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ABSTRACT 
 
Diesel engines are widely used in various applications, including automobiles (especially in trucks 

and buses), ships, locomotives, construction equipment, agricultural machinery, and generators. 

Diesel engines emit high concentrations of nitrogen oxide (NOx) particulate matter (PM) and 

hydrocarbons (HC) into the environment compared to other fuel engines. These pollutants 

contribute to smog formation, respiratory problems, and other health issues. PM emissions, in 

particular, are associated with lung cancer, asthma, and cardiovascular diseases.  The combustion 

of diesel fuel also releases CO2, a major contributor to global warming and climate instability. 

Diesel engines can have adverse effects on ecosystems and wildlife. Acid rain is caused by the 

emission of nitrogen oxides and sulfur dioxide (SO2), which can harm aquatic life, vegetation, 

and soil quality.  

To minimize the harmful effects of diesel engines, it is necessary to use eco-friendly fuels in the 

diesel engines either partially or completely replacing conventional fuels. CNG is recognized for 

its better combustion properties, high calorific value, and lower greenhouse gas emissions 

compared to diesel fuel. Implementing CNG in diesel engines through the dual fuel technique 

offers an improved option for the environment. 

To examine the effects of CNG in dual fuel mode, an experiment with a diesel engine at different 

compression ratios, engine speeds, and injection pressures was conducted. The energy share of 

CNG is taken as 0-80% for this experiment. The present experiment evaluated the performance 

and emission characteristics of diesel/CNG dual-fuel engine.   

The experimental results were also analysed by using Taguchi method.The experimental results 

demonstrated significant impacts on performance and emissions when CNG was added to diesel 

engines in dual-fuel combustion. Compared to single diesel fuel combustion, dual-fuel 

combustion led to increased brake thermal efficiency (BTE) of up to 43.6% and brake specific 
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fuel consumption (BSFC) of 32.46%. Carbon monoxide (CO) and hydrocarbon (HC) emissions 

were increased by 11.3% and 27.8%  while carbon dioxide (CO2), nitrogen oxide (NOX), and 

smoke opacity were decreased by 13.8%, 15.1%, and 40.2 % in dual-fuel combustion.  
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CHAPTER 1. INTRODUCTION 

The invention of the modern internal combustion engine (IC) in the last decade of the 19th 

century by Étienne Lenoir, Nikolaus Otto, and Rudolf Diesel has been a major contributor 

to the economic development of modern society. The IC engine is used in a variety of 

applications, such as power production, industrial uses, and the transportation of people 

and cargo over land and water, in part due to its high power-to-weight ratio. For IC engines, 

the 4-stroke cycle is the most usual operating mechanism. The rotation of the piston 

during its top and bottom positions in the cylinder is referred to as a stroke. Usually, the 

top position is referred to as the top dead centre (TDC), and the bottom as the bottom dead 

centre (BDC). Here is a simplified explanation of the 4-stroke  direct injection (DI) 

diesel engine working concept. The cycle has been split into four different strokes. The 

piston shifted from TDC to BDC during the intake stroke as the intake valve was open and 

the air was drawn into the cylinder. When the intake valve is closed, the second stroke 

begins as the piston shifts from BDC to TDC, and air is compressed. As a result, the 

combustion chamber confronts an increase in pressure and temperature. After that, using 

a fuel injector, an appropriate quantity of liquid fuel is delivered to the combustion 

chamber near the TDC position. This fuel mass vaporizes, combines with the air around 

it, and then spontaneously ignites in the combustion chamber. This results in a rapid 

increase in temperature and pressure in the combustion chamber, and transmits 

mechanical energy to the piston, connecting rod, and crankshaft-based crank mechanism. 

During this expansion stroke, the piston shifts from TDC to BDC till the exhaust valve 

opens. At this point, the exhaust stroke begins, and the piston shifts from BDC to TDC 

with the exhaust valve open to release the cylinder's residual exhaust gases. Finally, the 

cycle is then completed by closing the exhaust valve, opening the intake valve, and 

repeating the process. 
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1.1  Diesel engine emissions 

A diesel engine's emissions strongly depend on its equivalence ratio (Φ) [1]. Nitrogen oxides 

(NOx), particulate matter (PM), carbon monoxide (CO), unburned hydrocarbons (HC), and 

carbon dioxide (CO2) are typical exhaust pollutants from diesel engines. NOx emission is 

formed by the oxidation of atmospheric nitrogen and is highly influenced by cylinder 

combustion temperature. Total NOx emission in a CI engine is higher than in a lean burn 

spark-ignition (SI) engine because combustion occurs as a diffusion flame at an equivalence 

ratio (Φ) close to 1.0. The stoichiometric air-fuel ratio achieves extremely high temperatures 

in this region, resulting in a high quantity of NOx. Diesel engines that run at a highly lean 

mixture with excess air help to decrease NOx emissions. The combustible gas in the lean 

mixture sustains to mix with the excess air, resulting in lower temperatures that decrease the 

NOx formation kinetics. Compared to CI engines, SI engines that run close to 

stoichiometric generate high NOx emissions. Nitrogen is dissociated at the maximum flame 

temperature, which occurs at the stoichiometric air-fuel ratio, and then it mixes with oxygen 

to produce NOx emission. Due to the non-homogeneity of the air-fuel mixture in lean 

mixture diesel engines, some local regions of the cylinder may become too lean to ignite, 

resulting in a misfire and poor combustion. Other regions could be too rich with oxygen-

deficient for all the carbons to react together. High HC emission is produced in both lean 

and rich mixture conditions. Since CO emissions are generated if an engine operates at a 

rich mixture, its forming is not dependent on the intake mixture conditions. PM emissions 

in diesel engines originate primarily in the fuel-rich zone, where Φ  superior to 1.0 inside 

the cylinder during combustion because of the incomplete combustion by fuel hydrocarbons 

[2]. CO2 is produced during combustion when the carbon atom from the fuel is 

combined with the oxygen from the air.   
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1.2 The Effects of Exhaust Emission  

Figure 1.1 shows the global energy-related CO2 emissions of various sectors from 2019-

2022. The USA contributes 14.02 % of global CO2 emissions, China (29.18%), the European 

Union (12%), India (7.09%), Russian Federation (4.65%) and Japan (3.7%) [3]. The 

majority of air pollution comes from road transport, with 95% of carbon dioxide emissions 

[4]. The consequences of greenhouse and other emissions are serious. These emissions harm 

air pollution, the health of people, and the environment in many ways. These air pollutants 

are closely related to COPD, coughing, breathing, wheezing, asthma, respiratory illnesses, 

and premature death [5]. Urban areas citizens are most affected by air pollution 

because diesel engine emissions degrade the air quality. Millions of people are exposed 

daily to toxic air pollution from IC engine-operated road transport. The air quality in Delhi 

is severely compromised due to the presence of harmful exhaust emissions, posing a 

significant threat to public health and well-being [6]. 

 

Fig. 1.1. global energy-related CO2 emissions of various sectors 
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With the deteriorating Air Quality Index in Delhi from exhaust gas emissions, It is the most 

polluted city in  India [7]. The health impacts of these harmful pollutants are serious in the 

short term and ongoing in the long term and periodic use. As a result, it is critical to 

manage the production of air pollution. One technique to reduce emissions is by engine 

design and management of engine parameters, but this frequently has unexpected 

consequences. The reduction of PM emissions in the diesel engine to an acceptable level 

cannot be achieved purely through engine design and control. Typically, an after-treatment 

system is needed to reduce emission levels under regulator standards. Emission restrictions 

are used to control and handle emissions from light-duty, heavy-duty, and stationary 

engines. 

The Environmental Protection Agency (EPA) established some emission regulations for 

non-road and stationary diesel engines, which are listed in Table 1.1. Tier 4 mandates a 

reduction of more than 90% in NOx emissions. Tier 4 also demands significant reductions 

in HC and PM emissions. Since Tiers 2 and 3, CO emission restrictions have remained 

unchanged. According to the data below, standards have been substantially reduced over 

time. As a result, it is difficult for engine makers to constantly enhance engine efficiency 

and technology to meet standards. 

      Table 1.1: Emission standard for non-road and stationary diesel engines with more than 900 Kw of power 

Year Released Tier 1 Tier 2 Tier 3 Tier 4 

2004 2006 2011 2015 

NOx Limit (g/kWh) 9.2 6.4 0.67 0.67 

HC Limit (g/kWh) 1.3 6.4 0.4 0.19 

CO Limit (g/kWh) 11.4 3.5 3.5 3.5 

PM Limit (g/kWh) 0.54 0.2 0.1 0.03 
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Fuel costs are another source of concern for diesel engine manufacturers. Diesel fuel prices 

are normally high, and they rise as the global need for diesel fuel and other crude oil rises. 

As the cost of alternative fuels, especially natural gas, is significantly less expensive, using 

natural gas in diesel engine operations may result in fuel cost savings. Many researchers 

have offered different techniques to combine cleaner and less costly gaseous fuel with diesel 

fuel to reduce undesired emissions and expensive diesel fuel costs. Gaseous fuels are 

regarded as viable alternative fuels for transportation, and stationary engines, capable of 

decreasing pollutant emissions while also providing energy security [8]. Most combustion 

devices can be simply converted to use gaseous fuels for power generation. Natural gas and 

biogas, which have high octane numbers, have a knock resistance, making them acceptable 

for engines with relatively high compression ratios. If the proper conditions for mixing and 

combustion are met, gaseous fuels emit less harmful exhaust emissions [9]. 

1.3 Gaseous Fuels in Diesel Engines  

Numerous research works have been published regarding the utilization of gaseous fuels, 

including biogas, producer gas, natural gas, and liquefied petroleum gas (LPG), in diesel 

engines. The Different chemical compositions of these fuels have a considerable impact on 

engine performance and emissions. 

Biogas is also referred to as swamp gas, sewer gas, fuel gas, marsh gas, and wet gas It is 

produced by using bacterial cells to ferment organic material in the absence of air. The 

process breaks the substance down into intermediates like fatty acids and alcohols, and 

then into methane, carbon dioxide, and water. The process is called anaerobic fermentation 

[10]. The primary components of biogas are methane and carbon dioxide (CO2) [11]. 

Because of its high octane number and autoignition temperature, biogas is a good choice 

for diesel engines as an alternative fuel. When utilized as a primary fuel in diesel engines, 

it reduces NOx and PM emissions while increasing premixed combustion. However, 
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because of the prolonged ignition delay and poor flame propagation of the gaseous fuel-

air mixture, it has a severe impact on engine performance and HC and CO emissions, 

particularly at part load [12]. The existence of CO2 in biogas affects the cylinder's burning 

velocity and peak pressure, resulting in a reduction in maximum power [13].  

Producer gas in dual fuel mode shows a decrease in power output due to its lower heating 

value compared to natural gas [14].  Due to the lower energy density of producer gas, the 

engine output was lowered by 20–30% in one instance [15]. This fuel reduces CO 

emissions and engine efficiency because of its prolonged ignition delay [16]. 

LPG, typically known as Autogas, is a blend of propane and butane. When LPG is used in 

diesel engines, it generates significantly less PM and NOx and increases the also amount of 

HC emission [17]. LPG has a high octane and a low cetane number. Because of this property, 

it works well in SI engines but is challenging to self-ignite in traditional CI engines. If LPG 

is to be utilized as an alternative fuel to diesel fuel, the presence of a cetane enhancer can 

promote the auto-ignition characteristic and attain constant engine running [18][19]. LPG is 

used as a secondary fuel in diesel engines using a fumigation process in which the LPG fuel 

is introduced into the intake air stream via a low-pressure injector [20]. Due to its tendency 

to self-ignite earlier, using this strategy with diesel as a pilot fuel resulted in a lower power 

output and lower thermal efficiency than pure methane and natural gas. Out of all the fuels, 

the noise produced during combustion in the cylinder is the most prominent. Introducing 

LPG into diesel engines results in a decrease in NO and PM emissions, although there is a 

noticeable rise in CO and HC emissions [21].  

One way to enhance the fuel performance is by blending LPG with hydrogen in a 70:30 

ratio [22][23]. When LPG is used as a secondary fuel in diesel engines, this combination 

can cause fluctuations in HC emissions. It causes an increase in the maximum pressure rise 
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rate, the HRR (heat release rate), the peak cylinder pressure, and the total time of the 

combustion. 

In recent years, the replacement of diesel fuel with natural gas has been substantially 

increased. Because natural gas has a higher heating value than LPG, it produces more torque 

and has a higher thermal efficiency in DF engines [8]. It also contributes to reducing NOx 

emissions by lowering charge temperature [24][25]. Methane, the primary component of 

natural gas, has a high octane number, making it knock-resistant and suited for high-

compression ratio engines. Natural gas is beneficial because it contains less harmful 

substances such as sulfur and mixed with diesel in dual fuel operation, tends to minimize 

PM levels than diesel engines [26] [27]. Generally, Natural gas comprises 85-99 % methane 

and some proportion of ethane and propane. Natural gas held at high pressure is known as 

compressed natural gas (CNG), and natural gas stored as a sub-cooled liquid is known as 

liquefied natural gas (LNG). If CNG or LNG is utilized in diesel engines, a pressure 

regulator is required to reduce the pressure to an acceptable level. 

Natural gas is considered the most promising primary alternative fuel in dual-fuel 

operations [28]. It is abundant, reasonable in cost, and decreases NOx and PM emissions. 

1.4   Natural Gas 

Methane is known as Natural gas. The percentage of methane is different in different 

pipelines. Methane is produced naturally through processes such as anaerobic decomposition 

of organic matter in wetlands, termites, and methane hydrates in ocean sediments. It was 

formed millions of years ago by dead animals and plants, which grew up in thick layers and 

became trapped beneath the earth's surface. Over time, excessive heat and pressure 

transformed these fossils into black oils, coals, and natural gases. Natural gas is taken from 

the underground formation via a well along with other liquid petroleum products and non-
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hydrocarbons, which are subsequently purified and distributed through pipelines. Domestic 

power generation in Canada, China, the Netherlands, Poland, Germany, and the United States 

has increased fast due to its technological advancements [29]. The advancement of horizontal 

drilling and hydraulic fracturing technology has increased natural gas exploration from shale 

reserves. Shale gas, which is natural gas trapped within shale formations, has become the 

fastest-growing natural gas supply in the United States. Since 1860, at least 2 million oil and 

shale gas wells have been hydraulically fractured in the United States. Today, hydraulically 

fractured wells account for 95% of new wells, accounting for more than 43% of total US crude 

oil generation and 67% of natural gas production  [30].  

Although natural gas-fumigated diesel engines may decrease NOx and PM emissions while 

CO and HC emissions were increased, particularly at part load than conventional diesel 

engines  [31]. The ignition of natural gas-fumigated diesel engines is slower at part load but 

faster at full load. This method of decreasing diesel exhaust pollutants is becoming more 

popular.   

1.5  Dual Fuel Operation 

Operating a dual fuel internal combustion (IC) engine involves using two different fuels 

simultaneously for power production. The most common combination is diesel as the primary 

fuel and gaseous fuel such as natural gas (CNG/LNG) or biogas as the secondary fuel. In 

comparison to normal diesel fuel, gaseous fuels frequently have a low cetane number and a 

high autoignition temperature. These characteristics of gaseous fuel make it challenging to 

employ in a traditional diesel engine alone. As a result, the diesel engine under dual fuel mode 

plays an active role in the effective utilization of gaseous fuels as alternate fuel with reduced 

exhaust emissions [32]. The dual fuel CI engines are based on diesel technology. The primary 

fuel is a gaseous fuel, while the pilot fuel is a liquid fossil fuel. A simple modification allowed 

the diesel engine to function in dual fuel mode. 
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 Here's how the operation generally works: 

1. Fuel Injection System 

 Dual fuel IC engines are equipped with a specialized fuel injection system capable of 

injecting both primary and secondary fuels into the combustion chamber. 

 The engine control unit (ECU) monitors various parameters to control the injection 

timing and quantity of each fuel for efficient combustion. 

2. Compression Stroke: 

 CNG is injected in the air stream during suction stroke. 

 A mixture of CNG and air is compressed. 

 Diesel is injected at 20o bTDC at a higher temperature mixture of CNG and air. 

 Initially, diesel auto ignition, with a result rest of the mixture burns.  

 

3. Combustion:  

 Ignition of the air-fuel mixture is initiated by the compression ignition of the primary 

fuel (diesel). 

 The combustion process propagates throughout the combustion chamber, with the 

secondary fuel contributing to the overall energy release. 

4. Power Stroke: 

 The combustion of the air-fuel mixture generates high-pressure gases that exert force 

on the piston, driving it downward. 
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 The downward motion of the piston produces mechanical work, which is transferred 

to the crankshaft to produce rotational motion. 

5. Exhaust Stroke: 

 The exhaust stroke expels the combustion products, including unburned 

hydrocarbons and combustion by-products, from the combustion chamber. 

The engine's internal workings or the diesel injection system are not modified. Natural gas will 

replace some of the diesel fuel to run the engine [33]. Figure 1.2 depicts the fundamental 

workings of diesel/CNG dual-fuel engines. 

 

                     Fig. 1.2. Fundamental dual fuel operation 

1.6  Dual Fuel Advantages and Applications 

The main advantages of the dual fuel natural gas-diesel engine are lower NOx, CO2, and PM 

emissions, as well as lower fuel costs due to natural gas being significantly cheaper than 

diesel. Other potential benefits include increased thermal efficiency and lower fuel transport 

costs if natural gas is accessible nearby. If the majority of the engine parts stay constant, the 

maintenance costs will not increase after the conversion. Carbonization is reduced in the 

dual fuel engine because a substantial amount of diesel is supplanted by natural gas, up to 

80%. As a result, the number of de-carbonization and overhauls required for the engine is 

reduced [34]. Transitions between diesel and dual fuel modes in the dual fuel natural gas-
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diesel engine can be accomplished while the engine is running without interfering with the 

required engine load. If natural gas is not available, the control valve is closed and the engine 

runs on diesel fuel as a traditional diesel engine. Various companies, like Solaris, Green Fuel 

Pro, Altronic, Hythane, and Landi Renzo USA, provide dual-fuel systems for engines. 

1.7  Motivation 

Air pollution from IC engines caused an estimated 74,000 deaths in India in 2015. Out of 

which two-thirds (66%) could be attributed to tailpipe emissions from diesel engine vehicles 

on the road. Worldwide, emissions from all sources caused an estimated 33.70 lakh deaths. 

Out of which 3.85 lakh were attributable to IC engine transportation. Out of the 

transportation-attributable deaths, diesel vehicles on the road contributed an estimated 47% 

worldwide. Due to ongoing environmental conditions, an urgent need to find a solution to 

decrease the pollution level. To ensure long-term sustainability, it would be beneficial to 

reduce it even further, if possible.  

The current study aims to reduce dependency on diesel fuel and minimize exhaust emissions 

by using alternative fuels. 

1.8 Thesis outline     

The Ph.D. thesis is structured into six distinct chapters, each addressing specific aspects of 

the research. The organization of these chapters is as follows: 

In Chapter 1 of this thesis, an extensive introduction to internal combustion engines is 

provided, focusing particularly on Compression Ignition (CI) engine emissions and their 

effects on exhaust emissions. The utilization of gaseous fuel in CI engines is explored, along 

with an in-depth discussion on the concept of dual fuel operation, highlighting its advantages 

and diverse applications. 
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Chapter 2 delves into an extensive review of existing literature concerning dual fuel 

operations using compressed natural gas (CNG) and diesel fuel. Numerous researchers' 

experimental works on engine performance, emissions, and various engine characteristics 

are thoroughly examined, shedding light on their impacts on engine performance and 

emission characteristics. 

 Chapter 3 meticulously describes the detailed experimental setup, procedure, working 

principles, equipment utilized, and the methodology employed for data analysis in this 

research. This chapter provides comprehensive insights into the experimental framework 

adopted for conducting the study. 

Chapter 4 defines the system or phenomenon of the model. Identify the key variables, 

parameters, and governing equations that describe the behaviour of the system. Use 

fundamental principles, physical laws, empirical data, and assumptions to develop 

mathematical equations that represent the behavior of the system. Validate the mathematical 

model by comparing its predictions with experimental data or benchmark solutions. 

Chapter 5 unveils the findings derived from the experimental study. A meticulous 

comparison between diesel and dual-fuel engines at different compression ratios, engine 

speeds, and injection pressures is presented, offering detailed insights into their respective 

performances. 

Finally, Chapter 6 offers a conclusive discussion of the present study's findings and future 

perspectives for diesel/CNG dual-fuel CI engines. This section presents key conclusions 

drawn from the study and explores potential avenues for further research and development 

in this area. 
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CHAPTER 2. LITERATURE REVIEW 

This chapter provides an extensive review of the existing literature focusing on dual fuel 

operations utilizing both compressed natural gas (CNG) and diesel fuel. Numerous researchers 

have conducted experimental studies investigating various aspects such as engine performance, 

emissions, and engine characteristics. The chapter synthesizes these studies, highlighting their 

findings and their implications for engine performance and emission characteristics. 

Furthermore, it delves into the utilization of gaseous fuels in dual fuel operations, examining 

their effects on engine behavior and emissions. Additionally, the chapter explores the influence 

of key factors such as gas substitution ratio, injection timing, engine speed, injection pressure, 

and other engine-affecting parameters on both emissions and performance in DF engines. 

Through a comprehensive analysis of the literature, this chapter provides valuable insights into 

the complexities and nuances of DF operation and its impact on engine behavior. 

2.1 Overview of diesel and CNG fuels 

Diesel and Compressed Natural Gas (CNG) are two types of fuels commonly used in 

transportation and industrial applications. Here's an overview of each: 

2.1.1 Diesel Fuel: 

 Composition:  Diesel fuel is a type of fuel derived from petroleum, specifically 

designed for diesel engines. It is composed of hydrocarbons, typically containing 

molecules with 12 to 20 carbon atoms. 

 Energy Density: Diesel fuel has a higher energy density compared to gasoline, 

meaning it provides more energy per unit volume. 
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 Combustion: Diesel engines operate on the principle of compression ignition, where 

air is compressed to a high temperature, causing the diesel fuel injected into the 

combustion chamber to ignite spontaneously. 

 Applications: Diesel fuel is commonly used in heavy-duty vehicles such as trucks, 

buses, and some cars, as well as in industrial equipment and generators. 

 Emissions: While diesel engines are more fuel-efficient than gasoline engines, they 

often produce higher levels of nitrogen oxides (NOx) and particulate matter (PM), 

contributing to air pollution. However, advancements in diesel engine technology 

and the introduction of ultra-low sulphur diesel (ULSD) have helped reduce 

emissions significantly. 

 

2.1.2 Compressed Natural Gas (CNG) : 

 Composition: CNG is a natural gas that has been compressed to a pressure of 

around 3,600 psi to 3,000 psi (250 bar to 200 bar) to become a more viable 

transportation fuel. 

  Energy Density: CNG has a lower energy density compared to diesel fuel and 

gasoline but still provides a viable alternative due to its lower cost and cleaner 

emissions. 

 Combustion: CNG is predominantly composed of methane and requires a dedicated 

CNG engine or conversion kit to operate. These engines use spark ignition and 

compression ignition engines. 
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 Applications: CNG is used primarily in light-duty and medium-duty vehicles, such as 

taxis, buses, and some cars. It is also used in industrial applications and as a fuel for 

heating and cooking in some households. 

 Emissions: CNG combustion produces lower levels of pollutants compared to diesel 

and gasoline, including significantly reduced levels of particulate matter and nitrogen 

oxides. It also emits lower levels of greenhouse gases, making it a cleaner alternative 

fuel. 

2.2 Historical perspective on dual fuel combustion 

Dual fuel combustion, also known as dual-fuel technology, has been utilized in various 

forms throughout history, evolving alongside advancements in combustion engines and 

fuel systems. This approach involves the simultaneous combustion of two different 

fuels within an engine, often with one acting as the primary fuel and the other as a 

supplementary or ignition enhancer. While modern applications often focus on internal 

combustion engines, the concept itself has historical roots dating back to the early days 

of engine development. 

2.2.1  Early Experiments and Steam Engines : 

The concept of utilizing multiple fuels for combustion dates back to the early 

experiments with steam engines in the 18th and 19th centuries. Engineers and inventors 

experimented with various combinations of fuels, including coal, wood, and even oil, 

to improve engine efficiency and performance. 

2.2.2 Gasoline and Diesel Blend 

In the early 20th century, as internal combustion engines became more prevalent, there 

were experiments with blending gasoline and diesel fuels to improve engine 
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performance and efficiency. This approach was particularly relevant during times of 

fuel scarcity or economic constraints. 

2.2.3 World War II and Alternative Fuels : 

During World War II, several countries explored alternative fuel options due to 

shortages and logistical challenges. Dual-fuel systems were experimented with, 

including the use of natural gas, hydrogen, and various biofuels alongside traditional 

gasoline or diesel. 

2.2.4 Industrial and Marine Applications : 

In industrial and marine applications, dual-fuel engines have been used for decades to 

take advantage of multiple fuel sources, including natural gas, diesel, and heavy fuel 

oils. These engines are often designed to switch between fuels based on availability 

or cost, offering flexibility in operation. 

2.2.5 Modern Automotive and Transportation : 

In recent decades, dual-fuel technology has gained renewed interest, particularly in 

the automotive and transportation sectors. Natural gas-diesel dual-fuel engines, for 

example, have been developed for commercial vehicles to reduce emissions and 

dependence on conventional diesel fuel. 

2.2.6 Renewable Energy Integration :  

With a growing emphasis on renewable energy sources, dual-fuel combustion has also 

been explored in the context of integrating renewable fuels such as biofuels, hydrogen, 

and ethanol alongside conventional fossil fuels. This approach aims to reduce 

greenhouse gas emissions and promote sustainability in transportation and energy 

systems. 
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2.2.7 Research and Development :  

Ongoing research and development efforts continue to explore the potential of dual-fuel 

combustion in various applications. Advanced engine designs, optimized fuel injection 

systems, and sophisticated control strategies are being developed to enhance the 

efficiency, performance, and environmental impact of dual-fuel engines. 

 

2.3 Engine Modification :  

Gaseous fuels are unable to be used alone in diesel engines due to their low cetane number.  

Experimentally, Naber et al. [35] observed that methane ignites with a local temperature of 

1200 K and an ignition time of 2 ms. However, in a diesel engine, the temperature is 

approximately 1000 K at the end of the compression stroke [36]. Consequently, the gaseous 

fuels cannot ignite in the diesel engine within the needed time. Therefore, it is necessary to 

investigate alternative strategies for utilizing gaseous fuel in diesel engines. As per Liu et 

al. [37], the following method can be used to do this: 

(a) Converting the CI engine to a SI engine with a higher compression ratio. 

(b) Supplying the gaseous fuel with air by the CI engine's suction port while retaining the 

fuel injection system for pilot fuel. 

(c) Directly provide gaseous fuel to the engine while retaining the fuel injection system for 

pilot fuel. 

Another technique for dual fuel engines was ideal because the typical diesel engine required 

minimal alterations. Figure 2.1 illustrates the functioning of a DF engine. A  dual-fuel diesel 

engine sucks and compresses the air/gaseous fuel mixture. The optimum quantity of pilot 

diesel fuel is provided by the diesel engine's fuel injection system to ignite the air-gas 
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mixture [38]. The quantity available for pilot fuel depends on the engine characteristics and 

engine load conditions. A valve is used to reduce the gas supply under part load. However, 

the air intake to the engine decreases, which results in a decrease in engine power and 

efficiency. As a result, DF engines do not throttle on the air side. At varied loading conditions 

of the dual-fuel engine, the optimal ratio of pilot fuel and gaseous fuel supply is required 

[39]. 

 

 

Fig.2.1. Schematic diagram of dual fuel engine 

 

2.4 Previous research on diesel/CNG dual fuel combustion 

The dual fuel technique permits the use of gaseous fuel in a diesel engine. However, the 

performance limitations of a dual-fuel engine present many challenges that must be 

addressed. Changes in engine parameters such as injection pressure, injection 

timing,  pilot fuel quantity, engine speed, compression ratio, engine load, and gaseous fuel 

substitution. All of these parameters affect the efficiency as well as emissions of the dual-

fuel engine. Many studies have been performed by different scholars to investigate the 
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effect of the factors mentioned above on the performance and emission characteristics of 

a dual-fuel engine. Several studies examined the effects of injection pressure using the 

various CNG substitution ratios of a diesel/CNG dual-fuel engine.  

According to Kim et al. [40], the ignition performance of the primary fuel has a crucial 

influence on engine performance and pollution in dual fuel combustion. The experiment 

on a heavy single-cylinder engine revealed that fuel having a high cetane number improved 

combustion performance, lowered methane leaking, and reduced HC and CO emissions, 

but increased NOx emission.  

Lee et al. [41] investigated the emission characteristics of non-methane hydrocarbons and 

methane on a six-cylinder heavy engine under low-load conditions. Due to the low 

combustion efficiency, methane accounted for the most share of the emissions (52-87%) 

in dual-fuel combustion. With the advanced injection timing, this problem can be resolved. 

Millo et al. [42] examined the ignition mechanism of dual-fuel engines using 

comprehensive experimental investigation. A highly -precision ignition delay model was 

created using the precise chemical reaction mechanism of 0-D. 

Increasing the amount of pilot fuel and advancing the injection timing may have a greater 

influence on engine output as well as CO and HC emissions but increased NOx 

emission[43]. 

It has been shown that advancing diesel injection timing at low load-low speed and medium 

load-high speed conditions reduces unburned methane and greenhouse gas 

emissions[44,45,46]. 

Wang et al. [47] studied the influence of pre-injection approach using a six-cylinder 

turbocharged intercooled NG/diesel dual-fuel heavy-duty engine under light-load 

conditions. The study shows that the pilot diesel ignition mode and quality are dependent 
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on the pre-injection timing. When the injection timing is set to 42.5 crank angle (°CA), the 

effects are optimized (35% BTE, 0.4% HC emissions, and 60 ppm NOx). 

Nithyanandan et al. [48] experimentally studied the effects of single and double injection on 

combustion and emissions using single-cylinder diesel engines via optical access. A high-

speed color camera was utilized to discriminate between lean premixed methane combustion 

and diffusion combustion. The outcomes showed that pre-injection diesel improves flame 

propagation while lowering diesel fuel usage and soot emissions. 

Papagiannakis et al. [49] investigated the influence of injection timing and substitution ratio 

on combustion and exhaust emissions in a single-cylinder engine operating at part load. It 

showed that when methane (CH4) content increased, specific energy consumption, CO, and 

maximum pressure increased, whereas nitric monoxide (NO) and soot emission decreased. 

By advancing the injection timing specific energy consumption, soot, and CO emissions 

were decreased. But the peak pressure and NO increased dramatically. 

Liu et al. [50] investigated the emission characteristics of a diesel/CNG dual-fuel engine 

varying the injection angle and amount of diesel fuel pilot dose. The findings of the studies 

revealed that the CO emission in the dual-fuel operation was significantly higher and the 

NOx emission was 30% lower on average than in a regular diesel engine. HC emissions are 

higher in dual-fuel combustion operations, particularly at low and medium loads. 

Yang et al. [51] examined the influence of pilot injection timing on combustion performance 

and emission characteristics at low load conditions. The results revealed that advancing the 

pilot injection timing increased cylinder pressure and HRR while considerably reducing HC 

and CO emissions but increased NOx emissions. 

Guerry et al. [52] examined the impact of pilot injection timing on the combustion 

performance and emissions of diesel/Methane DF engines using low-
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temperature combustion (LTC) under low and high loads. The examination shows 

that improving the injection time of diesel pilots increases the pressure in the cylinder and 

HRR, as well as reduces the  HC and CO emissions. Further advancing the diesel injection 

timing, decreased combustion performance and raised the exhaust emission. 

Shu et al. [53] examined the impact of injection timing on performance, and emissions on 

diesel/CNG dual fuel engines under low speed and load, and observed that promoting the 

pilot injection timing may improve cylinder pressure, thermal efficiency, and HRR whereas 

also increasing HC and NOx emissions. 

Yuvenda et al. [54] experimented using a single cylinder engine on performance, 

combustion, and emissions characteristics of a diesel/CNG dual-fuel engine were examined 

by varying the pilot injection time from 11o to 19o BTDC within a 20-second interval. At 

pilot injection timing 17o BTDC under low load, the outcomes indicated the increment of 

3.006% in thermal efficiency, 47.8 bar in-cylinder pressure, 52.05kl/m3/oCA in HRR, and a 

reduction in HC, CO, and PM emissions. 

Ouchikh et al. [55] experimentally investigate the effects of a diesel injection strategy on 

the performance and emissions of a methane/diesel dual fuel engine. The experiments were 

conducted on a single-cylinder diesel engine with 1500 rpm at various engine load 

conditions. The findings showed that the split injection approach had a substantial effect on 

dual-fuel engine combustion. Furthermore, when compared to the single injection approach 

at low load, the BTE increased by an average of 25.6%. With a pre-injection timing of 

11°bTDC at 20% engine load, BSFC was reduced by 20.4%. Also, the pre-injection 

approach helped to reduce NOx and combustion noise while also lowering HC emissions 

significantly. 
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The combustion, performance, and emission characteristics of a CRDI diesel engine-

assisted CNG dual fuel engine were studied. In this study, the engine was operated at a 

constant speed of 1500 rpm using variable engine loads of 16, 20, and 24 NM  to evaluate 

the effect of fuel injection timings (7.5, 12.5, and 17.5 SOI) and fuel injection pressure (500, 

750, and 1000 bar) in RCCI mode. At fuel injection pressure of 1000 bar, the BSFC of 0.42 

kg/kWh was observed with a brake mean effective pressure of 3.2 bar and concluded that 

the most suitable input parameters are 20(Nm), 750(Bar), and 12.5% injection timing 

(BTDC) [56]. 

Dou et al. [57] evaluated the influence of the pilot diesel premixed ratio and injection timing 

on the engine's emissions. They observed that delayed injection timing is valuable for 

reducing particle emissions at higher premixed ratios. 

Papagiannakis and Hountalas [58] examined the functions of dual fuel performance of a 

single-cylinder DI diesel engine when diesel is partially replaced by natural gas at ambient 

intake temperature. They investigated the effect of liquid fuel percentage replaced by natural 

gas on engine performance and emissions. 

Karim et al. [59, 60] studied the CH4 emissions on a single-cylinder diesel engine modified 

for operation on NG-diesel dual fuel combustion at low load. The effect of engine load, the 

amount of CH4 fumigated into the intake mixture, and the amount of diesel fuel supplied in 

every cycle on CH4 and CO emissions was experimentally determined. 

Gatts et al. [61] experimentally studied the impact of engine load, and NG/air ratio on CO 

emissions of an NG/diesel dual-fuel engine. Natural gas addition at medium to high load 

first increased the CO emission but subsequently decreased CO emissions. Ultimately, 

NG-diesel dual combustion produced higher CO than single diesel fuel operation. CO 
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emissions at low loads were considerably higher compared to medium and high loads and 

gradually increased with increasing NG supply. 

 Lyu et al. [62] investigated the influence of the CNG substitution ratio on combustible 

and emission properties for a CNG-Diesel DF engine. The analysis revealed that as 

increasing the CNG substitution ratio HC and CO emissions increased. NOx and smoke 

emissions show a trade-off tendency. 

Gharehghani et al. [63] investigate the comparison between single diesel and dual fuel 

(Diesel/CNG) combustion and indicate that HC and CO emissions were increased in dual 

fuel combustion than in single diesel fuel combustion. 

Bari et al. [64] experimentally investigate the performance and emission characteristics of 

a diesel engine fuelled with CNG and diesel in dual-fuel mode, with proportions of diesel 

ranging from 10 to 100% with different engine loads(1.1KW-2.8KW). The results indicate 

that BTE decreases and increases BSFC in DF mode compared to pure diesel fuel mode. 

At 1.1 KW load, a maximum decrease in efficiency and increased growth of 68% of 

specific fuel consumption were noted in dual-fuel combustion mode. The exhaust emission 

of CO2 and soot was lower and increased CO in DF combustion. 

Lounici et al. [65] experimented with investigating the effect of a dual fuel (Diesel-CNG) 

operating model to analyze the performance and emissions at moderate and relatively high 

loads. The results indicate a decrease in specific fuel consumption, NOx, and soot while 

increasing carbon CO and HC emissions.  

Tripathi et al. [66] investigated the effect of diesel methane DF combustion on 

performance and emission-varying load conditions. The outcome reveals that the increased 

methane energy ratio decreased brake thermal efficiency, CO2, and NOX while increasing 

CO and HC emissions at all tested loads.  
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 Jamrozik et al. [67] studied the effect of CNG (0-95%) substitution on single-cylinder, 4-

stroke diesel engines with a constant rotation speed of 1500 rpm. And results show that 

increasing the energy substitution ratio of CNG from 0% to 45% increases heat release rate 

and maximum combustion pressure, decreasing HC and NOx emission. As increased CNG 

substitution ratio beyond 45%-95% increases, the NOx emission, heat release rate, 

maximum combustion pressure, and CO emission decrease.  

Lee et al. [68] experimentally determined the combustion and emission characteristics of 

diesel CNG dual-fuel engines with CNG substitution rates of CNG0%, CNG70%, and 

CNG80%, and results show that CNG80% recorded increased thermal efficiency by 2.7% 

and reduction in CO2 emission by 22.6% than 100% diesel fuel.  

Rai et al. [69] conducted an experimental study to determine the effect of injection timing 

on the performance and emission of a diesel/CNG dual-fuel operation. Experiments were 

carried out under various loading conditions to determine the effect of CNG flow rates and 

injection timings on BTE and emissions such as NOx, smoke opacity, and HC.  The 

outcomes show that by advancing the IT  significant reduction in NOx and smoke, but HC 

showed an increase. Though BTE first increased with advancing IT and then decreased. 

Blasio et al. [70] experimentally performed the effects of compression ratio and injection 

parameters on performance and emission on a single-cylinder engine in dual-fuel 

combustion (diesel/methane). The results conclude that CR of 15.5 attained the best global 

efficiency and pollutant emissions outputs in DF combustion than D combustion. 

Muammar et al. [71] performed an experiment and investigated the effect of dual fuel on 

emission and performance using CNG energy share of 90D10G, 80D20G, 70D30G, and 

60D40G and compared it to 100% diesel fuel. The results show that CNG energy share of 

90D10G, 80D20G, and 70D30G showed lower BSEC 60D40G showed higher BSEC 
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compared to 100% diesel fuel and 90D10G and 60D40G showed higher CO2 and NOX and 

80D20G and 70D30G showed lower CO2 and NOX than 100% diesel fuel. 

Yuvenda, et al. [72] experimentally showed the performance and emission of diesel CNG 

dual fuel engines by optimizing the CNG injection timing. Results showed that CNG 

injection timing of 130oATDC and 110oCA, increased brake thermal efficiency and 

decreased brake specific fuel consumption, HC, CO, and PM. 

Huang et al. [73] performed an experimental and simulation analysis of the impact of 

injection timing on diesel/CNG  dual-fuel mode. Studies revealed that the amount of 

premixed combustion of injected diesel and the period of natural gas flame propagation 

showed a substantial effect on methane emissions. 

Karabektas et al. [74] introduced a novel approach to enhancing diesel-CNG dual-fuel 

engine performance by modifying the composition of the pilot fuel dose with the addition 

of diethyl ether (DEE) to diesel fuel. Their study focused on three combustion scenarios: 

diesel alone, diesel with 40% CNG, and diesel with DEE and 40% CNG, using pilot doses 

of DEE at 5% and 10%. Their findings revealed that while co-combusting diesel with CNG 

led to decreased engine performance, particularly at low and medium loads, it also resulted 

in elevated CO and HC emissions across all loads and reduced NOx emissions at high loads. 

However, incorporating DEE as an additive to the pilot dose showed promising outcomes. 

It improved thermal efficiency, reduced specific energy consumption, and consequently 

lowered CO and NOx emissions. 

Lebedevas et al. [75] focused on a CNG-diesel dual fuel engine and explored optimization 

techniques for CNG injection timing and duration at low load conditions. They varied the 

timing of CNG injection from 70° to 150° ATDC and the duration from 70° to 150°CA in 

20° intervals. Their findings indicated that retarding the timing of CNG injection to 130° 
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ATDC resulted in the highest cylinder pressure and heat release rate (HRR). This timing 

configuration also led to lower emissions of hydrocarbons (HC), carbon monoxide (CO), 

and particulate matter (PM). Additionally, it allowed for a larger volume of CNG to be 

injected into the cylinder. Furthermore, the optimal CNG injection duration was identified 

as 110°CA. This combination of timing and duration demonstrated enhanced performance 

and reduced emissions in the CNG-diesel dual fuel engine operating under low load 

conditions. 

In their experimental study, researchers investigated the use of compressed natural gas 

(CNG) as a substitute for diesel fuel in an indirect injection diesel engine across various 

operating conditions. The unique aspect of this research was the examination of different 

mass fractions of diesel fuel being replaced by CNG, while also considering the impact of 

cold exhaust gas recirculation on emissions and fuel consumption. The experiments were 

conducted under different equivalence ratios at engine speeds of 1200, 2000, and 3000 rpm, 

and at load levels of 25%, 50%, and 75% of full load for each speed setting. Replacing 40% 

of the diesel fuel with CNG resulted in a remarkable 74% reduction in soot emissions. This 

reduction was attributed to a decrease in the carbon-to-hydrogen ratio within the fuel 

mixture [76]. 

Under high load conditions, both diesel and methane-diesel dual fuel studies exhibited 

similar combustion pressure values, largely attributed to factors such as delayed injection 

timing, heightened injection pressure, and increased combustion temperature. Moreover, the 

coefficient of variation of indicated mean effective pressure (COVIMEP) for all tested fuels 

remained below 5% during medium and high load conditions. Notably, the primary concerns 

of diesel engines, namely NO and smoke emissions, witnessed significant reductions. With 

higher levels of methane addition in the dual fuel application, NO emissions showed an 

improvement of up to 67%, while smoke emissions saw an enhancement of up to 82%. 
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Despite elevated hydrocarbon (HC) and carbon monoxide (CO) emissions - common issues 

in dual fuel operations - the substantial decrease in NO emissions due to methane 

incorporation notably improved both environmental impact and economic viability. This 

underscores the practicality and efficacy of employing high levels of methane substitution 

to mitigate emissions in dual fuel operations. Furthermore, exhaust energy loss across all 

load conditions in the methane-diesel dual fuel mode demonstrated an average enhancement 

of 13.5% compared to the diesel-only mode [77]. 

 Tripathi et al. [78] explored the impact of methane augmentation on combustion 

characteristics and unregulated emissions across varying engine loads in a dual fuel setup. 

Their findings revealed consistent trends across all load conditions: as methane 

augmentation increased, both the maximum cylinder pressure (Pmax) and heat release rate 

(HRR) decreased. They noted a prolonged ignition delay period and an expanded duration 

of the diffusion combustion stage. They also observed a tendency for unregulated emissions 

to diminish with the incorporation of methane into the fuel mixture. 

Silvana et al. [79] observed that introducing methane in dual fuel operation led to a reduction 

in both Pmax (maximum pressure) and pressure rise rate. This decrease was attributed to 

the lower charge temperature associated with methane augmentation. Furthermore, they 

noted that the slower flame spread of methane resulted in a prolonged combustion process, 

shifting the peak pressure beyond the top dead center (TDC). Moreover, their study reported 

a decrease in particulate matter (PM) emissions when methane was added to diesel 

compared to conventional operation, highlighting the potential environmental benefits of 

this approach. 

Gülcan and Ciniviz [80] investigated the effects of varying the methane energy fraction 

(from 0% to 50%) in a common rail direct injection (CRDI) engine with optimized diesel 
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injection timing. Their findings revealed that as the methane energy fraction increased, 

combustion stability decreased compared to traditional diesel combustion. Moreover, they 

observed a notable increase in hydrocarbon (HC) and carbon monoxide (CO) emissions 

under these conditions, suggesting a trade-off between increased methane energy usage and 

combustion performance in terms of stability and emissions control. 

Mattson et al. [81] investigated the impact of varying percentages of natural gas (%NG) on 

the combustion characteristics of a natural gas-diesel dual fuel engine across different 

engine load conditions. They observed that under low-to-medium engine load conditions, 

an increase in %NG resulted in a decrease in peak pressure and a delay in combustion 

phasing. However, they noted a shift in behavior at medium-to-high load conditions, where 

increasing %NG up to 60% advanced combustion phasing. Beyond this threshold, however, 

further increases in %NG led to a retardation in combustion phasing.  

Their study also highlighted that at lower %NG levels (0–18%), combustion characteristics 

resembled those of traditional diesel combustion, with unchanged ignition delay and 

worsened unburned hydrocarbon (UHC) emissions across all load conditions. Interestingly, 

they found that a midrange natural gas substitution ratio (40–60%) improved engine thermal 

efficiency, particularly at medium-to-high load conditions. 

Using the AVL BOOST model, performance, emissions, and combustion analyses were 

conducted by incorporating different blends of CH4 (20%, 40%, 60%, and 80%) into diesel 

fuel. The study yielded enhancements in both effective power and effective efficiency as 

varying proportions of CH4 were introduced into the engine. Upon scrutiny of emitted 

exhaust emissions, it was noted that NOx emissions experienced an increase, whereas CO 

emissions showed a decrease. These findings underscore the potential of blending CH4 with 
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diesel to improve engine performance while simultaneously managing exhaust emissions 

[82]. 

Meng et al. [83] observed that the potential for emission reduction in a diesel/compressed 

natural gas (CNG) dual-fuel engine was investigated by using blends of diesel and n-butanol 

as the pilot fuel. Experimental data indicated that the B20CNG70 blend (with a 70% CNG 

substitution rate) was particularly effective in reducing NOx emissions. Furthermore, the 

addition of n-butanol introduced a trade-off scenario between carbon monoxide (CO) and 

total hydrocarbon (THC) emissions. These findings suggest that utilizing blends of diesel 

and n-butanol as pilot fuels in dual-fuel engines could offer promising strategies for 

mitigating emissions. 

Jung et al. [84], an innovative approach to mitigating emissions in a dual-fuel engine was 

explored. The researchers observed that as the proportion of natural gas (NG) energy 

increased, there was a reduction in both brake power and nitrogen oxide (NOx) emissions. 

This finding suggests that adjusting the energy proportion of NG could offer an effective 

method for decreasing emissions while potentially impacting engine performance. 

Zhou et al. [85] examined the evolution of soot at various compressed natural gas (CNG) 

substitution ratios using the KIVA-3V R2 model integrated with a novel soot model. Their 

findings revealed a significant reduction in soot emissions as the CNG substitution ratio 

increased. Specifically, they observed that the soot mass for the CNG70 case was lower 

compared to the other scenarios. This reduction was attributed to a decrease in pyrene 

distribution, which subsequently led to a decreased generation of soot precursors. These 

results highlight the potential of CNG substitution in reducing soot emissions in dual-fuel 

engines. 
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Addy et al. [86] observed that nitrogen oxide (NOx), carbon dioxide (CO2), and particulate 

matter (PM) emissions were lower in a dual-fuel diesel (DDF) engine compared to a 

traditional diesel engine.  

The research affirmed commonly observed outcomes regarding notable reductions in smoke 

and carbon dioxide (CO2) emissions, along with a substantial increase in total hydrocarbon 

emissions, primarily methane, when utilizing a gaseous fuel in Dual Fuel mode. The study 

highlighted a challenge related to high methane emissions at low loads, which restricts the 

achievable compressed natural gas (CNG) substitution ratio with diesel. Consequently, the 

implementation of the Dual Fuel (DF) concept remains crucial for automotive engines. 

Furthermore, the combustion analysis provided valuable insights into both the challenges 

and advantages associated with engine control technology management when adopting this 

innovative combustion concept. These findings underscore the importance of optimizing 

engine control strategies to effectively manage emissions and enhance performance in Dual 

Fuel engine configurations [87]. 

Choi and Lim [88] experimentally evaluate the effects of varying CNG mixing ratios on 

engine performance and emissions. The results indicated that the CNG/diesel dual-fuel 

engine delivered consistent and satisfactory torque and power outputs across different CNG 

mixing ratios. Notably, particulate matter (PM) emissions remained low across all CNG 

mixing ratios due to the minimal diesel pilot injection. Regarding nitrogen oxide (NOx) and 

hydrocarbon (HC) emissions, the study revealed that higher CNG mixing ratios resulted in 

lower NOx and HC emissions at low engine speeds. Conversely, at medium and high engine 

speeds, lower CNG mixing ratios were associated with reduced NOx and HC emissions. 

Therefore, optimizing engine performance and emissions control was achievable by 

effectively managing the CNG mixing ratio based on engine operating conditions.  
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Maji et al. [89] performed an experiment on a 7.35 kW four-stroke, twin-cylinder, direct 

injection (DI) diesel engine. This engine was operated in a dual fuel mode, where 

Compressed Natural Gas (CNG) replaced up to 75% of the diesel fuel. The results indicate 

that the substitution of CNG reduced the noise level, specific fuel consumption, and NOx, 

however, increased the unburned hydrocarbons. 

 

2.5 Research Gaps in Existing Literature  

The comprehensive literature survey revealed a substantial amount of data on the utilization 

of CNG in the diesel engine. After analyzing the information presented in the literature 

review, several significant research gaps have been identified.  

 Effects of Compression ratio and engine speeds on performance and emissions of 

diesel/CNG dual fuel combustion mode are little available.  

 The study of soot emission is scantly available for dual fuel diesel/CNG engine combustion.  

 The effects of the age of the engine on performance and exhaust emissions are missing.  

 

2.6 Problem Statement and Research Objectives 

Compression ignition engine manufacturers and operators are concerned about rising fuel 

costs and increasingly strict emission standards. Lowering fuel costs and emissions can be 

achieved by changing the diesel engine to dual fuel operation and utilizing lower-cost 

natural gas. However, the cost savings from diesel substitution and reduced emissions must 

be evaluated. Thus, the primary goal of this research is to overcome the issues associated 

with dual fuel engines to increase efficiency and control exhaust emissions. Although dual-

fuel engines emit more HC and CO than standards allow, strategies for controlling 

combustion and emissions should be developed. Additionally, in-cylinder combustion is 

quite complicated. While experimental data can approximate in-cylinder combustion, it 
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cannot fully explain factors such as temperature field, air-fuel ratio distributions, and 

emission sites. As a result, detailed combustion analysis is one of the most essential 

fundamental variables in determining engine efficiency. Therefore, the following are the 

key problems of this study as well as hypotheses for the questions: 

 

(a) Does dual fuel combustion save cost than diesel combustion? 

Hypothesis: Natural gas fuel prices have stayed significantly lower than diesel fuel prices 

over the last five years. When natural gas is injected into a diesel engine, it is expected to 

displace some of the diesel fuel in the CI engine, reducing the fuel cost in a dual-

fuel engine. 

 

(b) Does dual-fuel combustion emit less NOx and PM than diesel engines? 

Hypothesis: As the lowest member of the paraffin family, diesel/CNG dual-

fuel combustion is expected to generate less particulate matter. Furthermore, because 

premixed combustion occurs, the possibility of locally rich mixes forming is limited. As a 

result, during lean conditions, the flame temperature should be lower, lowering NOx 

produced in a dual-fuel combustion. 

 

(c) Does dual-fuel combustion produce excessive amounts of HC and CO? 

     Hypothesis: The quantity of natural gas to air approaching the cylinder is not controlled. It 

is assumed that under these load levels, the natural gas air mixture in the cylinder is below 

the flammability limit, and the penetration of the diesel fuel jet does not reach across the 

cylinder. As a result, portions near the combustion chamber's border that contain natural 

gas and air mixtures that are less flammable are either unburned (HC emission) or partially 

burned (CO emission). 
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Given the problem statement, the following are the research objectives: 

 To develop an experimental setup of a dual fuel combustion. 

 Investigating the impact of different compression ratios in dual fuel mode on engine 

performance and exhaust gas emissions, aiming to optimize these parameters through the 

utilization of diverse engineering analysis tools. Additionally, conducting a comparative 

analysis between dual fuel combustion and single diesel fuel combustion to discern their 

respective effects and efficiencies. 

  Examining the influence of different engine speeds in dual fuel mode on both 

performance metrics and exhaust gas emissions, followed by a comprehensive analysis 

of the obtained data to assess the engine's operational characteristics and environmental 

impact. 

 Investigate the impact of varying injection pressures across different engine speeds in 

both dual fuel and single diesel modes, and subsequently assess the resulting engine 

performance and exhaust gas emissions. Analyze the emission data obtained for both 

fuels and evaluate the feasibility of utilizing CNG as an alternative fuel option, 

considering its effects on engine performance and environmental pollution levels. 
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CHAPTER 3. EXPERIMENT SETUP AND METHODOLOGY 

This study aims to analyze the performance and emissions traits of an engine operating on 

both diesel fuel and a dual-fuel combination of compressed natural gas (CNG) and diesel. 

Initially, the research focuses on comparing the performance and emissions of engines 

running solely on diesel fuel with those using a dual-fuel configuration at various 

compression ratios and engine speeds. Furthermore, the study intends to explore the impact 

of different diesel injection pressures and varying diesel fuel volumes on the efficiency 

and emissions profile of dual-fuel engines. By investigating these factors, the research 

aims to provide insights into the optimal operational parameters for achieving improved 

engine efficiency and reduced emissions in dual-fuel engine configurations. 

3.1 Experimental Set-up 

In this study a single cylinder ,water-cooled , 4-stroke variable compression ratio 

(VCR)was used to carry out the experiments. The engine specifications and the various 

devices fitted with the engine set up is given in table 3.1. To facilitate the investigation, 

this engine has been retrofitted with a dual fuel system. Figure 3.1 showcases a visual 

representation of the engine test setup, providing a clear image of the experimental 

configuration. Meanwhile, Figure 3.2 presents a schematic diagram illustrating the key 

components and layout of the test engine setup. These visuals aid in comprehending the 

experimental arrangement and highlight the integration of the dual fuel system into the 

Kirlosker diesel engine. 
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Table 3.1: Engine Specifications 

Parameters Description 

Engine Make Kirloskar, Type 1 cylinder, 4 stroke, 

water-cooled, VCR 

Dynamometer Make Saj , Model AG10, Type Eddy current  

 Bore× stroke(mm) 87.5×110 

Displacement (cc) 661 

Rated power (kW) 3.5 

Variable compression ratio range 12:1 to 18:1 

Software ICEngineSoft 

EGR SS, Water cooled 

Piezo Sensor Make PCB USA,Combustion: Range 350 Bar   

Injector Type Solenoid driven  

ECU Model Nira i7r (with solenoid injector driver) 

Fuel Tank Capacity 15 lit, Type: Duel compartment, 

with fuel metering pipe of glass  

Temperature Sensor Make Radix, Type RTD, PT100, and 

Thermocouple, Type K  

Load Sensor Make VPG Sensotronicst, type strain gauge, 

range 0-50 Kg  

Fuel Flow Transmitter Make Yokogawa, Model: EJA110-EMS-5A-

92NN,  range 0-500 mm H2O  
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Air Flow Transmitter Make Wika, Model SL1, Range (-) 250 mm 

WC  

Pump Make Kirloskar, Type Monoblock  

Overall dimension(mm) W 2000 × D 2500 × H 1500  

 

 

 

Fig.3.1. Engine setup 

Equipped with essential units for calibrating both performance and emission characteristics, 

the test engine was further integrated with a water-cooled eddy current dynamometer to 

precisely measure engine load. Notably, the engine features a unique tilting cylinder block 

arrangement that enables the adjustment of compression ratio seamlessly, without the need 

to halt the engine or modify the combustion chamber's configuration. This innovative design 

allows for flexibility in optimizing engine performance across different operational 

conditions. Moreover, the engine incorporates advanced technology, such as Variable 

Compression Ratio (VCR), which facilitates programmable control over fuel injection time, 

injection angle, and ignition angle. This programmability, enabled by an open Engine 
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Control Unit (ECU), is based on factors like engine speed (rpm) and mass air pressure, 

contributing significantly to optimizing engine performance within its operational limits. 

Crucial parameters such as air temperature, coolant temperature, mass air pressure, and 

trigger sensor readings are seamlessly integrated into the Open ECU system. This 

integration enables precise control over fuel flow, fuel injectors, and the fuel pump, ensuring 

efficient engine operation. Furthermore, the experimental setup includes the necessary 

equipment for measuring combustion pressure and crank angle, providing comprehensive 

insights into engine performance and behavior during testing.  

 

 

Fig.3.2. Schematic diagram of engine setup  

Airflow measurements were conducted using a Wika airflow transmitter (Model SL1), while 

pressure readings were obtained using a piezoelectric sensor (PCB Model AX-409). 

Temperature measurements of both exhaust gases and intake air were captured using a K-type 

thermocouple manufactured by Radix. To control and manage the testing process, a 

Programmable Electronic Control Unit (ECU) of Model Nira i7r was employed. This ECU 
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played a crucial role in regulating and coordinating various aspects of the experiment. 

Emissions from the exhaust were meticulously analyzed using an AVL Di Gas 444N gas 

analyzer, providing detailed insights into the composition of exhaust gases. Additionally, 

smoke opacity was quantified using an AVL 437 smoke meter, enabling precise measurement 

and characterization of smoke emissions. Overall, the combination of advanced engine 

features and precise control mechanisms ensures accurate assessment and optimization of 

engine performance and emissions characteristics throughout the experimental process. 

 

3.2 Fuel used in experimentation 

In the present experiment, two distinct fuels were utilized: compressed natural gas (CNG) 

and diesel. While compressed natural gas is in a gaseous form, diesel is a liquid fuel. These 

two fuel types were selected to assess their respective impacts on engine performance and 

emissions in the experimental setup. 

3.2.1 Compressed Natural Gas (CNG) 

In the current experimental work, a single gaseous fuel, namely Compressed Natural Gas 

(CNG), was employed. CNG was introduced into the engine's intake manifold air stream 

suction port independently to facilitate dual fuel operation. This setup allowed for the 

systematic examination of CNG's effects on engine performance and emissions when used 

in conjunction with the primary fuel source. The CNG substitution ratio was calculated by 

equation (1). 

 

                            CNG, % = 
ṁ𝐶𝑁𝐺×𝐶𝑉𝐶𝑁𝐺

(ṁ𝐶𝑁𝐺×𝐶𝑉𝐶𝑁𝐺 )+(ṁ𝐷𝑖𝑒𝑠𝑒𝑙×𝐶𝑉𝐷𝑖𝑒𝑠𝑒𝑙)
× 100                                                                             (1) 

𝑊ℎ𝑒𝑟𝑒 ṁ𝐶𝑁𝐺 and ṁ𝐷𝑖𝑒𝑠𝑒𝑙  are the fuel mass flow rate of CNG and diesel fuel in Kg/s, and 

𝐶𝑉𝐶𝑁𝐺 and 𝐶𝑉𝐷𝑖𝑒𝑠𝑒𝑙 are the net calorific value of CNG and diesel fuel. 
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3.2.2 Diesel Fuel 

In this experiment, commercial diesel fuel sourced from a diesel tank was used. The diesel 

fuel was delivered to the engine via the injection pump. Volumetric measurements of fuel 

consumption were conducted using a graduated glass burette over one-minute intervals. These 

measurements were then converted to a gravimetric basis by determining the fuel density, 

which was subsequently recorded in the engine software. Initially, readings were taken during 

diesel operation using 100% diesel fuel. Subsequently, in the dual fuel tests, a combination 

of diesel and gaseous fuel CNG was used as the primary fuel source for dual fuel operation. 

The volume of pilot diesel fuel was controlled by adjusting the fuel cut-off valve. 

The physicochemical properties of both diesel and CNG fuels are detailed in Table 3.2 for 

reference and comparison. 

Table 3.2: Fuel Properties 

Properties Diesel CNG 

CN 52 0 

MN 0 82 

RON 20 130 

Density (kg/m3) 830 0.72 

Fuel calorific value (kJ/kg) 42000 50000 

Stoichiometric A/F ratio 14.5 17.05 

 

 

3.3 Injection Pressure Variation 

 In this study, the injection pressure was adjusted by modifying the fuel injector opening 

pressure, as illustrated in Figure 3.3. The injector's opening pressure was altered by adjusting 

a screw located on the injector itself, and the desired pressure was monitored using a sensor 
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positioned on the fuel line. Rotating the screw clockwise increased the injection opening 

pressure, while counterclockwise rotation decreased it. For this research, two distinct sets of 

injection pressure settings were employed: 500 and 600 bar. 

 

Fig.3.3.  Injection Pressure Variation 

   3.4 Experimentation instruments 

Through meticulous calibration, a variety of measuring instruments were integrated into the 

experimental setup to capture the diverse engine characteristics. The following section 

outlines the key instruments utilized in the experiment. 

    3.4.1 Engine Performance Measurement 

 An eddy current dynamometer was employed to apply load to the engine during testing. A 

computerized system was utilized to evaluate performance parameters across different 

compression ratio settings. These parameters include Brake Power (BP), Brake Specific 

Fuel Consumption (BSFC), Brake Thermal Efficiency (BTE), and fuel flow rate, which 

were accurately measured and analyzed. 

   3.4.2 Air and gas flow measurement 

Air supply to the engine was measured using an orifice meter and a manometer, while an 

engine software system was utilized to calculate and record the air mass flow. The position 

of the compressed natural gas throttling valve was carefully noted during each dual-fuel test, 
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with the upstream compressed natural gas pressure maintained at a constant level throughout 

the examination. For engine calibration purposes, an ELITE series Coriolis flow meter was 

installed. This flow meter boasts a high level of accuracy, with a mass flow accuracy of 

±0.10% for liquids and ±0.25% for gases relative to the flow meter's rate. Figure 3.4 visually 

depicts the reading of the flow meter. 

 

Fig.3.4. Mass flow meter reading 

3.4.3 Pressure – crank angle measurement 

A piezo sensor mounted on the engine block was utilized to measure the internal cylindrical 

pressure. The engine's crank motion was converted into a digital signal, which was then 

transmitted to a computer software system at intervals of two degrees. To calculate the crank 

angle, a PPR 360° encoder was employed. Figure 3.5 provides a visual representation of the 

PPR 360° encoder used in the experiment. 
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Figure 3.5.  360o degree encoder 

3.4.4  Temperature measurement 

RTD (Resistance Temperature Detector) and Type K thermocouples (specifically PT100) 

were strategically installed at various locations within the engine test setup to monitor 

temperatures. These included measuring the temperatures of the inlet and outlet cooling 

water from the engine, as well as those within the calorimeter. Additionally, measurements 

were taken for ambient temperature and the inlet temperature of the exhaust gas. 

3.4.5 Emission measurements 

The AVL Digas 444N five gas analyzers were employed to assess the composition of 

exhaust gases. In a controlled engine operating condition, a sample of exhaust gas was 

extracted from the engine's exhaust pipe and directed to the gas analyzer. This device 

provided clear and direct readings of CO, CO2, NOx, and HC emissions. Additionally, the 

AVL 437 instrument was utilized to quantify the opacity of the exhaust gases. The setup 

of the exhaust gas analyzer and smoke meter is depicted in Figure 3.6. Further details 

regarding the specifications of the gas analyzer are presented in Table 3.3. 
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Table 3.3. Specification of exhaust gas analyzer 

Parameters Measurement Resolution 

CO 0-15% Vol. 0.001% Vol. 

HC 0-20000 ppm Vol. 1 ppm/10 ppm 

CO2 0-20% Vol. 0.1% Vol. 

NO 0-5000 ppm Vol. 1 ppm Vol. 

O2 0-25% Vol. 0.01% Vol. 

 

 

Fig.3.6. Exhaust gas analyzer and smoke meter 

 

3.4.6 Engine Conversion Methodology 

Before introducing gaseous fuel, the compression ignition (CI) engine underwent 

modifications to enable dual fuel operation. In this setup, the flow of gaseous fuel was 

controlled by a valve positioned within the suction port. Experimental investigations on the 
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dual-fuel engine, utilizing a combination of compressed natural gas (CNG) and diesel, were 

conducted across three distinct processes. 

3.4.6.1 CNG/diesel dual fuel mode varying engine speeds  

The experiment was conducted with a compression ratio of 15, with engine speeds ranging 

from 1200 to 1500 rpm, all under a constant engine load of 10 kg. Initially, the engine 

operated at a compression ratio of 18 using D100 fuel (100% diesel, 0% CNG) in the first 

stage. Once the engine reached a state of thermal stabilization, the compression ratio was 

adjusted to 15 by tilting the cylinder head arrangements. Engine speeds were varied from 

1200 to 1500 rpm during this stage. Engine performance data were captured using 

Enginesoft software, while exhaust emissions and smoke opacity were monitored using the 

AVL Digas 444N gas analyzer and AVL 437 smoke meter. In the second stage of the 

experiment, both diesel and CNG were used for dual fuel combustion. 

For effective dual fuel combustion, a homogeneous air-gas mixture was crucial. This 

mixture was achieved by a dedicated air-gas mixing device, which supplied a consistent air-

gas blend to the intake manifold. CNG was introduced into the intake manifold's air stream, 

while diesel injection occurred after compressing the CNG-air mixture. The experiment 

aimed to evaluate the impact of varying CNG energy shares, specifically at CNG40% (40% 

CNG, 60% diesel), CNG50% (50% CNG, 50% diesel), CNG60% (60% CNG, 40% diesel), 

CNG70% (70% CNG, 30% diesel) and CNG80% (80% CNG, 20% diesel). These ratios 

were adjusted using the CNG supply valve. Table 3.4 provides a detailed breakdown of the 

experiment model concerning engine speed. 
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                Table 3.4: Experiment model w.r.t. engine speeds (Diesel-A, CNG-B) 

Engine speed (rpm) Fuel used 

1200 A 

1200 A and B 

1250 A 

1250 A and B 

1300 A 

1300 A and B 

1350 A 

1350 A and B 

1400 A 

1400 A and B 

1450 A 

1450 A and B 

1500 A 

1500 A and B 

 

3.4.6.2 CNG/diesel dual fuel mode varying compression ratio 

In the initial phase of the experiment, the engine was set at a compression ratio (CR) of 18:1, 

and it commenced operation using 100% diesel (D100) fuel. Subsequently, the compression 

ratio was systematically adjusted from 13:1 to 15:1 in increments of 0.5:1. This adjustment 

was achieved by tilting the cylinder head arrangements after the engine reached a state of 

thermal stabilization. Throughout this phase, the engine was maintained at a constant speed 

of 1500 rpm and a load of 10 kg. During these tests, exhaust gas emissions and smoke were 

monitored using the AVL Digas 444N gas analyzer and AVL 437 smoke meter, respectively. 
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Moving to the second phase of the experiment, dual-fuel (DF) combustion was employed. 

This involved the utilization of both diesel and compressed natural gas (CNG). CNG was 

introduced into the intake manifold's air stream, while diesel injection occurred after the 

compression of the CNG-air mixture. The substitution ratios of CNG were varied, 

specifically CNG40%, CNG50%, CNG60%, CNG70%,  and CNG80%, by adjusting the 

supply valve for CNG. Table 3.5 provides a comprehensive breakdown of the experiment 

model with respect to compression ratio. 

         Table 3.5: Experiment model w.r.t. compression ratio and fuel used (Diesel-A, CNG-B) 

 

 

 

 

 

 

 

 

  

 

   3.4.6.3 CNG/diesel dual fuel mode varying injection pressure 

The experimental test was conducted at a compression ratio (CR) of 15, with engine speeds 

ranging from 1200 to 1500 rpm, all under a constant engine load of 10 kg. Additionally, the 

injection pressure was varied between 500 and 600 bar. 

CR Fuel used 

13 A 

13 A and B 

13.5 A 

13.5 A and B 

14 A 

14 A and B 

14.5 A 

14.5 A and B 

15 A 

15 A and B 
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Initially, the engine operated at a higher compression ratio of 18:1 using D100 fuel in the 

first stage. Once the engine reached a state of thermal stabilization, the compression ratio 

was adjusted to 15:1 by tilting the cylinder head arrangements. Throughout this phase, 

engine speeds varied between 1200 rpm and 1500 rpm. 

Data regarding engine performance were collected using Enginesoft software, while exhaust 

emissions and smoke opacity were monitored using the AVL Di Gas 444N gas analyzer and 

AVL 437 smoke meter. 

In the second stage of the experiment, dual fuel combustion was employed, utilizing diesel 

and compressed natural gas (CNG). Ensuring a consistent air-gas mixture for ignition was 

crucial in this method. This mixture was achieved through an air-gas mixing device, which 

supplied a homogeneous blend to the intake manifold. CNG was introduced into the intake 

manifold's air stream, with diesel injection occurring after the compression of the CNG-air 

mixture. The energy share of CNG was adjusted to CNG40%, CNG50%, CNG60%, 

CNG70%, and CNG80% by manipulating the CNG supply valve. Table 3.6 provides a 

detailed overview of the experiment model with respect to injection pressure. 

         Table 3.6  Experiment model w.r.t. injection pressure (Diesel-A, CNG-B) 

Engine speed (rpm) Injection pressure (bar) Fuel used 

1200 500 A 

1200 500 A and B 

1200 600 A 

1200 600 A and B 

1300 500 A 

1300 500 A and B 
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1300 600 A 

1300 600 A and B 

1400 500 A 

1400 500 A and B 

1400 600 A 

1400 600 A and B 

1500 500 A 

1500 500 A and B 

1500 600 A 

1500 600 A and B 

 

3.5 Experiment repeatability 

The performance and emission parameters were assessed three times under both single 

diesel and diesel/CNG dual fuel modes, adhering to the experimental setup. For each 

operating parameter, the average value was computed from these multiple assessments. 

These average readings were then utilized for the subsequent analysis. 

3.6 Analysis procedure 

The calculation of various performance variables for both single diesel and diesel/CNG dual 

fuel modes involved employing a series of formulas and equations outlined in Annexure A. 

These equations were utilized to derive dependent variables, which were then compared and 

analyzed to discern any differences or patterns between the two operational modes. 
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3.7 Uncertainty in measurements 

In Table 3.7, the uncertainties associated with the experimental setup are outlined, covering 

parameters like speed, manometer readings, temperature, pressure, crank angle encoder 

measurements, as well as uncertainties related to brake power and specific fuel 

consumption. For a comprehensive understanding of these uncertainties and their 

calculations, detailed explanations can be found in Annexure B [90]. 

Table 3.7 Uncertainty errors for performance 

Performance Parameters Diesel mode error (%) Dual fuel mode error (%) 

BP 0.6 0.6 

BTE 1.4 2.8 

Air fuel ratio 1 2.1 

Air flow rate 0.6 0.6 

Volumetric efficiency 0.5 0.5 

Net heat release rate 1.8 1.8 

Liquid fuel substitution - 1.2 
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CHAPTER 4. MATHEMATICAL MODEL & VALIDATION 

Modelling involves creating a simplified representation of a real-world system or process 

using mathematical equations, computational algorithms, or physical prototypes. Validation 

is the process of assessing the accuracy and reliability of a model by comparing its 

predictions or outputs with experimental data or observations from the real-world system. 

Taguchi's method is employed to optimize the performance of engine parameters such as 

brake thermal efficiency (BTE), brake specific fuel consumption (BSFC), and emissions of 

CO, HC, CO2, NOx, and smoke when utilizing various energy shares of CNG and diesel 

varying compression ratio and engine speed for the present study. 

4.1 Taguchi Method 

The Taguchi method, developed by Dr. Genichi Taguchi, is a statistical approach to quality 

improvement in manufacturing processes. It emphasizes robust design and optimization of 

products or processes to minimize variability and improve performance while considering 

factors such as cost and time. The method involves three main stages shown in Figure 4.1. 

 

Fig. 4.1. Taguchi method Stages 
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4.1.1 Design of Experiments (DOE):  

Design of experiments (DOE) is a structured approach used in engineering to tackle 

complex problems efficiently. It incorporates a range of principles and techniques to ensure 

that results are robust, reliable, and backed by solid evidence. Key principles include 

randomization, replication, blocking, orthogonality, and factorial experimentation.  

DOE involves systematically varying independent variables, often based on hypothesized 

changes, to analyze their impact on the outcome. The primary objective is to achieve optimal 

results using the least amount of data. However, implementing DOE typically demands 

significant effort and time. 

In engineering, processes are influenced by various factors, and the performance and 

emissions of a diesel engine are no exception. Design parameters such as engine size, 

combustion type, injection pressure, and compression ratio play crucial roles. Additionally, 

operational parameters like load, air pressure, speed, and air-fuel ratio significantly affect 

engine performance [91]. 

4.1.2 Taguchi Analysis :  

When dealing with systems that involve a large number of operating parameters, traditional 

experimental procedures can be costly and time-consuming. The need to conduct numerous 

trials to explore all possible parameter combinations adds to the complexity and resource 

requirements. In such scenarios, employing mathematical models becomes a more efficient 

and time-saving approach [92]. 

Taguchi methodology emerges as a valuable tool in this context, facilitating the optimization 

of results while minimizing the number of trials needed. By leveraging mathematical models 

and Taguchi's principles, engineers can streamline the experimental process, leading to 

quicker and more effective decision-making. 
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In this approach, known as the Taguchi method, the focus is not just on ensuring that the 

output, represented by Y, remains within specified limits but also on keeping it consistently 

centred around a target value. This is crucial because according to Taguchi, any deviation 

from the target value results in a loss, even if the output remains within acceptable 

specifications. The larger the deviation, the greater the loss incurred. 

Furthermore, in the Taguchi method, not only are the conventional factors studied through 

the Design of Experiments (DOE) modelled, but noise factors are also taken into account. 

This comprehensive modelling of both primary and noise factors helps in developing a 

robust model with reduced variation in the response. This approach aims to create a 

sustainable model that produces more consistent results, ultimately leading to improved 

quality and efficiency in the process.  

Taguchi utilizes orthogonal arrays as part of his methodology, and the effectiveness of these 

arrays is closely tied to the concept of degrees of freedom. The calculation of degrees of 

freedom is typically represented by equation 2. 

DOF = 1+ ∑ (𝐿𝑖 − 1)𝑁𝑉
𝑖=1                                                                                                          (2) 

Where NV= Number of independent variable , Li = Level , DOF = Degree of Freedom 

Rather than changing one factor at a time, the Taguchi method involves simultaneously 

varying all factors according to a pre-designed array, while observing the corresponding 

response values. Table 4.0 provides an overview of the layout for 16 experiments conducted 

in this manner. Meanwhile, Table 4.0 (a) outlines the input parameters along with their 

respective levels. 

The signal-to-noise (SN) ratio, as defined in the Taguchi method, incorporates both the 

desired output and its variation. It represents the logarithmic relationship between the energy 
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utilized for the intended function and the energy wasted during the process. In essence, it 

quantifies the efficiency of a system by considering how much useful energy is produced 

relative to the energy lost or wasted [93]. 

Table 4.0 :  L16 Orthogonal array test layout 

S.No. CR CNG (%) RPM 

1 13 0 1300 

2 13 40 1400 

3 13 60 1500 

4 13 80 1600 

5 14 0 1400 

6 14 40 1500 

7 14 60 1600 

8 14 80 1300 

9 15 0 1400 

10 15 40 1500 

11 15 60 1600 

12 15 80 1500 

13 16 0 1600 

14 16 40 1300 

15 16 60 1400 

16 16 80 1500 

 

Table 4.0 (a): Factors and their levels 

Input 

Parameters 

Level 1 Level 2 Level 3 Level 4 

CR 13 14 15 16 

CNG (%) 0 40 60 80 

RPM 1300 1400 1500 1600 
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4.1.3 Optimization:  

Based on the analysis, the optimal levels of the factors are determined to achieve the desired 

performance or quality characteristics. The goal is to identify the robust parameter settings 

that minimize the variability of the responses and are less sensitive to noise factors. In the 

Taguchi method, three scenarios are typically considered when optimizing a process: Larger 

the Better (LTB) for maximizing desirable outcomes, Smaller the Better (STB) for 

minimizing undesirable outcomes, and Nominal-the-Better (NTB) for selecting the best 

characteristic or target value. 

In LTB situations, the goal is to maximize the desired output, such as improving performance 

or efficiency. Conversely, in STB scenarios, the aim is to minimize undesired outcomes, such 

as reducing defects or emissions. 

For NTB cases, the objective is to choose the optimal characteristic or target value, which is 

often the median between specified upper and lower acceptable limits. This allows for a 

balanced approach where the chosen value is neither too high nor too low but rather falls 

within an acceptable range that meets the desired criteria explained in equations 3,4, and 5. 

 

 S/N (LTB) =   -10 [ log (∑(1/y2)/n)]                                                                                     (3)       

  S/N (STB) = -10 [log (∑ (y2/n))]                                                                                         (4) 

 S/N (NTB) = -10 [log (∑ (s2))]                                                                                             (5)        

Where Y = responses for the given factor level combination  

n = number of responses in the factor level combination  
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s = standard deviation of the responses for all noise factors for the given factor level 

combination  

 LTB criteria: This means that for certain factors, such as BTE, you want to maximize their 

values. In other words, higher values of BTE are considered better. 

STB criteria: Conversely, for factors like BSFC, CO, HC, CO2, NOX, and smoke, you want 

to minimize their values. Lower values of these factors are considered better in terms of 

environmental impact or efficiency.  The present study employs Minitab software for data 

modelling and validation. 

    4.2  Analysis of SN Ratios and Means for BTE                                                                                                                                                                                                                 

SN ratio plots for all seven response variables have been generated, showcasing the variation 

in signal-to-noise ratio across different parameter settings. Among these plots, the optimal 

value is determined as the parameter configuration corresponding to the highest mean SN 

ratio value. 

This approach entails pinpointing the critical factors that influence the performance of the 

system and identifying the most effective values to attain the desired results. The investigation 

involved examining the Signal to Noise ratio (SNR) and the means of diesel CNG dual fuel 

combustion with respect to BTE through a linear model analysis. The findings of this analysis 

are outlined in Table 4.1 and Table 4.2, respectively. By analyzing the SN ratios with factors 

such as CNG (%), Compression ratio, and engine speed, the aim is to ascertain the optimal 

combination of these variables that maximizes the signal-to-noise ratio. This ratio serves as a 

representation of the desired outcome or the quality of the dual fuel combustion. 
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Table 4.1: Linear Model Analysis for BTE: SN ratios versus CNG (%), CR, RPM  

Estimated Model Coefficients for SN ratios 

Analysis of Variance for SN ratios 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 2.378 2.378 0.7928 3.96 0.071 

CR 3 167.271 167.271 55.7572 278.67 0.000 

RPM 3 1.128 1.128 0.3760 1.88 0.234 

Residual Error 6 1.200 1.200 0.2001     

Total 15 171.978         

Model Summary 

S R-Sq R-Sq(adj) 

0.4473 99.30% 98.25% 

Response Table for Signal to Noise Ratios (Larger is Better) 

Level CNG (%) CR RPM 

1 27.13 22.17 28.01 

2 27.48 30.60 27.61 

3 27.54 29.31 27.40 

4 28.20 28.27 27.33 

Delta 1.07 8.42 0.68 

Rank 2 1 3 

 

Likewise, the linear model analysis of means concerning factors such as CNG (%), CR, and 

RPM concentrates on determining the average values of the response variable. 

 

 

Term Coef SE Coef T P 

Constant 27.5890 0.1118 246.712 0.000 

CNG (%) 0 -0.4543 0.1937 -2.346 0.057 

CNG (%) 40 -0.1057 0.1937 -0.546 0.605 

CNG (%) 60 -0.0517 0.1937 -0.267 0.798 

CR 13 -5.4154 0.1937 -27.959 0.000 

CR 14 3.0088 0.1937 15.534 0.000 

CR 15 1.7243 0.1937 8.902 0.000 

RPM 1300 0.4250 0.1937 2.194 0.071 

RPM 1400 0.0190 0.1937 0.098 0.925 

RPM 1500 -0.1872 0.1937 -0.966 0.371 
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Table 4.2: Linear Model Analysis for BTE: Means versus CNG (%), CR, RPM 

Estimated Model Coefficients for Means 

Term Coef SE Coef T P 

Constant 25.5169 0.3298 77.367 0.000 

CNG (%) 0 -1.7044 0.5713 -2.984 0.025 

CNG (%) 40 -0.4044 0.5713 -0.708 0.506 

CNG (%) 60 -0.0494 0.5713 -0.086 0.934 

CR 13 -12.6669 0.5713 -22.174 0.000 

CR 14 8.4006 0.5713 14.705 0.000 

CR 15 3.7581 0.5713 6.579 0.001 

RPM 1300 1.1206 0.5713 1.962 0.097 

RPM 1400 -0.0294 0.5713 -0.051 0.961 

RPM 1500 -0.3919 0.5713 -0.686 0.518 

Analysis of Variance for Means 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 30.91 30.913 10.304 5.92 0.032 

CR 3 981.61 981.608 327.203 188.00 0.000 

RPM 3 7.60 7.597 2.532 1.46 0.318 

Residual Error 6 10.44 10.443 1.740     

Total 15 1030.56         

Model Summary 

S R-Sq R-Sq(adj) 

1.3193 98.99% 97.47% 

Response Table for Means 

Level CNG (%) CR RPM 

1 23.81 12.85 26.64 

2 25.11 33.92 25.49 

3 25.47 29.27 25.13 

4 27.68 26.02 24.82 

Delta 3.86 21.07 1.82 

Rank 2 1 3 

 

The tables reveal that the optimal values for the three inputs, specifically CR, were statistically 

significant. Additionally, the coefficient of determination (R2), which indicates the goodness of 

fit of the model, was determined to be 99.30% for the SN ratio analysis and 98.99% for the 

means analysis.  
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Fig. 4.2. (a) Mean of SN ratios for BTE 

 
Fig. 4.2. (b) Mean of Means for BTE 

 

 

 

This suggests that the experimental process utilizing the Design of Experiments (DOE) 

approach yielded results with over 98% accuracy. Furthermore, the findings were visually 

presented in Figure 4.2 (a and b). According to the statistical analysis of the mean SN ratio and 

mean of means, the optimum BTE value was achieved at CR of 15 and CNG substitution ratio 

of 40%. 
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4.3 Analysis of SNR and Means for BSFC 

The Signal to Noise ratio (SN ratio) and the means of diesel CNG dual fuel combustion for 

BSFC through a linear model analysis. The findings of this analysis are outlined in Table 

4.3 and Table 4.4, respectively. 

 
 
Table 4.3: Linear Model Analysis for BSFC: SN ratios versus CNG (%), CR, RPM 

Estimated Model Coefficients for SN ratios 

Term Coef SE Coef T P 

Constant 7.17307 0.08584 83.568 0.000 

CNG (%) 0 -0.08079 0.14867 -0.543 0.606 

CNG (%) 40 -0.04731 0.14867 -0.318 0.761 

CNG (%) 60 0.00513 0.14867 0.035 0.974 

CR 13 2.39382 0.14867 16.101 0.000 

CR 14 -1.73667 0.14867 -11.681 0.000 

CR 15 -0.18633 0.14867 -1.253 0.257 

RPM 1300 0.11604 0.14867 0.781 0.465 

RPM 1400 0.04456 0.14867 0.300 0.775 

RPM 1500 -0.12001 0.14867 -0.807 0.450 

Analysis of Variance for SN ratios 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 0.0956 0.0956 0.0319 0.27 0.845 

CR 3 36.0112 36.0112 12.0037 101.83 0.000 

RPM 3 0.1260 0.1260 0.0420 0.36 0.787 

Residual Error 6 0.7073 0.7073 0.1179     

Total 15 36.9401         

Model Summary 

S R-Sq R-Sq(adj) 

0.3433 98.09% 95.21% 
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Response Table for Signal to Noise Ratios 

Smaller is better 

Level CNG (%) CR RPM 

1 7.092 9.567 7.289 

2 7.126 5.436 7.218 

3 7.178 6.987 7.053 

4 7.296 6.702 7.132 

Delta 0.204 4.130 0.236 

Rank 3 1 2 

 
 

 
Fig.4.3. (a) Mean of SNR for BSFC 

 
 

Table 4.4: Linear Model Analysis for BSFC: Means versus CNG (%), CR, RPM 

Estimated Model Coefficients for Means 

Term Coef SE Coef T P 

Constant 0.444375 0.004492 98.916 0.000 

CNG (%) 0 0.005625 0.007781 0.723 0.497 

CNG (%) 40 0.003125 0.007781 0.402 0.702 

CNG (%) 60 -0.001875 0.007781 -0.241 0.818 

CR 13 -0.111875 0.007781 -14.378 0.000 

CR 14 0.090625 0.007781 11.647 0.000 

CR 15 0.003125 0.007781 0.402 0.702 

RPM 1300 -0.004375 0.007781 -0.562 0.594 

RPM 1400 -0.001875 0.007781 -0.241 0.818 

RPM 1500 0.005625 0.007781 0.723 0.497 

 

 

Analysis of Variance for Means 
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Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 0.000369 0.000369 0.000123 0.38 0.771 

CR 3 0.084269 0.084269 0.028090 86.99 0.000 

RPM 3 0.000219 0.000219 0.000073 0.23 0.875 

Residual Error 6 0.001938 0.001938 0.000323     

Total 15 0.086794         

Model Summary 

S R-Sq R-Sq(adj) 

0.0180 97.77% 94.42% 

Response Table for Means 

Level CNG (%) CR RPM 

1 0.4500 0.3325 0.4400 

2 0.4475 0.5350 0.4425 

3 0.4425 0.4475 0.4500 

4 0.4375 0.4625 0.4450 

Delta 0.0125 0.2025 0.0100 

Rank 2 1 3 
 

 

 
Fig. 4.3. (b) Mean of Means for BSFC 

 

 
 The coefficient of determination (R2), was determined to be 98.09% for the SN ratio analysis 

and 97.77% for the means analysis. The findings were visually presented in Figure 4.3 (a and 

b). According to the statistical analysis of the mean SN ratio and mean of means, the optimum 

BSFC value was achieved at CR of 13, CNG substitution ratio of 80%, and at 1300  rpm. 
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4.4 Analysis of SNR and Means for CO 

The relationship between the SNR and Means on the performance of diesel CNG dual fuel 

combustion on CO emission is shown in Figure 4.4 (a and b). The results of this analysis 

are summarized in Tables 4.5 and 4.6 for CO, highlighting the findings on their 

interrelation. 

Table 4.5: Linear Model Analysis for CO: SN ratios versus CNG (%), CR, RPM 

Estimated Model Coefficients for SN ratios 

Term Coef SE Coef T P 

Constant 21.5967 0.1310 164.842 0.000 

CNG (%) 0 -2.6119 0.2269 -11.510 0.000 

CNG (%) 40 -0.1346 0.2269 -0.593 0.575 

CNG (%) 60 0.6767 0.2269 2.982 0.025 

CR 13 1.3730 0.2269 6.050 0.001 

CR 14 0.4901 0.2269 2.160 0.074 

CR 15 -0.2490 0.2269 -1.097 0.315 

RPM 1300 -0.1633 0.2269 -0.720 0.499 

RPM 1400 0.0313 0.2269 0.138 0.895 

RPM 1500 0.0520 0.2269 0.229 0.826 

Analysis of Variance for SN ratios 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 46.3279 46.3279 15.4426 56.23 0.000 

CR 3 19.1694 19.1694 6.3898 23.27 0.001 

RPM 3 0.1471 0.1471 0.0490 0.18 0.907 

Residual Error 6 1.6478 1.6478 0.2746     

Total 15 67.2923         

Model Summary 

S R-Sq R-Sq(adj) 

0.5241 97.55% 93.88% 

Response Table for Signal to Noise Ratios 

Smaller is better 

Level CNG (%) CR RPM 

1 18.98 22.97 21.43 

2 21.46 22.09 21.63 

3 22.27 21.35 21.65 

4 23.67 19.98 21.68 

Delta 4.68 2.99 0.24 

Rank 1 2 3 
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 Fig.4.4. (a) Mean of SNR for CO 
 

Table 4.6: Linear Model Analysis for CO: Means versus CNG (%), CR, RPM 

Estimated Model Coefficients for Means 

Term Coef SE Coef T P 

Constant 0.085625 0.001804 47.458 0.000 

CNG (%) 0 0.028125 0.003125 9.000 0.000 

CNG (%) 40 -0.000625 0.003125 -0.200 0.848 

CNG (%) 60 -0.008125 0.003125 -2.600 0.041 

CR 13 -0.013125 0.003125 -4.200 0.006 

CR 14 -0.005625 0.003125 -1.800 0.122 

CR 15 0.001875 0.003125 0.600 0.570 

RPM 1300 -0.000625 0.003125 -0.200 0.848 

RPM 1400 -0.001875 0.003125 -0.600 0.570 

RPM 1500 0.000625 0.003125 0.200 0.848 

Analysis of Variance for Means 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 0.004931 0.004931 0.001644 31.56 0.000 

CR 3 0.001969 0.001969 0.000656 12.60 0.005 

RPM 3 0.000031 0.000031 0.000010 0.20 0.893 

Residual Error 6 0.000312 0.000312 0.000052     

Total 15 0.007244         
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Model Summary 

S R-Sq R-Sq(adj) 

0.0072 95.69% 89.21% 

Response Table for Means 

Level CNG (%) CR RPM 

1 0.11375 0.07250 0.08500 

2 0.08500 0.08000 0.08375 

3 0.07750 0.08750 0.08625 

4 0.06625 0.10250 0.08750 

Delta 0.04750 0.03000 0.00375 

Rank 1 2 3 

 

 
Fig. 4.4. (b) Mean of Means for CO 

 

The coefficient of determination (R2) was calculated to be 97.55% for the analysis of the SNR 

and 95.69% for the means analysis. Through statistical analysis of the mean SN ratio and the 

mean of means, it was determined that the optimal CO value was attained at CR of 13, a CNG 

substitution ratio of 80%, and an engine speed of 1600 rpm. 

4.5 Analysis of SNR and Means for HC 

Figure 4.5 (a and b) illustrates the correlation between the Signal to Noise ratio (SNR) and 

the Means in the context of diesel CNG dual fuel combustion performance concerning HC 
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emissions. The outcomes of this examination are succinctly presented in Tables 4.7 and 4.8 

for HC emissions, emphasizing the insights gained from their relationship. 

Table 4.7: Linear Model Analysis for HC: SN ratios versus CNG (%), CR, RPM 

Estimated Model Coefficients for SN ratios 

Term Coef SE Coef T P 

Constant -35.6707 0.3032 -117.640 0.000 

CNG (%) 0 -1.1274 0.5252 -2.147 0.075 

CNG (%) 40 -0.3069 0.5252 -0.584 0.580 

CNG (%) 60 0.4016 0.5252 0.765 0.473 

CR 13 5.9237 0.5252 11.279 0.000 

CR 14 3.6027 0.5252 6.860 0.000 

CR 15 -4.3006 0.5252 -8.189 0.000 

RPM 1300 0.4141 0.5252 0.788 0.460 

RPM 1400 -0.2126 0.5252 -0.405 0.700 

RPM 1500 0.0555 0.5252 0.106 0.919 

Model Summary 

S R-Sq R-Sq(adj) 

1.2129 97.77% 94.43% 

Analysis of Variance for SN ratios 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 10.372 10.372 3.457 2.35 0.172 

CR 3 375.494 375.494 125.165 85.08 0.000 

RPM 3 1.143 1.143 0.381 0.26 0.853 

Residual Error 6 8.826 8.826 1.471     

Total 15 395.835         

 

Response Table for Signal to Noise Ratios 

Smaller is better 

Level CNG (%) CR RPM 

1 -36.80 -29.75 -35.26 

2 -35.98 -32.07 -35.88 

3 -35.27 -39.97 -35.62 

4 -34.64 -40.90 -35.93 
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Delta 2.16 11.15 0.67 

Rank 2 1 3 

 

 

Fig.4.5. (a) Mean of SNR for HC 

Table 4.8: Linear Model Analysis for HC: Means versus CNG (%), CR, RPM 

Estimated Model Coefficients for Means 

Term Coef SE Coef T P 

Constant 71.0000 2.803 25.334 0.000 

CNG (%) 0 12.0000 4.854 2.472 0.048 

CNG (%) 40 1.5000 4.854 0.309 0.768 

CNG (%) 60 -4.5000 4.854 -0.927 0.390 

CR 13 -40.2500 4.854 -8.292 0.000 

CR 14 -30.2500 4.854 -6.232 0.001 

CR 15 28.7500 4.854 5.923 0.001 

RPM 1300 -5.7500 4.854 -1.185 0.281 

RPM 1400 -1.7500 4.854 -0.361 0.731 

RPM 1500 0.7500 4.854 0.155 0.882 

 

Model Summary 

S R-Sq R-Sq(adj) 

11.2101 96.65% 91.62% 

Analysis of Variance for Means 
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Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 990.0 990.0 330.0 2.63 0.145 

CR 3 20419.0 20419.0 6806.3 54.16 0.000 

RPM 3 329.0 329.0 109.7 0.87 0.506 

Residual Error 6 754.0 754.0 125.7     

Response Table for Means 

Level CNG (%) CR RPM 

1 83.00 30.75 65.25 

2 72.50 40.75 69.25 

3 66.50 99.75 71.75 

4 62.00 112.75 77.75 

Delta 21.00 82.00 12.50 

Rank 2 1 3 

 

 

Fig. 4.5. (b) Mean of Means for HC 

The coefficient of determination (R2) was computed at 97.77% for the SNR analysis and 

96.65% for the means analysis. Utilizing statistical methods on the mean SN ratio and the mean 
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of means, it was established that the most favorable HC value was reached with a compression 

ratio (CR) of 16, a CNG substitution ratio of 0%, and an engine speed of 1600 rpm. 

4.6 Analysis of SNR and Means for CO2 

Figure 4.6  (a and b) demonstrates how CO2 emissions are influenced by CNG (%), CR, and 

RPM. It's evident from the figure that the lowest CO2 emissions occur at a CNG (%) of 80%, 

a CR of 16, and at 1300 rpm when using the DF (diesel-CNG dual fuel) mode to optimize the 

"smaller is better" quality characteristics. Tables 4.9 and 4.10 provide the contribution ratios of 

CNG (%), CR, and RPM to CO2 emissions, shedding light on their respective impacts in this 

context. 

Table 4.9: Linear Model Analysis for CO2: SN ratios versus CNG (%), CR, RPM 

Estimated Model Coefficients for SN ratios 

Term Coef SE Coef T P 

Constant -10.1534 0.1272 -79.827 0.000 

CNG (%) 0 -0.1611 0.2203 -0.731 0.492 

CNG (%) 40 -0.1989 0.2203 -0.903 0.401 

CNG (%) 60 -0.0396 0.2203 -0.180 0.863 

CR 13 -3.0000 0.2203 -13.618 0.000 

CR 14 -0.3978 0.2203 -1.806 0.121 

CR 15 0.1237 0.2203 0.562 0.595 

RPM 1300 0.1736 0.2203 0.788 0.461 

RPM 1400 0.0205 0.2203 0.093 0.929 

RPM 1500 0.1449 0.2203 0.658 0.535 

Model Summary 

S R-Sq R-Sq(adj) 

0.5088 98.12% 95.31% 

Analysis of Variance for SN ratios 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 0.9071 0.9071 0.3024 1.17 0.397 

CR 3 79.5750 79.5750 26.5250 102.47 0.000 

RPM 3 0.6660 0.6660 0.2220 0.86 0.512 

Residual Error 6 1.5531 1.5531 0.2588     

Total 15 82.7012         
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Response Table for Signal to Noise Ratios 

Smaller is better 

Level CNG (%) CR RPM 

1 -10.314 -13.153 -9.980 

2 -10.352 -10.551 -10.133 

3 -10.193 -10.030 -10.008 

4 -9.754 -6.879 -10.492 

Delta 0.598 6.274 0.513 

Rank 2 1 3 

 

 

Fig.4.6. (a) Mean of SNR for CO2 

Table 4.10. Linear Model Analysis for CO2: Means versus CNG (%), CR, RPM 

Estimated Model Coefficients for Means 

Term Coef SE Coef T P 

Constant 3.32813 0.05189 64.144 0.000 

CNG (%) 0 0.02188 0.08987 0.243 0.816 

CNG (%) 40 0.07187 0.08987 0.800 0.454 

CNG (%) 60 0.00937 0.08987 0.104 0.920 

CR 13 1.22188 0.08987 13.596 0.000 

CR 14 0.04688 0.08987 0.522 0.621 

CR 15 -0.15313 0.08987 -1.704 0.139 

RPM 1300 -0.05312 0.08987 -0.591 0.576 
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RPM 1400 -0.01563 0.08987 -0.174 0.868 

RPM 1500 -0.05312 0.08987 -0.591 0.576 

Model Summary 

S R-Sq R-Sq(adj) 

0.2075 97.74% 94.36% 

Analysis of Variance for Means 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 0.0655 0.0655 0.02182 0.51 0.692 

CR 3 11.0530 11.0530 3.68432 85.54 0.000 

RPM 3 0.0830 0.0830 0.02766 0.64 0.615 

Residual Error 6 0.2584 0.2584 0.04307     

Total 15 11.4598         

Response Table for Means 

Level CNG (%) CR RPM 

1 3.350 4.550 3.275 

2 3.400 3.375 3.313 

3 3.337 3.175 3.275 

4 3.225 2.212 3.450 

Delta 0.175 2.337 0.175 

Rank 3 1 2 

 

 
Fig. 4.6. (b) Mean of Means for CO2 

The coefficient of determination (R2) was calculated to be 98.12% for the SNR analysis and 

97.74% for the means analysis. This indicates a strong correlation between the variables in both 
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analyses, with the vast majority of the variance in the data being explained by the respective 

models. 

4.7 Analysis of SNR and Means for NOX 

In Figure 4.7 (a and b), the relationship between the SNR and the Means is depicted within 

the framework of diesel-CNG dual fuel combustion performance, specifically in relation to 

NOX emissions. The findings from this investigation are succinctly summarized in Table 

4.11 and Table 4.12, with a focus on accentuating the insights derived from their 

interconnection. 

Table 4.11. Linear Model Analysis for NOx: SN ratios versus CNG (%), CR, RPM 

Estimated Model Coefficients for SN ratios 

Term Coef SE Coef T P 

Constant -58.9909 0.1648 -357.974 0.000 

CNG (%) 0 0.5272 0.2854 1.847 0.114 

CNG (%) 40 0.0156 0.2854 0.055 0.958 

CNG (%) 60 -0.2886 0.2854 -1.011 0.351 

CR 13 -4.3503 0.2854 -15.241 0.000 

CR 14 -3.1499 0.2854 -11.036 0.000 

CR 15 1.9187 0.2854 6.722 0.001 

RPM 1300 -0.5163 0.2854 -1.809 0.120 

RPM 1400 -0.0834 0.2854 -0.292 0.780 

RPM 1500 0.1494 0.2854 0.523 0.619 

Model Summary 

S R-Sq R-Sq(adj) 

0.6592 99.00% 97.50% 

Analysis of Variance for SN ratios 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 1.705 1.705 0.5682 1.31 0.356 

CR 3 254.724 254.724 84.9079 195.42 0.000 

RPM 3 1.994 1.994 0.6648 1.53 0.300 

Residual Error 6 2.607 2.607 0.4345     

Total 15 261.030         
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Response Table for Signal to Noise Ratios 

Smaller is better 

Level CNG (%) CR RPM 

1 -58.46 -63.34 -59.51 

2 -58.98 -62.14 -59.07 

3 -59.28 -57.07 -58.84 

4 -59.25 -53.41 -58.54 

Delta 0.82 9.93 0.97 

Rank 3 1 2 
 

 

Fig.4.7. (a) Mean of SNR for NOX 

Table 4.12. Linear Model Analysis for NOx: Means versus CNG (%), CR, RPM 

Estimated Model Coefficients for Means 

Term Coef SE Coef T P 

Constant 984.000 10.51 93.639 0.000 

CNG (%) 0 -30.500 18.20 -1.676 0.145 

CNG (%) 40 0.500 18.20 0.027 0.979 

CNG (%) 60 19.000 18.20 1.044 0.337 

CR 13 485.250 18.20 26.660 0.000 

CR 14 295.750 18.20 16.249 0.000 

CR 15 -269.500 18.20 -14.807 0.000 

RPM 1300 33.500 18.20 1.841 0.115 

RPM 1400 2.500 18.20 0.137 0.895 
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RPM 1500 -14.750 18.20 -0.810 0.449 

Model Summary 

S R-Sq R-Sq(adj) 

42.0337 99.60% 99.00% 

Analysis of Variance for Means 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 5650 5650 1883 1.07 0.431 

CR 3 2628793 2628793 876264 495.95 0.000 

RPM 3 7190 7190 2397 1.36 0.342 

Residual Error 6 10601 10601 1767     

Total 15 2652234         

Response Table for Means 

Level CNG (%) CR RPM 

1 953.5 1469.3 1017.5 

2 984.5 1279.8 986.5 

3 1003.0 714.5 969.3 

4 995.0 472.5 962.8 

Delta 49.5 996.8 54.8 

Rank 3 1 2 

 

 

Fig.4.7. (b) Mean of Means for NOX 
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The coefficient of determination (R2) was computed at 99.00% for the SNR analysis and 

99.60% for the means analysis. Utilizing statistical methods on the mean SN ratio and the mean 

of means, it was established that the most favourable NOX value was reached with a 

compression ratio (CR) of 16, a CNG substitution ratio of 80%, and an engine speed of 1600 

rpm. 

4.8 Analysis of SNR and Means for Smoke 

Figure 4.8 (a and b) illustrates the impact of CNG (%), CR, and RPM on smoke emissions. 

It is apparent from the figure that the lowest smoke opacity is achieved at a CNG percentage 

of 80%, a CR of 16, and an RPM of 1600 when utilizing the diesel-CNG dual fuel (DF) 

mode to optimize the "smaller is better" quality characteristics. Tables 4.13 and 4.14 present 

the contribution ratios of CNG percentage, CR, and RPM to smoke opacity, providing 

insight into their influences within this context. 

Table 4.13. Linear Model Analysis: SN ratios versus CNG (%), CR, RPM 

Estimated Model Coefficients for SN ratios 

Term Coef SE Coef T P 

Constant -2.937 1.150 -2.555 0.043 

CNG (%) 0 -9.645 1.991 -4.844 0.003 

CNG (%) 40 -4.344 1.991 -2.182 0.072 

CNG (%) 60 5.082 1.991 2.553 0.043 

CR 13 -5.043 1.991 -2.533 0.045 

CR 14 -3.000 1.991 -1.507 0.183 

CR 15 3.420 1.991 1.718 0.137 

RPM 1300 1.847 1.991 0.928 0.389 

RPM 1400 4.513 1.991 2.267 0.064 

RPM 1500 -5.168 1.991 -2.596 0.041 

Model Summary 

S R-Sq R-Sq(adj) 

4.5983 91.39% 78.46% 

Analysis of Variance for SN ratios 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 868.2 868.2 289.40 13.69 0.004 

CR 3 270.0 270.0 90.01 4.26 0.062 

RPM 3 207.7 207.7 69.22 3.27 0.101 
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Residual Error 6 126.9 126.9 21.14     

Total 15 1472.8         

Response Table for Signal to Noise Ratios 

Smaller is better 

Level CNG (%) CR RPM 

1 -12.5820 -7.9807 -1.0901 

2 -7.2818 -5.9376 1.5758 

3 2.1450 0.4824 -8.1059 

4 5.9691 1.6862 -4.1296 

Delta 18.5511 9.6670 9.6817 

Rank 1 3 2 

 

 

Fig. 4.8. (a) Mean of SNR for Smoke 

Table 4.14: Linear Model Analysis: Means versus CNG (%), CR, RPM 

Estimated Model Coefficients for Means 

Term Coef SE Coef T P 

Constant 2.23750 0.3343 6.693 0.001 

CNG (%) 0 2.28750 0.5791 3.950 0.008 
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CNG (%) 40 0.38750 0.5791 0.669 0.528 

CNG (%) 60 -1.18750 0.5791 -2.051 0.086 

CR 13 0.66250 0.5791 1.144 0.296 

CR 14 0.23750 0.5791 0.410 0.696 

CR 15 -0.58750 0.5791 -1.015 0.349 

RPM 1300 -0.03750 0.5791 -0.065 0.950 

RPM 1400 -0.21250 0.5791 -0.367 0.726 

RPM 1500 0.83750 0.5791 1.446 0.198 

Model Summary 

S R-Sq R-Sq(adj) 

1.3373 80.45% 51.12% 

Analysis of Variance for Means 

Source DF Seq SS Adj SS Adj MS F P 

CNG (%) 3 36.022 36.022 12.007 6.71 0.024 

CR 3 3.753 3.753 1.251 0.70 0.586 

RPM 3 4.372 4.372 1.457 0.82 0.531 

Residual Error 6 10.730 10.730 1.788     

Total 15 54.877         

Response Table for Means 

Level CNG (%) CR RPM 

1 4.5250 2.9000 2.2000 

2 2.6250 2.4750 2.0250 

3 1.0500 1.6500 3.0750 

4 0.7500 1.9250 1.6500 

Delta 3.7750 1.2500 1.4250 

Rank 1 3 2 
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Fig. 4.8. (b) Mean of Means for Smoke 

The coefficient of determination (R2) was calculated to be 91.39% for the SNR analysis and 

80.45% for the means analysis. Employing statistical methods on the mean signal-to-noise ratio 

(SNR) and the mean of means, it was determined that the optimal smoke value was attained 

with a compression ratio (CR) of 16, a CNG substitution ratio of 80%, and an engine speed of 

1400 rpm. 
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CHAPTER 5. EXPERIMENTAL RESULTS & DISCUSSIONS  

The experimental setup encompassed two distinct operating modes: baseline diesel and dual 

fuel, which are extensively outlined in the experimental setup section. In the dual fuel mode, 

a diesel engine was employed to harness electricity from the utilization of gaseous fuel. To 

facilitate this mode of operation, comprehensive upgrades were executed in the diesel 

engine. This chapter presents the outcomes of the performance and emission characteristics 

of both a conventional diesel engine and a dual fuel engine across various Compression 

Ratios (CRs), engine speeds, and fuel Injection Pressures (IPs). 

The investigation delves into the performance evaluation of a 4-stroke, single-cylinder 

Direct Injection (DI) engine functioning under a constant engine load in the dual fuel mode. 

Furthermore, an analysis of a CNG/diesel engine under different compression ratios, engine 

speeds, and injection pressures is provided. Performance metrics such as Brake Thermal 

Efficiency (BTE), Brake Specific Fuel Consumption (BSFC), and Volumetric Efficiency, 

Heat balance are utilized to assess engine performance. Moreover, an array of emission 

parameters including Hydrocarbons (HC), Carbon Monoxide (CO), Carbon Dioxide (CO2), 

Nitrogen oxide (NOx), and smoke emissions are scrutinized. 

The primary objective of this study is to investigate the impact of compression ratio, engine 

speeds, and injection pressure on the behavior of a CNG/diesel dual fuel mode in the diesel 

engine. Comparative analysis was conducted by exclusively testing the CI engine with 

diesel fuel under similar conditions for both operating modes.  
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5.1 Performance of  diesel and dual fuel mode varying compression ratio 

In the experiment, a dual-fuel approach employing diesel/CNG fuel was adopted to assess 

performance characteristics. Comparative analysis was conducted against the performance 

achieved through 100% diesel fuel operation. The dual fuel engine underwent testing 

across a range of compression ratios (13, 13.5, 14, 14.5, and 15) in diesel mode, alongside 

operation in dual fuel mode utilizing diesel/CNG, all while maintaining a constant engine 

load and a rotational speed of 1500 rpm. 

5.1.1  Air Flow and Fuel Flow 

Figure 5.1 shows the airflow and fuel flow variation. Airflow refers to the volume or mass 

of air that is drawn into the engine's combustion chamber during the intake stroke while fuel 

flow refers to the rate at which fuel is delivered to the engine's combustion chamber. The 

fuel is mixed with the incoming air before entering the combustion chamber. In diesel CNG 

dual fuel combustion, airflow is higher than fuel flow. CNG typically requires a higher air-

to-fuel ratio for complete combustion compared to diesel. This means that more air is needed 

to burn a given amount of CNG effectively. Therefore, to ensure the complete combustion 

of CNG, a higher airflow rate is necessary. The stoichiometric ratio is the ideal ratio of air 

to fuel required for complete combustion. For CNG, the stoichiometric ratio is higher than 

for diesel due to the different chemical compositions and combustion characteristics of the 

fuels. Therefore, to achieve stoichiometric combustion, more air is required relative to the 

amount of CNG compared to diesel. Diesel is often used as a pilot fuel in dual-fuel 

combustion systems to ignite the CNG-air mixture. Therefore, only a small amount of diesel 

is required for ignition purposes. The higher airflow rate ensures sufficient oxygen 

availability for the combustion of both the diesel pilot fuel and the CNG. 
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Fig. 5.1. Airflow vs fuel flow 

 

5.1.2  Air Fuel Ratio  

The compression ratio influences the amount of air drawn into the engine, the conditions under 

which combustion occurs, and the stability of combustion. These factors collectively impact 

the optimal air-fuel ratio (AFR) required for efficient and effective engine operation. Figure 

5.2 visually depicts the AFR variations observed in a dual-fuel engine operating in both diesel 

mode and diesel/CNG dual-fuel mode. 

The compression ratio influences the temperature and pressure of the air-fuel mixture during 

the compression stroke. Higher compression ratios lead to higher temperatures and pressures 

in the combustion chamber before ignition. This elevated temperature and pressure can 

improve the efficiency of combustion by facilitating better atomization of the fuel and a more 

complete mixing of fuel and air. The compression ratio indirectly affects the ideal air-fuel ratio 

for combustion. Engines with higher compression ratios typically require slightly richer air-

fuel mixtures to prevent knocking and ensure proper combustion. This adjustment is necessary 

to compensate for the increased pressure and temperature within the combustion chamber. 
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Fig. 5.2. Variation of AFR with variation of CR of diesel engine 

 

5.1.3  Brake thermal efficiency  

Brake Thermal Efficiency (BTE) serves as a crucial metric, converting the chemical energy 

present in fuel into useful work output. Figure 5.3 visually depicts the BTE variations 

observed in a dual-fuel engine operating in both diesel mode and diesel/CNG dual-fuel 

mode. It's noteworthy that BTE exhibits a consistent increase with the rise in compression 

ratio  [94]. 

 The extent of gaseous energy introduced also influences BTE within the dual-fuel mode. 

With increasing CR, the injection of fuel into the charge occurs within an environment of 

heightened temperature and pressure, fostering improved air-fuel mixture conditions and 

accelerated fuel evaporation. Consequently, this leads to enhanced brake thermal efficiency, 
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particularly evident at higher CR values. Notably, the diesel/CNG dual-fuel mode 

showcases superior BTE levels at both lower and higher CR ranges compared to the single 

diesel fuel mode.  

Moreover, it's observed that a lower CNG energy share in dual-fuel combustion results in 

heightened BTE compared to combustion with 100% diesel (D100). The pinnacle of BTE, 

reaching 63.9% with a 40% CNG share (CNG40), is attained at CR 15 (as depicted in 

Figure 5.3). This phenomenon can be attributed to the greater availability of diesel fuel at 

lower CNG energy shares, consequently enhancing combustion efficiency due to the 

higher maximum flame temperature compared to situations with a higher CNG energy 

share. The BTE increases by 60.63%, 58.27%, 59.07%, 60.94%, and 63.71% for CNG40 

dual fuel combustion compared to D100. For CNG50, BTE raised by 56.36%, 53.73%, 

52.12%, 57.65%, and 58.84% compared to D100. For the CNG60 dual fuel combustion, 

BTE increased by 51.64%, 49.02%, 49.83%, 56.47%, and 55.81% to D100 fuel 

combustion. For CNG70 , the BTE is increased by 49.48%, 45.33%, 43.24%, 46.47%, and 

52.13% compared to D100 .The same pattern is observed for the CNG80 combustion. As 

the CR increased, BTE increased by 46.11%, 42.13%, 42.63%, 47.91%, and 48.45% at all 

CR than D100 fuel combustion. 

 

Fig. 5.3. Variation of BTE with variation of CR of diesel engine  
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Figure 5.4 shows the variation of BTE with respect to AFR of dual fuel. As increase the 

percentage of CNG in the fuel mixture, the overall air-fuel ratio tends to increase. This is 

because CNG has a higher octane rating compared to diesel, meaning it requires more air for 

complete combustion. Therefore, more air needs to be mixed with the increasing amount of 

CNG to maintain proper combustion stoichiometry. Higher air-fuel ratios can lead to lower 

combustion temperatures due to the excess air present in the mixture. While lower combustion 

temperatures can reduce thermal efficiency, as lower temperatures lead to less efficient energy 

conversion from heat to mechanical work. 

 

Fig. 5.4. Variation of BTE with different AFR of diesel engine 

5.1.4  Heat Balance 

The heat balance of a diesel-CNG dual-fuel combustion system refers to the distribution of the 

heat generated during the combustion process among various components of the engine. It 

provides insights into how effectively the energy from fuel is being converted into useful work 

and lost through various heat transfer mechanisms. Higher engine speeds may lead to shorter 

combustion durations and less time for complete combustion, affecting combustion efficiency 
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and heat release characteristics. The heat generated during combustion is transferred to various 

engine components, including the cylinder walls, piston, cylinder head, and cooling system. 

The rate of heat transfer depends on engine speed, load, and cooling system efficiency. Higher 

engine speeds generally result in increased heat transfer rates due to higher combustion rates 

and frictional losses within the engine. The efficiency of the engine's cooling system plays a 

crucial role in dissipating excess heat generated during combustion. At higher engine speeds, 

the cooling system must work harder to dissipate heat effectively. Figure 5.5 shows the heat 

balance of dual fuel. 

 

Fig. 5.5. Heat balance of diesel/CNG dual fuel diesel engine 

 

Figure 5.6 (a) shows that as increased in BP, the exhaust heat increased in diesel/CNG dual fuel 

combustion. The increase in exhaust heat with increasing brake power (BP) suggests that as 

the engine output increases, more fuel is combusted per cycle, leading to higher heat generation 

and subsequently higher exhaust temperatures. With a higher proportion of CNG, the 

combustion characteristics can shift towards a more rapid and complete combustion process. 

This can lead to higher combustion temperatures and increased heat release, thus resulting in 
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higher exhaust heat. Changes in the combustion process due to varying proportions of CNG 

can affect the overall efficiency of combustion. CNG has different combustion properties 

compared to diesel, such as higher octane rating and different flame speed. CNG combustion 

tends to release heat differently compared to diesel combustion. This can alter the combustion 

temperature and consequently, the amount of heat transferred to the exhaust gases. 

 

Fig.5.6 (a). Variation of Exhaust heat with variation of BP of dual fuel engine 

 

5.1.5 Brake Specific fuel consumption  

Brake Specific Fuel Consumption (BSFC) represents the amount of fuel consumed per unit 

of engine power output, a crucial metric influenced by both diesel and CNG fuel 

consumption rates, as well as their respective calorific values, particularly in diesel and dual-

fuel modes. Notably, findings revealed that the dual-fuel mode exhibited a higher BSFC 

compared to the diesel mode [64]. An interesting observation emerged regarding the impact 

of natural gas quantity on BSFC: as the amount of natural gas increased, BSFC values 

decreased, albeit remaining higher across all-natural gas rates compared to single diesel fuel 

operation [95]. Furthermore, BSFC displayed an increase in dual-fuel combustion across all 
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compression ratios compared to single diesel fuel combustion, as depicted in Figure 5.6 (b). 

This trend was particularly pronounced with the highest BSFC observed across all CR 

values when employing a 40% CNG energy share. This phenomenon can be attributed to 

the substantially higher excess air ratio in the air-fuel mixture when utilizing a lower CNG 

energy share. In lean air-fuel mixtures, the combustion chamber receives additional CNG, 

effectively replacing diesel fuel and influencing BSFC levels accordingly. 

 The BSFC increases by 30.43%, 35.27%, 37.07%, 40.83%, and 39.10% for CNG40 dual 

fuel combustion compared to D100. For the case of CNG50, the BSFC is enhanced by 

28.2%, 34.51%, 32.64%, 32.27% and 35.34% . For the CNG60 dual fuel combustion, BSFC 

increased by 27.64%, 34.02%, 29.83%, 26.47%, and 31.81% to D100 fuel combustion. For 

the case of CNG50, the BSFC is enhanced by 27.52%, 34.46%, 31.54%, 28.16% and 

29.63% than D100. The same pattern is observed for the CNG80 combustion. As the CR 

increased, BSFC increased by 27.11%, 35.13%, 32.63%, 29.91%, and 32.15% at all CR 

than D100 fuel combustion. 

 

 

Fig. 5.6 (b). Variation of BSFC with variation of CR of diesel engine  
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Figure 5.7 illustrates the variation of BSFC versus AFR of DF combustion. As increasing 

the CNG percentage the BSFC decreased in diesel CNG dual fuel Combustion but BSFC is 

higher at all CNG energy share compared to pure diesel. This is because diesel fuel typically 

has a higher energy density compared to CNG. Therefore, even though diesel combustion 

may not be as efficient as CNG combustion, it provides more energy per unit of fuel 

consumed, resulting in lower BSFC when compared to a mixture with higher proportions of 

CNG. Higher air-fuel ratios can lead to lower combustion temperatures, reducing heat losses 

to the engine components and the surrounding environment. This reduction in heat losses 

contributes to lower BSFC. 

 

Fig. 5.7. Variation of BSFC with different AFR of diesel engine 

5.2 Emission of diesel and dual fuel mode varying compression ratio 

Emission analysis was conducted on the engine operating in both dual fuel and diesel modes 

across different compression ratios. This section presents the experimental examination of 

pollutants such as CO, HC, CO2,  NOx, and smoke emissions. 
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5.2.1 CO emission 

The primary influence of CO emission is low flame temperature and poor air/fuel mixture 

from the engine. CO emissions are the result of incomplete combustion [96]. Generally, CO 

emission increases as increasing in the CNG substitution ratio [65]. With increasing CNG 

supply, the ignition fuel quantity and spray combustion region decrease at a lower CNG 

substitution ratio. The lower equivalence ratio in the CNG/air mixture indicates that the 

quenching region expands, and the CO emissions increase more than pure diesel. For a higher 

CNG substitution ratio, the equivalence ratio rises by increasing the CNG quantity and 

reducing pilot fuel quantity, decreasing the ignition temperature and leading to CO emissions. 

Figure 5.8 displays the relationship between CO emissions and CR for both operating modes. 

In comparison to D100, CO emissions increased by 11.1%, 20%, 7.6%, 7.1%, and 7% at all 

CR for CNG40 dual fuel combustion. For CNG50, it raised by 136.6%, 87.7%, 35.2%, 16.7% 

and 11.4% than D100. Similarly, The CO emissions incresed by 277.7%, 180%,69.2%, 

28.5%, and 13.3% at CNG60 substitution ratio than D100 fuel combustion. For CNG70, it 

raised by 296.7%, 214.4%, 89.6%, 87.7%, 56.1%, and 14.6% compared to D100.  The same 

pattern was observed for the CNG80 substitution ratio, and CO emission increased by 

322.2%, 240%, 115.5%, 57.1%, and 20% than D100% fuel at all CR of 13:1 to 15:1. The 

maximum increment of CO emission of 322.2% was achieved at CR13 by CNG80 

substitution ratio. 
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Fig. 5.8. Variation CO emission with variation of CR of diesel engine 

 

5.2.2 HC emission 

The emission of hydrocarbons (HC) primarily stems from incomplete combustion, a 

phenomenon exacerbated by oxygen scarcity and reduced combustion rates in dual-fuel 

combustion. Notably, research indicates that HC emissions are notably higher in dual-fuel 

combustion compared to single-diesel fuel combustion, as illustrated in Figure 5.9. Moreover, 

HC emissions display an increasing trend with higher gas flow rates, likely due to incomplete 

combustion of liquid fuel [97]. Insufficient oxygen availability for complete combustion is a 

plausible explanation for this phenomenon. Compared to conventional diesel fuel, burning 

CNG necessitates a larger volume of air for complete combustion. Additionally, during dual-

fuel (DF) operation with CNG, the volumetric efficiency tends to be lower compared to 

normal CI engine operation. This reduction in volumetric efficiency, particularly at higher gas 

flow rates, contributes to increased HC emission levels. This can be attributed to lower 

oxygen availability for combustion and reduced charge temperature associated with CNG 

usage.  
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Furthermore, the lower charge temperature with CNG utilization leads to slower combustion 

during the later stages of the diffusion combustion phase. Consequently, unburnt HC 

molecules escape through the exhaust port during valve overlaps, exacerbating combustion 

deterioration and resulting in higher HC emission levels. The HC emissions are higher at 

CNG40 dual fuel combustion compared to D100 fuel by 46%, 40.1%, 30.3%, 16.6%, and  

6.06% at all CR. For CNG50, it increased by 71.3%, 55%, 46.4%, 81.3% and 85.7% . At 

CNG60 combustion, HC emissions increased by 98.6%, 66.6%, 70%, 105.5%, and 142.4% 

compared to D100 combustion. For CNG70, it increased by 136.6%, 108.7%, 98.6%, 129.3% 

and 157.7%  than D100. The substitution ratio of CNG80 combustion, HC emissions 

increased by 180%, 144.4%, 130%, 161.1%, and 187.8%, respectively, compared to D100 

fuel at CR of 13:1 to 15:1. It is observed that the maximum increased HC emission was 

achieved at CR13 by CNG80 substitution ratio. 

 

             Fig. 5.9. Variation of HC emission with variation of CR of diesel engine  
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the differing carbon atom availability and oxygen content. Typically, in dual-fuel (DF) mode, 

CO2 emissions are lower compared to combustion using only diesel fuel. Research findings 

support this notion, indicating that CO2 emissions decrease as the ratio of CNG substitution 

increases compared to combustion using 100% diesel fuel (D100) [98][99]. This reduction in 

CO2 emissions can be attributed to the inherent properties of CNG, such as its lower carbon 

content and the availability of oxygen during combustion, which leads to more efficient fuel 

utilization and consequently lower CO2 emissions compared to diesel fuel combustion. 

Figure 5.10 shows that CO2 emission was lower in DF combustion at all CRs. At the CNG40 

substitution ratio, the CO2 emissions are reduced by 7.5%, 2.6%, 22.4%, 18.9%, and 18.4% 

at all CR from 13:1 to 15:1 compared to D100 fuel. For CNG50 gas substitution ratio, CO2 

decreased by 16.6%, 13.4%, 38.6%, 29.3% and 25.8%  than D100. The CO2 emissions 

decreased by 26.4%, 21.8%, 48.2%, 41.9%, and 36.3% for the CNG60 substitution ratio. For 

CNG70 gas substitution ratio, CO2 decreased by 43.6%, 28.1%, 58.6%, 69.3% and 77.8%  

than D100. The same pattern was observed for the CNG80 substitution ratio, and CO2 

emissions were reduced by 59.2%, 34.4%, 79.1%, 91.3 %, and 114.3% than D100 fuel 

combustion. The maximum reduction of CO2 emission was attained at the CNG80 

substitution ratio at  CR 15.  

 

Fig. 5.10. Variation of CO2 emission with variation of CR of diesel engine  
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5.2.4 NOX  emission 

The formation of nitrogen oxides (NOx) is influenced by various factors including oxygen 

levels, cylinder temperatures, and the duration of combustion reactions. Typically, NOx 

emissions decrease in dual-fuel (DF) mode, as supported by research findings [100][101]. In 

diesel/CNG DF combustion, the combustion process shifts towards a lean, premixed regime 

due to the increased stoichiometric air/fuel ratio. This transition lowers cylinder temperatures, 

resulting in decreased NOx emissions. In contrast, in single diesel combustion, the majority 

of the fuel burns as a diffusion flame near the stoichiometric equivalence ratio, leading to 

stoichiometric combustion and higher NOx emissions due to elevated combustion 

temperatures. 

As depicted in Figure 5.11, NOx emissions decrease with increasing CNG substitution ratios 

compared to combustion using 100% diesel fuel (D100%). This reduction in NOx emissions 

can be attributed to the leaner combustion conditions facilitated by CNG substitution, which 

effectively mitigates the formation of nitrogen oxides. At the CNG40 dual fuel combustion 

substitution ratio, NOX emissions are reduced by 3.02%, 10.5%, 25.9%, 19.1%, and 16.9% at 

all CR. For CNG50 gas substitution ratio,  NOX  decreased by 118.6%, 113.4%, 116.3%, 63.3% 

and 35.8%  than D100. The NOX emissions were reduced by 222.3%, 207%, 204%, 103.4%, 

and 52.7% for CNG60 substitution ratio DF combustion. For CNG70 gas substitution ratio,  

NOX  reduced by 297.6%, 473.4%, 593.7%, 503.3% and 445.8%  compared to  D100.  

The same pattern was observed for the CNG80 substitution ratio, and NOX emissions 

decreased by 396.8%, 746.7%, 990%, 904%, and 840.5%, respectively, compared to D100 

fuel combustion at CR of 13:1 to 15:1. At the CNG80 substitution ratio, the lowest NOX  were 

achieved at CR 14. 
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Fig. 5.11. Variation of NOX emission with Variation of CR of diesel engine 

5.2.5 Smoke emission 

Figure 5.12  illustrates the variation in smoke opacity across different CR and CNG 

substitution ratios. The primary factor influencing smoke opacity is the volume of liquid fuel 

injected into the combustion chamber. In a dual-fuel engine, the necessity for diesel fuel 

decreases as it is partially replaced by cleaner-burning CNG fuel, resulting in lower smoke 

emissions. Increasing the CNG substitution ratio enhances the combustion of the fuel mixture 

and reduces the Carbon-to-Hydrogen (C/H) ratio, resulting in decreased smoke emissions and 

a greater heat contribution from the CNG fuel. The clean-burning nature of CNG aids in 

reducing soot emissions and facilitates soot oxidation, particularly at higher CNG substitution 

ratios [102][103]. This is attributed to the composition of CNG, which primarily consists of 
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substitution ratio increases, the smoke level decreases compared to combustion using 100% 

diesel fuel (D100). This trend highlights the beneficial impact of higher CNG substitution 

ratios in reducing smoke emissions in dual-fuel combustion systems. When the CNG40 

substitution ratio is used in DF combustion, the smoke emissions are reduced by 35.2%, 

64.7%, 14.2%, 38.6%, and 50%  at CR from 13:1 to 15:1 compared to D100 fuel combustion. 

For CNG50 gas substitution ratio, smoke opacity decreased by 23.6%, 37.4%, 17.6%, 28.2% 

and 82.8%  than D100. The smoke emissions decreased by 17.1%, 16.6%, 23%, 16% and  

125% for the CNG60 substitution ratio. For CNG70 gas substitution ratio, smoke opacity 

reduced by 39.8%, 104.4%, 27.6%, 37.4% and 237.8%  compared to D100. 

Similarly, The same pattern was at the CNG80 substitution ratio, and the smoke emission was 

reduced by 68.4%, 194.6%, 33.5%,55.3%, and 350% than D100 fuel combustion for all CR. 

At the CNG80 substitution ratio, the lowest smoke emissions were obtained at CR 15. 

 

Fig. 5.12. Variation of smoke emission with variation of CR of diesel engine  
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5.3 Performance of  diesel and  dual fuel engine mode varying Engine speed 

In the experimental setup, a Compression Ignition (CI) engine was utilized to assess the 

performance of dual-fuel operation using diesel/CNG fuel, contrasting it with the 

performance achieved through 100% diesel fuel operation. To facilitate a comparative 

analysis of the dual-fuel engine's performance across various engine speeds, the 

compression ratio was standardized at 15:1. Consequently, the performance evaluation of 

the dual-fuel engine was conducted under diesel/CNG dual-fuel mode at different engine 

speeds ranging from 1200 to 1500 rpm, with increments of 50 rpm. This standardized setup 

ensured consistent conditions for assessing the engine's performance across the specified 

range of engine speeds while operating under dual-fuel mode with a compression ratio of 

15:1. 

5.3.1 Air Fuel Ratio 

In the realm of IC engines, the AFR undergoes dynamic adjustments as the engine RPM climbs. 

This fluctuation is meticulously managed by the engine control unit, which fine-tunes the 

balance between fuel and air intake based on a multitude of factors including engine load, 

temperature, and rotational speed. During lower engine speeds, the management system opts 

for a richer mixture, favouring a higher proportion of fuel to air. This deliberate choice is aimed 

at promoting smooth combustion and bolstering low-end torque output. As the engine's 

revolutions per minute escalate, a transition occurs towards a leaner mixture, characterized by 

a higher ratio of air to fuel. This adjustment is crafted to optimize efficiency while concurrently 

curbing emissions. Crucially, modern engines are outfitted with an array of sensors engineered 

to gauge the prevailing AFR with precision. These sensors serve as vigilant custodians, 

ensuring that the engine operates within the bounds of its optimal performance spectrum across 

diverse operating conditions.  
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Figure 5.13 visually depicts the AFR variations observed in a dual-fuel engine operating in 

both diesel mode and diesel/CNG dual-fuel mode. In a CNG-diesel dual fuel engine, the 

introduction of CNG into the air intake reduces the volume of air available for combustion in 

the cylinder. Since combustion requires a sufficient supply of oxygen from the air, this 

reduction in combustion air can hinder the combustion process. With less oxygen available, 

there are fewer ignition sources generated, leading to diminished combustion performance. 

Moreover, when the airflow rate decreases due to the reduced intake of air, the air-fuel mixture 

becomes richer. This means there is a higher concentration of fuel compared to air, which can 

result in incomplete combustion. Incomplete combustion occurs when not all the fuel is burned, 

leading to wasted fuel and potentially higher emissions. Thus, the engine may not operate at its 

optimal efficiency, and there could be adverse effects on both performance and emissions. 

 

Fig.5.13. Variation of AFR with different engine speed of diesel engine 

 

 

 

15

20

25

1200 1250 1300 1350 1400 1450 1500

A
/F

 R
A

TI
O

SPEED,RPM

CR=15 D100

CNG40

CNG50

CNG60

CNG70

CNG80



97 
 

5.3.2 Volumetric efficiency 

Volumetric efficiency is a measure of how effectively an engine's cylinders are filled 

with air (or air-fuel mixture) during the intake stroke compared to their maximum 

possible capacity. It is expressed as a percentage and represents the ratio of the actual 

volume of air (or air-fuel mixture) drawn into the cylinders during the intake stroke to 

the theoretical maximum volume that the cylinders could hold at ambient conditions. 

As shown in the figure as the speed increased,  the volumetric efficiency decreased in 

diesel CNG dual fuel engines. At higher engine speeds, the intake valve timing may be 

optimized for maximum power output rather than volumetric efficiency. This 

optimization can result in shorter intake valve opening durations or less overlap 

between intake and exhaust valve opening periods. Reduced intake valve timing 

optimization limits the amount of air that can enter the combustion chamber during 

each intake stroke, thereby reducing volumetric efficiency. At higher engine speeds, the 

air intake system may experience increased airflow restrictions due to factors such as 

air turbulence, and pressure losses.  These restrictions impede the flow of air into the 

combustion chamber, reducing volumetric efficiency by limiting the amount of air 

available for combustion. Figure 5.14, observe shows the volumetric Efficiency 

affected by both D100 (pure diesel) combustion and dual-fuel combustion as engine 

speeds vary. 

 

Fig. 5.14. Volumetric Efficiency with different speed of dual fuel engine 
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5.3.3  Brake Thermal Efficiency  

Figure 5.15  illustrates the influence of both D100 and dual-fuel combustion on Brake 

Thermal Efficiency (BTE) across various engine speeds. Notably, BTE demonstrates an 

increase with both increasing CNG energy share and engine speed, as depicted in the figure. 

One noteworthy observation is that dual-fuel combustion with a lower CNG energy share 

yields higher BTE compared to D100 combustion. This phenomenon can be attributed to the 

slower flame propagation of the air-gas mixture, particularly with a higher CNG substitution 

ratio. Additionally, an increase in the CNG energy share results in a longer igniting delay 

time. 

The availability of diesel fuel is more pronounced at lower CNG energy shares, contributing 

to better combustion efficiency due to the higher maximum flame temperature achieved 

compared to higher CNG energy shares. This observation underscores the intricate interplay 

between fuel composition, combustion efficiency, and resultant BTE levels in dual-fuel 

combustion scenarios. Figure 5.15 shows that when the engine speed increases, the BTE 

increases by 59.72%, 57.27%, 57.07%, 60.94%, 61.77%, 64.02%, and 65.59% for CNG40 

dual fuel combustion compared to D100. For CNG50, BTE raised by 55.36%, 53.37%, 

53.24% 57.41%, 58.32%, 60.33%, and  59.89% compared to D100.  For the CNG60 dual fuel 

combustion, BTE increased by 52.74%, 49.72%, 49.83%, 55.38%, 55.37%, 57.82%, and 

59.93% to D100 fuel combustion. For CNG70, BTE raised by 48.62%, 43.86%, 42.24% 

57.41%, 58.32%, 60.33%, and  59.89% compared to D100. The same pattern is observed for 

the CNG80 combustion. As the engine speeds increased, BTE increased by 45.71%, 42.32%, 

48.61%, 49.3%, 52.46%, 54.26%, and 58.37% at all engine speeds than D100 fuel 

combustion. 
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Fig. 5.15. Variation of BTE versus engine speed of diesel engine 
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and 20.93% for CNG60 dual fuel combustion. For CNG70, BSFC raised by 28.33%, 35.56%, 

31.18%, 26.41%, 28.52%, 26.37%, and  21.85% compared to D100.  Same pattern is repeated 

for CNG80, BSFC was increased by 28.84%, 34%, 33.33%, 28.57%, 28.26%, 27.65%, and 

22.72% compared to D100 fuel.  

 

Fig. 5.16. Variation of BSFC versus engine speed of diesel engine 
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region expands, and the CO emissions increase compared to single diesel fuel. For a higher 

CNG energy share, the equivalence ratios increase with increasing the CNG supply and 

decreased pilot fuel quantity, resulting in decreased ignition temperature and increased CO 

emission.  

In comparison to D100, CO emissions increased by 18.9%, 10%, 9.4%, 9.2%, 12.5%, 

14.28%, and 16.66% at all engine speeds for CNG40 dual fuel combustion, as shown in 

Figure 5.17. For CNG50, CO raised by 15.21%, 12.26%, 9.11%, 7.44%, 12.52%, 19.35%, 

and  22.72% compared to D100. The CO emissions increased by 13.33%, 15.38%, 9.09%, 

5.8%, 12.5%, 25%, and 28.57% for  CNG60 energy share than D100 fuel combustion. For 

CNG70, CO raised by 18.41%, 21.16%, 19.11%, 20.24%, 21.12%, 30.26%, and  32.52% 

than D100.  The same pattern was observed for CNG80 energy share, CO emission 

increased by 23.52%, 26.66%, 28.57%,33.33%, 30%, 33.33%, and 37.5% than D100 fuel 

at engine speeds 1200 rpm to 1500 rpm. 

 

Fig.5.17 . Variation of CO emission versus engine speed of diesel engine 
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5.4.2 HC emission 

Figure 5.18 shows that the HC emissions are significantly higher in dual-fuel combustion 

than in single-diesel fuel combustion. In dual-fuel combustion, the gaseous fuels are 

incompletely burned due to the lower combustion temperature caused by the high specific 

heat content of the gases, poor burning rate, and poor injection characteristics of the pilot fuel. 

Increases in  HC emission are also caused by the release of unburned gas in both the crevice 

and squish zones during the power stroke. Compared to D100 combustion, HC emissions 

increased as the CNG energy share, and engine speeds increased.  

The HC emission at CNG40 dual fuel combustion is higher than D100 fuel by 40.9%, 42.37%, 

39.21%, 36.95%, 22.5%, 5.71%, and 8.68%. For CNG50, HC raised by 53.25%, 57.46%, 

54.11%, 53.64%, 46.62%, 37.45%, and  42.58% compared to D100. At engine speeds of 

1200-1500 rpm, HC emissions increased by 64.54%, 68.51%, 70.75%, 72.38%, 69%, 66%, 

and 63.15% for CNG60 energy share. For CNG70, HC raised by 73.15%, 75.66%, 74.21%, 

73.64%, 71.32%, 67.51%, and  62.18% compared to D100.  The same pattern was observed 

for CNG80 dual-fuel combustion in Figure 5.18. The HC emissions increased by 80.2%, 

79.14%, 78.76%, 76.42%, 73.04%, 67%, and 61.11%, respectively, compared to D100 fuel. 

 

               Fig.5.18. Variation of HC emission versus engine speed of diesel engine 
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5.4.3 CO2 emission 

Figure 5.19 depicts the fluctuation of Carbon Dioxide (CO2) emissions at various engine 

speeds in both diesel and dual-fuel modes. CO2 emissions serve as primary contributors to 

greenhouse gas (GHG) emissions, thereby contributing to environmental degradation. The 

quantity of CO2 emissions in the exhaust gas serves as a reliable indicator of complete 

combustion. Our observations reveal a correlation between CO2 emissions and both the level 

of CNG substitution and engine speed in dual-fuel mode. As the CNG substitution ratio and 

engine speed increase, the concentration of CO2 emissions in the exhaust gas also rises. 

In the case of diesel fuel combustion, the temperature of combustion plays a significant role 

in influencing CO2 emissions. Higher combustion temperatures tend to elevate CO2 

emissions, highlighting the complex interplay between combustion conditions, fuel 

composition, and resultant CO2 emissions.  

 In the current study, there was a reduction in CO2 by 2.4%, 9.3%, 11.4%, 18.6%, 20.6%, 

26.6%, and 33.7% in the case of CNG40 energy share compared to D100. For CNG50, CO2 

decreased by 11.15%, 17.46%, 18.13%, 23.64%, 21.62%, 77.75%, and  32.28% compared to 

D100. The CO2 emissions decreased by 17.1%, 23.8%, 26.7%, 29.6%, 25.2%, 29.6%, and 

37.3% for the CNG60 substitution ratio at all rpm than D100. For CNG70, CO2 decreased by 

27.25%, 31.56%, 36.13%, 35.44%, 39.62%, 39.15%, and  45.88% compared to D100.The 

same pattern was observed for the CNG80 substitution ratio, and CO2 emissions were reduced 

by 34.1%, 38.4%, 44.1%, 47.7%, 49.3%, 50.5%, and 56.3% than D100 fuel combustion. The 

maximum reduction of CO2 emission was attained at the CNG80 substitution ratio at engine 

speeds.  
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Fig. 5.19. Variation of CO2 emission versus engine speed of diesel engine 
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with NOX emissions reduced by 705.4%, 416.9%, 282%, 248.2%, 213.5%, 192.8%, and 

164.6%, respectively, compared to D100 fuel. 

 

                 Fig.5.20. Variation of NOX emission versus engine speed of diesel engine 

5.4.5 Smoke emission 
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 When CNG40 is used as the primary fuel, smoke opacity is reduced by 20%, 26.1%, 11.2%, 

22.8%, 10.29%, 34.82%, and 45.08% at all engine speeds 1200 to 1500 rpm compared to 

D100 fuel.  For CNG50, smoke opacity decreased by 43.45%, 41.48%, 38.34%, 45.84%, 

39.2%, 141.75%, and  386.58% compared to D100. The smoke opacity decreased by 69.54%, 

58.32%, 27.75%, 60.3%, 69%, 216.1%, and 700.15% for D40CNG60 energy share. For 

CNG70, smoke opacity decreased by 153.5%, 129.41%, 101.44%, 145.43%, 229.72%, 

536.41%, and  836.38% compared to D100. The same pattern was observed for CNG80 

energy share, and smoke opacity decreased by 230.52%, 192.66%, 168.57%,220%, 388%, 

850.43%, and 973.22% than D100 fuel combustion.  

 

 

           Fig. 5.21. Variation of Smoke opacity versus engine speed of diesel engine 
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performance under various Injection Pressures (IPs) and engine speeds, the compression 

ratio was maintained at 15:1. Therefore, the performance evaluation of the dual-fuel engine 

was conducted under diesel/CNG dual-fuel mode at different injection pressures of 500 and 

600 bar, while varying engine speeds. This standardized approach allowed for a systematic 

comparison of the engine's performance across different injection pressures and engine 

speeds while operating under dual-fuel mode with a compression ratio of 15:1. 

5.5.1 Brake thermal efficiency 

The Brake Thermal Efficiency (BTE) of the engine serves as a key indicator of its 

performance. In Figure 5.22, BTE is plotted against engine speeds for different fuel 

compositions, including D100, CNG40, CNG50,CNG60, CNG70 and CNG80 substitution 

ratios, at injection pressures (IP) of 500 and 600 bar. Observations indicate that increasing the 

injection pressure from 500 to 600 bar results in a 2.1% increase in BTE when using diesel 

fuel across all engine speeds. However, in diesel/CNG dual-fuel mode, this increase in BTE 

is even more substantial, reaching 2.6% at all speeds. Figure 5.22 illustrates a notable increase 

in BTE for both diesel mode and dual-fuel mode at an injection pressure of 600 bar. This 

increase in BTE can be attributed to the production of smaller droplets due to the precise 

atomization of the pilot fuel and enhanced spray penetration [82]. These factors contribute to 

improved uniformity in the mixing process of gas and air, leading to more complete 

combustion. Interestingly, the study identifies an optimum injection pressure of 600 bar at an 

engine speed of 1500 rpm, highlighting the importance of injection pressure optimization for 

achieving optimal engine performance.  
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Fig. 5.22. Variation of BTE at  IPs  of (a) 500 bar ; (b) 600 bar of diesel engine 

5.5.2 Brake Specific Fuel Consumption 

Figure 5.23 illustrates the variation in Brake Specific Fuel Consumption (BSFC) for both 

single D100 and dual-fuel combustion across different Injection Pressures (IP) of 500 and 

600 bar. Upon observation, it was noted that increasing the IP from 500 to 600 bar led to an 

increase in BSFC for both single diesel and dual-fuel combustion scenarios. 

 Specifically, the BSFC rose by 5.1% when utilizing single diesel fuel and increased by 7.9% 

in dual-fuel mode as the IP increased from 500 to 600 bar. Experimental results consistently 

showed that an IP of 600 bar exhibited the maximum increment in BSFC compared to an IP 

of 500 bar across all engine speeds. This phenomenon can be attributed to the higher injection 

pressure facilitating the production of smaller droplet diameters during fuel injection. 

Consequently, this reduction in droplet size decreases the ignition delay during combustion, 

leading to a higher BSFC at the elevated injection pressure of 600 bar. 
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Fig. 5.23. Variation of BSFC at  IPs of (a) 500 bar ; (b) 600 bar of diesel engine 
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CO emissions decreased by 2.1%, while in dual-fuel mode, the reduction was more 

pronounced at 4.9% across all engine speeds. This reduction in CO emissions can be 

attributed to the higher injection pressure facilitating improved fuel atomization and 

combustion efficiency, resulting in more complete combustion and consequently lower CO 

emissions. 

 

            Fig. 5.24. Variation of CO emission at IPs  of (a) 500 bar ; (b) 600 bar of diesel engine 

5.6.2 HC emission 

Figure 5.25 illustrates that increasing Injection Pressure (IP) led to a reduction in 
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Specifically, when single diesel fuel was used, HC emissions decreased by 3.6%, while 

in dual-fuel mode, the reduction was more significant at 11.9% as IP increased from 500 

to 600 bar across all engine speeds. This highlights the complex relationship between 

injection pressure, fuel atomization, combustion efficiency, and resultant HC emissions 

in both diesel and dual-fuel combustion scenarios. 

 

Fig. 5.25. Variation of HC emission at  IPs  of (a) 500 bar ; (b) 600 bar of diesel engine 

5.6.3 CO2 emission 

Figure 5.26  illustrates the behavior of Carbon Dioxide (CO2) emissions with both D100 
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pressures (IP) of 500 and 600 bar across different engine speeds. CO2 emissions are 

significant contributors to greenhouse gases, which are associated with global warming. 

Observations from Figure 5.26 indicate that CO2 emissions decrease with increasing IP in 

both modes of combustion. Specifically, when single diesel fuel was used, CO2 emissions 

decreased by 6.7%, while in dual-fuel mode, the reduction was more substantial at 14.3% 

at higher IP across all speeds. 
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This reduction in CO2 emissions with increasing IP can be attributed to improved 

combustion efficiency and more complete combustion achieved through better fuel 

atomization and air-fuel mixing at higher injection pressures. Consequently, the decrease in 

CO2 emissions observed at higher injection pressures aligns with efforts to mitigate the 

environmental impact of engine emissions. 

 

Fig. 5.26. Variation of CO2 emission at  IPs of (a) 500 bar ; (b) 600 bar of diesel engine 

5.6.4 NOX  emission 

Figure 5.27 presents the variation in Nitrogen Oxide (NOx) emissions across different 
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This reduction in NOx emissions aligns with efforts to mitigate the environmental impact 

of engine emissions. The decrease in NOx emissions observed at higher injection pressures 

can be attributed to improved combustion efficiency and reduced combustion temperatures 

facilitated by better fuel atomization and air-fuel mixing at elevated injection pressures. 

Overall, the findings highlight the potential of higher injection pressures to effectively 

reduce NOx emissions in both diesel and dual-fuel combustion modes. 

 

Fig. 5.27. Variation of NOX emission at IPs  of (a) 500 bar ; (b) 600 bar of diesel engine 

 

 

 

 

 

 

180

330

480

630

780

930

1080

1230

1380

1530

1200 1250 1300 1350 1400 1450 1500

N
O

X
, p

p
m

Speed,rpm

IP-500 bar  (a)

D100 CNG40

CNG50 CNG60

CNG702 CNG80

120

320

520

720

920

1120

1320

1520

1720

1920

1200 1250 1300 1350 1400 1450 1500

N
O

X
, p

p
m

Speed,rpm

IP-600 bar (b)

D100 CNG40

CNG50 CNG60

CNG70 CNG80



114 
 

CHAPTER 6. CONCLUSIONS & FUTURE RECOMMENDATIONS 

The analysis and experimental investigation aims to determine the effect of compression ratio 

of a diesel engine by varying various parameter such as engine speed,  injection pressure (IP) 

in order to measure  the performance and emission characteristics of a dual fuel diesel engine. 

In this study, gaseous fuels (CNG) were employed to conduct experiments in the dual fuel 

mode of a diesel engine. The studies were carried out on four-stroke, DI, single-cylinder, 

and VCR diesel engines. The dual fuel engine was tested with 100%  diesel fuel to provide 

reference results for comparison. The engine was tested with varying compression 

ratios (13 to 15) and engine speed (1200 to 1500 rpm). Also, the effects of IP on dual fuel 

engines are studied in the present study. The experiment's observation of performance and 

emission characteristics was analyzed under similar operating conditions. The performance 

and emission characteristics of a dual fuel engine operating on diesel/CNG were compared to 

those of a 100% diesel fuel mode. Finally, the impact of the current work has been highlighted. 

(1) Effects of compression ratio on performance and emission 

The specific interaction between compression ratio and CNG substitution ratio can influence 

combustion characteristics, temperature profiles, and the completeness of combustion, 

affecting performance and emissions. 

 At a Compression Ratio of 15, the fuel injection into the charge, which has higher temperature 

and pressure, contributes to a better air-fuel mixture and faster fuel evaporation. This optimal 

condition at CR 15 results in the observed maximum Brake Thermal Efficiency with a CNG40  

substitution ratio than D100 fuel. 

 Increasing the compression ratio from 13 to 15 led to an increase in brake specific fuel 

consumption. The maximum brake specific fuel consumption was observed at a substitution 

ratio of CNG40 when the compression ratio was 15. 
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 CO emissions typically rise in DF combustion due to incomplete combustion of the gaseous 

fuel. The combustion characteristics of gaseous fuels, such as CNG (Compressed Natural 

Gas), differ from liquid diesel fuel. Incomplete combustion can occur because gaseous fuels 

may have different ignition characteristics or combustion rates compared to liquid fuels. The 

maximum increment in CO emissions occurred at a Compression Ratio of 13 by the 

substitution of CNG80. 

 The higher HC emissions in DF combustion, especially with the substitution of CNG at 80%, 

can be attributed to factors like incomplete combustion and the specific chemical composition 

of the gaseous fuel. Gaseous fuels may introduce additional hydrocarbons into the combustion 

process, contributing to elevated HC emissions. 

 The use of CNG in dual fuel combustion, especially at higher substitution ratios like 

CNG80%, has the potential to significantly reduce CO2 emissions compared to pure diesel 

combustion. This outcome is attributed to the favorable characteristics of CNG, including its 

higher calorific value and lower carbon content. The findings emphasize the environmental 

benefits of using CNG as an alternative fuel in internal combustion engines. 

 The benefits of CNG in reducing NOx and smoke emissions during Dual Fuel (DF) 

combustion are attributed to the gaseous fuel's combustion characteristics. Higher substitution 

ratios of CNG, particularly at CNG80, result in longer ignition delay times. This ignition 

delay contributes to a more controlled combustion process. Slower flame propagation speeds 

associated with CNG combustion can lead to better mixing with air, promoting more complete 

combustion and reducing the formation of NOx. The slower combustion process and lower 

temperatures associated with CNG combustion, especially at higher substitution ratios, 

contribute to a reduction in smoke emissions. Complete combustion and optimized air-fuel 

mixing minimize the production of particulate matter, resulting in cleaner exhaust gas. 
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(2) Effects of engine speed on performance and emission 

 Brake Thermal Efficiency and Brake Specific Fuel Consumption increased in dual fuel 

combustion at all engine speeds compared to D100% combustion. The maximum raised in 

BTE and BSFC detected at CNG40% energy share due to higher flame temperature excess 

air ratio mixture and pressure, resulting in a better air/fuel mixture and faster fuel evaporation 

at a lower CNG energy share. 

 Carbon Monoxide (CO) and hydrocarbon (HC) emissions were increased in dual fuel 

combustion compared to single diesel fuel combustion. CNG's energy share of CNG80 

produced higher CO and HC emissions. Because at a higher CNG energy share, the 

equivalence ratios increase with increasing the CNG supply rate, which decreases the liquid 

fuel quantity resulting in lower ignition temperature and sparks energy of mixture. These facts 

increase CO and HC emissions in dual-fuel combustion. 

 A high substitution ratio of CNG80 led to the maximum reduction in CO2 emissions at all 

specified engine speeds. This finding aligns with the environmental benefits often associated 

with the use of natural gas as a cleaner-burning fuel compared to conventional fossil fuels. 

 Adding the CNG to the diesel fuel reduces the NOx and smoke opacity in the Exhaust Gas. 

The Minimal NOX emission and smoke opacity were attained at CNG80 energy share. At a 

higher CNG energy share, the ignition delay period prolongs, slows the flame propagation 

speed, and decreases the cylinder temperature and C/H ratio, reducing the NOX emission and 

smoke opacity in dual fuel combustion.  

 

(3) Effects of injection pressure on performance and emission 
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 It is observed that increasing the injection pressure to 600 bar was beneficial for both diesel 

and dual-fuel combustion modes in terms of Brake Thermal Efficiency. The observed increase 

in BTE with higher injection pressure indicates that the combustion process became more 

efficient. Higher injection pressure can result in better atomization of the fuel, improved 

mixing with air, and more complete combustion, contributing to higher BTE. 

 It is found that an increase in BSFC occurred in both single diesel mode and dual-fuel mode 

at higher IP. Maximum brake specific fuel consumption achieved at CNG40% dual fuel 

combustion than D100% fuel combustion at 600 bar for all engine rpm. The reasons for the 

increase in BSFC could be related to changes in combustion characteristics, air-fuel mixing, 

or other factors influenced by the higher injection pressure. 

 CO emission is decreased in both cases as IP is raised at all engine speeds. In both cases, 

higher injection pressure seems to have a beneficial effect on reducing carbon monoxide 

emissions. This could be due to improved combustion efficiency with the higher injection 

pressure. 

 The reduction in hydrocarbon emissions can be attributed to the potential improvement in 

combustion efficiency, better atomization of the fuel, and enhanced mixing of fuel and air at 

higher injection pressures. These factors contribute to a more complete combustion process, 

resulting in lower unburned hydrocarbons in the exhaust. 

 Higher injection pressure (IP) has led to a reduction in carbon dioxide (CO2) emissions in 

both combustion modes. Improved combustion efficiency at higher injection pressures can 

result in a more complete burning of the fuel, leading to less wasted energy and lower CO2 

emissions per unit of work produced by the engine. 

 Similarly, Higher injection pressure (IP) has led to a reduction in nitrogen oxide (NOX) 

emissions in both combustion modes. The reduction in NOx emissions could be attributed to 
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several factors associated with higher injection pressures. These factors may include 

improved combustion efficiency, enhanced mixing of fuel and air, and better control over 

combustion temperatures. Generally, higher injection pressures can promote more complete 

combustion, reducing the formation of nitrogen oxides. 

 

(4)  Recommendations For Future Work 

The recommendation to conduct additional work on simulation at various load conditions and 

different CNG energy share ratios is a prudent approach for a comprehensive understanding 

of dual-fuel engine combustion and emissions. Here are some aspects that could be considered 

in the proposed research: 

1. Simulation Studies: 

 Perform simulations at different load conditions and gaseous energy share to 

understand the behavior of the dual-fuel engine across its operating range. 

 Investigate the effects of varying different injection pressures on combustion 

efficiency, heat release rates, and emissions. 

 Study the impact of diesel displacement variations on overall engine performance 

and emissions. 

 

2. Combustion and Emission Analysis:  

 Analyze combustion characteristics such as ignition delay, combustion duration, and 

peak pressure at different load points. 
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 Investigate emissions of nitrogen oxides (NOx), particulate matter (PM), carbon 

monoxide (CO), and hydrocarbons (HC) under different operating conditions. 

 Assess the trade-offs between NOx and PM emissions and explore ways to optimize 

for both. 

3. Oxidation Catalyst Integration:  

 Explore the use of oxidation catalysts to reduce CO and HC emissions in dual-fuel 

engines. Oxidation catalysts can be effective in converting unburned hydrocarbons 

and carbon monoxide into less harmful substances. 

 Investigate the optimal location for integrating the oxidation catalyst within the 

exhaust system. 

 Study the impact of oxidation catalysts on overall engine performance, emissions, 

and fuel efficiency. 

4. Economic and Practical Consideration: 

 Assess the economic feasibility and practicality of implementing the recommended 

changes in injection pressure and timing, diesel displacement, and oxidation catalyst 

integration. 

 Consider factors such as component durability, maintenance requirements, and the 

cost-effectiveness of emission reduction strategies. 
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Annexure -A 

Engine performance calculations: 

(i) Brake Power (kW) :          

      BP =  
2xπxNxT

60x1000
 

      BP = 
2𝑥𝜋𝑥𝑁𝑥𝑊𝑥𝑅

60000
 , kW 

(ii) Brake Specific fuel consumption (kg/kWh) : 

 BSFC =  
𝐹𝑢𝑒𝑙 𝑓𝑙𝑜𝑤 𝑖𝑛 𝑘𝑔/ℎ𝑟

𝐵𝑃
 

 

(iii) Brake thermal efficiency (%) : 

BTE = 
𝐵𝑃𝑥3600𝑥100

𝐹𝑢𝑒𝑙 𝑓𝑙𝑜𝑤 𝑖𝑛
𝑘𝑔

ℎ𝑟
 𝑥 𝑐𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑢𝑒𝑙

 

                             

(iv) Air fuel ratio : 

A/F ratio = 
𝐴𝑖𝑟 𝑓𝑙𝑜𝑤

𝐹𝑢𝑒𝑙 𝑓𝑙𝑜𝑤
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Annexure B 

Uncertainty Analysis 

This section discusses the errors in experimental data for different variables. Kline and 

McClintok presented a method for assessing uncertainty in experimental data in 1953. The 

method is based on specifying the uncertainty in the basic experimental measurements. 

These are systematic errors that depend on the measurement instruments' accuracy. 

Consider the experiment outcome P, which is a function of independent variables x1, x2, x3, 

x4, …, xn. Thus  P=P(x1,x2,x3,x4…….xn). 

Let ΔR represent the uncertainty in the experiment's outcomes and ΔP1, ΔP2, ΔP3, ΔP4,... 

ΔPn represents the uncertainties in the independent variables. If the uncertainties in the 

independent variables are all given with the same odds, then the uncertainties in the results 

having these odds are as follows 

 

The table shows the estimated relative errors for each measured independent variable in 

both modes of combustion. The table shows the overall measurement error for the 

performance metrics. 

For example, the uncertainties resulting from measuring BTE in diesel mode are below: 

BP = 
2𝑥𝜋𝑥𝑁𝑥𝑊𝑥𝑅

60000
 , kW 

The independent variables used to calculate BP are N, W, and R, which are system constants 

when diesel fuel is used. 
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BTE = 
𝐵𝑃𝑥3600𝑥100

ṁ𝐷𝑖𝑒𝑠𝑒𝑙×𝐶𝑉𝐷𝑖𝑒𝑠𝑒𝑙
 

Hence independent variable are N, W, ṁ𝐷𝑖𝑒𝑠𝑒𝑙 and 𝐶𝑉𝐷𝑖𝑒𝑠𝑒𝑙. 

The errors in measurement of N, W, ṁ𝐷𝑖𝑒𝑠𝑒𝑙 and 𝐶𝑉𝐷𝑖𝑒𝑠𝑒𝑙 are 0.3%, 0.3%, 1%, 1%, 

respectively. 

The uncertainty in the measurement of BTE of diesel mode 

                                   ΔBTE = √(0.003)2 + (0.003)2 + (0.01)2 + (0.01)2 

                                               = .010 

                                              = 1.0% 

Table B1 shows the relative errors of independent variables 

Independent Variables  Relative error % 

Engie speed (N) 0.5 

Engine Load (W) 0.5 

Cylinder pressure (CP) 1 

diesel fuel flow rate (ṁ𝐷𝑖𝑒𝑠𝑒𝑙) 1 

CNG fuel flow rate ( ṁ𝐶𝑁𝐺) 1.5 

calorific value of CNG  1.5 

calorific value of diesel fuel. 1 
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