to sweep the exhausted gas out of the cylinder. This is 

why the residual gas ratio decreased as the engine speed increased. 
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Fig. 5.49 Exhaust residual gas ratio versus engine speed 

Figure 5.50 shows the residual gas ratio as a function of the air-fuel ratio (A/F ratio). The A/F 

ratio has a significant effect on the residual gas ratio; here, the residual gas ratio decreased 

from 3.18% to 2.58% when the A/F ratio increased from 12.5 to 15. This can be explained by 

the fact that the increase in the A/F ratio introduced fresh air mass into the cylinder while the 

fuel mass was kept constant. The increase in fresh air mass in the cylinder not only swept the 

exhausted gas out of the cylinder, but also helped to reduce the molecularly multiform 

exhaust gases. This is why the residual gas ratio decreased as the A/F ratio increased.   
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Fig. 5.50 Exhaust residual gas ratio versus A/F ratio 

There are three positive valve overlap configurations (Fig. 5.51): intake valve early opening 

(IVEO); exhaust valve late closing (EVLC), and combined IVEO&EVLC. 

 

Fig. 5.51 Positive valve overlap configurations 

Here, the effect of each valve timing configuration on the residual gas ratio is presented. As 

shown in Fig. 5.52, when the valve overlap increased, all three configurations showed an 

uptrend in the residual gas ratio. In a combustion engine the intake valve timing is known to 

affect the inlet air flow into the cylinder; conversely, the exhaust valve timing strongly affects 

the exhaust gas flow. An optimal valve overlap allows a fresh air-fuel mixture into the 

cylinder and carries more exhaust gas out of the combustion chamber. An early valve overlap 

may cause the exhaust gas to be expelled into the intake port, and a late valve overlap may 
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result in the reverse flow, which would bring the exhaust gas flow back into the cylinder. 

This explains why the IVEO&EVLC configuration of valve overlap has a greater effect on 

the residual gas ratio than the other configurations. 
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Fig. 5.52 Exhaust residual gas ratio versus valve overlap 

 

The section 5.1 discussed the effect of combustion duration on performance and emission 

characteristics of a small SI-engine engine at engine speeds of 6000 rpm, 7000 rpm, and 8000 

rpm. In this part, to avoid duplicating the effect of combustion duration on the exhaust 

residual gas ratio, the data were taken at 5000 rpm (Fig. 5.53). The increase in combustion 

duration was due to the increased residual gas ratio because an excessively long combustion 

duration can extend the burning process until the pistons are at bottom dead center (BDC) or 

even in the exhaust stroke. This process increases the pressure and temperature in the exhaust 

tube, and may result in a reverse flow which would bring the exhaust gas flow back into the 

cylinder. This explains why the exhaust residual gas ratio increased from 0.9% to 1.53% 

when combustion duration increased from 30 to 100 deg CA. 
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Fig. 5.53 Exhaust residual gas ratio versus combustion duration 

Figure 5.54 shows the effect of intake port diameter-bore ratio (IPD/B ratio) on the residual 

gas. Here the IPD/B ratio ranged from 0.3 to 0.5, with the original intake valve port diameter 

at 22 mm as the reference value. With each change of the intake valve port diameter value, 

the bore diameter was kept constant at 57 mm. When the IPD/B ratio increased from 0.3 to 

0.5, the residual gas ratio decreased from 2.96% to 2.7% the increased IPD/B ratio at high 

engine speed led to decreased airflow restriction of the inlet port. The subsequent effect of the 

intake stroke was to increase the amount of fresh air fill into the cylinder, which swept the 

exhausted gas out of the cylinder. This is why the residual gas ratio decreased as the IPD/B 

ratio increased. 
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Fig. 5.54 Exhaust residual gas ratio versus IPD/B ratio 

 

Figure 5.55 shows the residual gas ratio as a function of the bore-stroke ratio. Here the bore-

stroke ratio ranged from 0.8 to 1.1, with the original bore-stroke ratio of 1.06 as the reference 

value. Following each change of bore and stroke value, the connecting rod length was 

adjusted to maintain a constant engine compression ratio. When the bore-stroke ratio 

increased from 0.8 to 1.1, the residual gas ratio fluctuated within 5%, which means the bore-

stroke ratio had quite an effect on the residual gas. The minimum residual gas ratio was 2.8% 

at a 0.8 bore-stroke ratio, and the maximum residual gas ratio was 2.85% at a 0.88 bore-

stroke ratio. This can be explained by the increase of bore-stroke ratio promoting increased 

air-fuel mass flow and longer combustion duration. The increased air-fuel mass was due to 

the decreased residual gas ratio, but the increased combustion duration was due to the 

increased residual gas ratio. This is why the residual gas ratio fluctuated significantly as the 

bore-stroke ratio increased. 
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Fig. 5.55 Exhaust residual gas ratio versus Bore-Stroke ratio 

 

5.5.2 Effects of exhaust residual gas on engine performance 

The exhaust residual gas ratio has a significant effect on peak firing temperature and peak 

firing pressure rise. As shown in Figs. 5.56 and 5.57, the peak firing temperature and peak 

firing pressure rise decreased when the exhaust residual gas increased. This is because the 

increase in exhaust residual gas in the cylinder was due to a diluted and less homogeneous 

air-fuel mixture and an increased area that lacked fuel or oxygen. As a result, when the 

residual gas ratio increased from 1% to 5%, the peak firing temperature decreased from 2900 

K to 1250 K and the peak pressure rise decreased from 8 to 5.5 bar/deg. 
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Fig. 5.56 Peak firing temperature versus residual gas ratio 
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Fig. 5.57 Peak firing pressure rise versus residual gas ratio 
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The heat transfer loss and combustion duration have a large effect on the effective release 

energy. We observed a decline in effective release energy (Fig. 5.58) as the exhaust residual 

gas increased. This could have been because the combustion reaction does not occur 

instantaneously in a typical SI engine so the heat isn’t instantaneously released at the top 

dead center (TDC). To increase the thermal efficiency, a short burn time leads to the faster 

release of the heat energy. When this is the case, the increased heat energy released in an 

actual cycle and a typical Otto cycle would be similar. Conversely, the increase of residual 

gas in the cylinder due to a longer burn time, lower peak firing pressure rise, and lower peak 

firing temperature leads to a lower effective release energy. In this study, the effective release 

energy decreased from 0.85 KJ to 0.53 KJ when the residual gas ratio increased from 1% to 

5%.  
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Fig. 5.58 Effective release energy versus residual gas ratio 

Figures 5.59 and 5.60 show the indicated mean effective pressure (IMEP) and brake mean 

effective pressure (BMEP) versus residual gas ratio. Both the BMEP and IMEP decreased 

when the residual gas ratio increased because the latter had the same impact on BMEP, IMEP, 

and the effective release energy. Figures 5.58, 5.59, and 5.60 present similar trends of 

effective release energy, IMEP and BMEP. When the residual gas ratio was 1%, the engine 
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achieved its maximum BMEP (9.48 bar) and maximum IMEP (11.6 bar). At the residual gas 

ratio of 5%, the minimum values of BMEP and IMEP were 4.3 bar and 6.5 bar, respectively. 
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Fig. 5.59 IMEP versus residual gas ratio 
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Fig. 5.60 BMEP versus residual gas ratio 

Figure 5.61 shows that the brake-specific fuel consumption (BSFC) was influenced by the 

residual gas ratio, trending downward when the residual gas ratio increased from 1% to 5%. 

In testing conditions with constant engine speed and a constant air-fuel ratio, the BMEP had 

the greatest effects on the BSFC.  
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Fig. 5.61 BSFC versus residual gas ratio 

Figure 5.62 shows the impact of the residual gas ratio on the engine brake torque. With an 

increasing residual gas ratio, the BMEP and engine brake torque showed the same downward 

trends. At a residual gas ratio of 1%, the engine’s maximum brake torque was 20.3 Nm. 
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Fig. 5.62 Brake torque versus residual gas ratio 

 

5.5.3 Effects of exhaust residual gas on engine emission 

Figure 5.63 shows the NOx emission versus residual gas ratio. The NOx emissions tend to 

decrease with an increasing residual gas ratio for two reasons. First, an increased residual 

ratio is associated with a decreased peak firing temperature. And second, an increase in the 

residual gas is caused by a diluted air-fuel mixture and a lower level of oxygen concentrate. 

The decreased oxygen concentrate leads to decreased NOx emissions in the combustion 

stroke. In our study, these two factors explain why the NOx tended to decrease with an 

increasing residual gas ratio. The minimum NOx emission was 2.12 g/kWh at a 5% residual 

gas ratio. 

Figures 5.64 and 5.65 show the CO and HC emissions versus residual gas ratio. An increased 

residual gas ratio leads to a diluted air-fuel mixture and increased areas lacking oxygen. In 

this study, the dilution of the air-fuel mixture and the lack of oxygen increased the unburned 

HC and CO emissions from 3.65 to 18.2 g/kwh and from 139 to 450 g/kwh, respectively. 

 



97 

 

1 2 3 4 5

0

3

6

9

12

Engine speed = 5000 rpm

Compression ratio = 11.8:1

A/F = 13.6

 

 

N
O

x
 (

g
/k

W
h
)

Residual gas ratio (%)

 NOx

 

Fig. 6.63 NOx emission versus residual gas ratio 
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Fig. 5.64 CO emissions versus residual gas ratio 
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Fig. 5.65 HC emissions versus residual gas ratio 

 

5.5.4 Summary 

This section thoroughly investigated the parameters which have sensitive effects on internal 

exhaust residual gas recirculation, as well as the influence of exhaust residual gas on the 

effective release energy and engine emission characteristics of an SI engine.  

The results were summarized below: 

1)  The increase of engine speed was due to the increase in velocity and inertia of the 

exhaust gas flow and intake air flow; this caused more exhaust gas inside the combustion 

chamber to be expelled to the outside in the exhaust-stroke, and introduced a fresh air-fuel 

mixture to sweep the exhausted gas out of the cylinder in the intake-stroke. As a result, the 

residual gas ratio decreased from 4.52% to 1.54% when the engine speed increased from 

3000 to 8000 rpm. 

2)  The A/F ratio and valve overlap had sensitive effects on the residual gas ratio, which 

decreased from 3.18% to 2.58% when the A/F ratio increased from 12.5 to 15. Also, an 

optimal valve overlap allowed a fresh air-fuel mixture into the cylinder and carried more 
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exhaust gas out of the combustion chamber. An early valve overlap may cause the exhaust 

gas to be expelled into the intake port, and a late valve overlap may result in the reverse flow, 

which would bring exhaust gas flow back into the cylinder. These potentialities explain why 

the IVEO&EVLC case of valve overlap had a greater effect on the residual gas ratio than did 

the IVEO case and the EVLC case. 

3)  When the IPD/B ratio increased from 0.3 to 0.5, the residual gas ratio decreased from 

2.96% to 2.7%. But when the bore-stroke ratio increased from 0.8 to 1.1, the residual gas 

ratio was fluctuated within 5%, which means the bore-stroke ratio had quite an effect on the 

residual gas. The minimum residual gas ratio was 2.8% at a 0.8 bore-stroke ratio, and the 

maximum residual gas ratio was 2.85% at a 0.88 bore-stroke ratio. 

4)  The exhaust residual gas ratio had a significant effect on the peak firing temperature and 

peak firing pressure rise. When the residual gas ratio increased from 1% to 5%, the peak 

firing temperature decreased from 2900 to 1250 K and the peak pressure rise decreased from 

8 to 5.5 bar/deg. 

5)  An increase in the exhaust residual gas in the cylinder was due to a longer burn time, 

lower peak firing pressure rise, and lower peak firing temperature, which in turn caused a 

lower effective release energy. The effective release energy decreased from 0.85 KJ to 0.53 

KJ when the residual gas ratio increased from 1% to 5%. 

6)  The NOx emission tended to decrease as the exhaust residual gas increased because an 

increase of residual gas in the cylinder led to a decreased peak temperature and less oxygen 

concentrate. Thus, the NOx emission declined from 11.3 to 2.12 g/kwh when the exhaust 

residual gas increased from 1% to 5%. An increased residual gas ratio led to a diluted air-fuel 

mixture and larger areas that lacked oxygen. The dilution of the air-fuel mixture and the lack 

of oxygen were due to increases in unburned HC and CO emissions from 3.65 to 18.2 g/kwh 

and from 139 to 450 g/kwh, respectively. 

7)  Declines in the IMEP, BMEP, and engine torque accompanied an increase in the residual 

gas ratio. Here, the IMEP decreased from 11.6 to 6.5 bar, the BMEP decreased from 9.48 to 

4.3 bar, and the engine brake torque decreased from 20.3 to 9 Nm as the residual gas ratio 

increased from 1% to 5%. 
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6.  SUMMARY AND CONCLUSION 

All of the target objectives have discussed and obtained through this thesis works. The 

drawback of the experimental method in the scope of hardware optimization was eliminated 

through experimental and simulation approach method. The effects of combustion, bore-

stroke ratio, valve port diameter-bore ratio, exhaust valve closing timing and exhaust residual 

gas were completely investigated. From the results the optimal hardware and software 

parameters also determined to improve engine efficiency and emission characteristics. 

The importance results were summarized below: 

- A small SI engine simulation modeling was provided to produce more accurate predictions 

and able to thoroughly assess and discuss those parameters which have sensitive effects on 

engine efficiency and emission characteristics. 

- The combustion duration has a significant effect on residual gas and the effective release 

energy. Following increased of combustion duration, at an engine speed was 7000 rpm and 

8000 rpm the residual gas and effective release energy decreased. The minimum residual 

gas ratio was 0.14% and 0.15%, respectively. When engine speed was 6000 rpm, the 

residual gas decreases initially and increases thereafter. Likewise, at 80 degrees 

combustion duration, the minimum residual gas ratio was 0.22% while the maximum 

effective release energy was 0.826 KJ at 60 degrees combustion duration. At each engine 

speed, an optimal combustion duration value was found. The NOx and HC emission 

decrease when the combustion duration increases from 40 degrees to 110.0 degrees. At 

engine speed of 6000 rpm, the NOx and HC decreases from 7 g/kWh to 0.2 g/kWh and 

3.56 g/kWh to 3.1 g/Kwh respectively. When engine speed was 7000 rpm, the NOx and 

HC decrease from 11.22 g/kWh to 2.98 g/kWh and 2 g/kWh to 0.835 g/Kwh respectively. 

When the engine speed was 8000 rpm, the NOx and HC decrease from 16.2 g/kWh to 6.9 

g/kWh and 2.45 g/kWh to 1.43 g/Kwh in respectively. According to the result of the 

research, the engine gives the best performance at 6000 rpm and 60 degrees combustion 

duration. In this case, the engine was able to achieve the maximum brake torque at 22.7 

Nm improved 4.1% and minimum BSCF at 319.8 g/KWh improved 14.4% . By increasing 

the combustion duration, the engine harmful emission could be improved.  

- When the bore-stroke ratio increased from 0.8 to 1.1, the residual gas ratio decreased from 

7.5% to 5.6 %. The volume efficiency increased from 0.78 to 0.83, the ignition timing 
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increased from 15 to 35 deg BTDC and the combustion duration increased from 70 to 100 

deg CA. The peak firing temperature and effective release energy declined. The engine 

performed at its optimal efficiency when the bore-stroke ratio was 0.8. At this ratio, the 

residual gas and BSFC were minimal, the IMEP, BMEP and engine torque were at 

maximum, and the maximum engine torque improved by 7.68% compared to the reference 

bore-stroke ratio of 1.06. The NOx emission tended to increase as the bore-stroke ratio 

increased. The minimum NOx emission was 1.08 g/kWh at the bore-stroke ratio of 0.88. 

The HC and CO emissions decreased as the bore-stroke ratio increased. 

- The VPD/B ratio gets large influence on residual gas fraction, effective energy and engine 

emission. As the increase of VPD/B ratio of 0.3 to 0.5 the residual gas fraction increases 

27.3% with larger intake port and decrease 18.6 % with larger exhaust port. When VPD/B 

from 0.35 to 0.4, the engine performs the maximum torque 9.91Nm improved 3.2%. The 

engine operates not well with VPD/B ratio value is smaller than 0.35 or bigger than 0.45 

because the misfiring may happen. This result shows that the exhaust valve port-bore ratio 

has a more sensitive effect on NOx emission than intake valve port-bore ratio. With the 

intake port-bore ratio is smaller than 0.35 and exhaust valve port–bore ratio is bigger than 

0.45. The high HC emission and low CO emission were presented. 

- When the EVCT increased from 10 to 90 deg ATDC, the residual gas ratio was increased 

from 0.2 to 1.7%. At an engine speed of 5000 rpm, the intake valve opening timing was 40 

deg BTDC. Increasing EVCT beyond 70 deg ATDC increased the level of internal EGR 

with a corresponding reduction in NOx emissions. The engine performed at its optimal 

efficiency when the EVCT was at 50 deg ATDC. Here the maximum engine brake torque 

improved 0.4%. The NOx emissions tended to increase with increasing EVCT because of 

the increased peak firing temperature. The NOx emission increased until it achieved a 

maximum value, after which it decreased because the decrease of combustion chamber 

temperature and the increase in level of residual gas. The minimum NOx emission was 

7.54 g/kWh at a 30 deg ATDC of EVCT and the maximum value was 13.45 g/kWh at 70 

deg ATDC of EVCT. 

- The residual gas ratio decreased from 4.52% to 1.54% when the engine speed increased 

from 3000 to 8000 rpm. The A/F ratio and valve overlap had sensitive effects on the 

residual gas ratio, which decreased from 3.18% to 2.58% when the A/F ratio increased 

from 12.5 to 15. When the IPD/B ratio increased from 0.3 to 0.5, the residual gas ratio 

decreased from 2.96% to 2.7%. But when the bore-stroke ratio increased from 0.8 to 1.1, 
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the residual gas ratio was fluctuated within 5%, which means the bore-stroke ratio had 

quite an effect on the residual gas.  

- The exhaust residual gas ratio had a significant effect on the peak firing temperature and 

peak firing pressure rise. When the residual gas ratio increased from 1% to 5%, the peak 

firing temperature decreased from 2900 to 1250 K and the peak pressure rise decreased 

from 8 to 5.5 bar/deg. The NOx emission tended to decrease as the exhaust residual gas 

increased. The NOx emission declined from 11.3 to 2.12 g/kwh when the exhaust residual 

gas increased from 1% to 5%. An increased residual gas ratio led to a diluted air-fuel 

mixture and larger areas that lacked oxygen. The dilution of the air-fuel mixture and the 

lack of oxygen were due to increases in unburned HC and CO emissions from 3.65 to 18.2 

g/kwh and from 139 to 450 g/kwh, respectively. Declines in the IMEP, BMEP, and engine 

torque accompanied an increase in the residual gas ratio. Here, the IMEP decreased from 

11.6 to 6.5 bar, the BMEP decreased from 9.48 to 4.3 bar, and the engine brake torque 

decreased from 20.3 to 9 Nm as the residual gas ratio increased from 1% to 5%. 

For the further work, the optimal engine operation condition and parameters in the transient 

sate will be estimated. In addition, a study to estimate the pure methanol and ethanol as fuel 

for small SI-engine will be conducted. 
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