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1.0	Introduction
1.1 	Background of Study:
The increasing reliance on fossil fuels for energy and transportation has raised critical concerns about environmental sustainability. Internal Combustion Engines (ICEs), which are central to powering vehicles and industrial equipment, are among the leading contributors to global greenhouse gas emissions and air pollution. The combustion of conventional fuels such as Premium Motor Spirit (PMS) releases high levels of carbon dioxide (CO₂), nitrogen oxides (NOₓ), and particulate matter. These emissions exacerbate climate change and pose significant health risks, necessitating urgent action to mitigate their impact (Li et al., 2017).
In recent years, dual-fuel technology has emerged as a promising solution to address these challenges. By integrating PMS with Compressed Natural Gas (CNG), dual-fuel engines harness the high energy density of PMS alongside the cleaner combustion characteristics of CNG, which is associated with lower carbon content and reduced harmful emissions. This combination offers the potential to enhance engine performance while significantly lowering environmental footprints (Meng et al., 2020). Studies have shown that dual-fuel engines exhibit improved fuel efficiency and reduced harmful emissions, making them a viable option for sustainable energy solutions (Pham et al., 2023).
Despite its advantages, the adoption of dual-fuel technology faces challenges, including combustion inefficiencies, knock tendencies, and difficulties in achieving optimal air-fuel mixtures. Current research has made progress in understanding these issues, but many studies fail to comprehensively optimize engine parameters such as valve timing, injection strategies, and combustion chamber design (Pathak et al., 2021). Moreover, the lack of advanced computational analysis tools, such as Computational Fluid Dynamics (CFD), in evaluating complex engine dynamics limits the potential for widespread implementation (Shin et al., 2022).
This study builds on existing knowledge, leveraging CFD simulations to optimize dual-fuel engine configurations. By addressing gaps in performance analysis and design optimization, the research aims to contribute to the development of cleaner, more efficient combustion technologies and support global efforts toward sustainable energy solutions.
1.2 	Problem Statement:
Despite their potential, dual-fuel engines face significant technical challenges. Issues such as incomplete combustion, fuel compatibility, increased nitrogen oxide emissions, and knock tendencies hinder their widespread adoption. Many studies focus on isolated engine parameters, such as fuel injection timing or compression ratios, without integrating these elements into a holistic optimization framework. Furthermore, existing research often lacks the use of advanced computational tools for comprehensive analysis, limiting the scope for identifying optimal configurations. This study addresses these gaps by applying CFD simulations to enhance the design and performance of dual-fuel engines, aiming for improved efficiency and reduced emissions.

1.3 	Aim 
The aim of this study is to model, simulate, and optimize the performance of a dual-fuel engine fueled by Petrol and Compressed Natural Gas using advanced CFD techniques. 

1.4.1 Objectives of the Study are:
i.	To develop a CFD model for analyzing dual-fuel engine performance metrics.
ii.	To evaluate combustion characteristics, including pressure, temperature, and velocity fields.
iii.	To optimize critical parameters such as fuel injection timing, valve configurations, and combustion chamber geometry.
iv.	To minimize emissions while maintaining or enhancing engine efficiency.

1.5	Literature review and theoretical framework
This section provides abroad overview of  thecurrent state ofresearch indual-fuel engines, highlighting thebenefits,challenges, andadvancements inusingPMS andCNGasfuelsources, withaparticular  emphasis onCFDsimulations. Italsoidentifieskeygapsintheexistingstudies, pavingthewayforfurtherexplorationinoptimizing dual-fuel engineperformance.

1.5.1	Conceptual review 
The design of a dual-fuel engine fueled with PMS and CNG requires careful consideration of several factors, including:
i. Fuel Injection System:	The fuel injection system will be designed to handle the different properties of PMS and CNG, such as viscosity, density, and energy content.
ii. Combustion Chamber Design: The combustion chamber design will be optimized to ensure efficient combustion of both fuels, taking into account factors such as swirl ratio, tumble ratio, and combustion temperature.
iii. Engine Operating Conditions: The engine operating conditions, such as engine speed, load, and intake temperature, will be optimized to ensure efficient operation of the dual-fuel engine.

1.5.2	 Performance Analysis using Ansys Fluent
ANSYS Fluent, a computational fluid dynamics (CFD) software, will be used to simulate the performance of the dual-fuel engine fueled with PMS and CNG. The CFD model can be used to analyze various performance metrics, including:
i. Brake Thermal Efficiency: The brake thermal efficiency of the engine will be evaluated using the CFD model, taking into account factors such as combustion efficiency, heat transfer, and friction losses.
ii. Emissions:	The CFD model will be used to predict the emissions of the dual-fuel engine, including NOx, CO, HC, and PM.
iii. Combustion Characteristics:  The CFD model will be used to analyze the combustion characteristics of the dual-fuel engine, including combustion temperature, pressure, and species concentrations.

1.5.3	Reviewoffundamentalconceptsengine design principles
i. Dual-Fuel Engine Design: The design of a dual-fuel engine requires consideration of factors such as fuel injection system, combustion chamber design, and engine operating conditions.
ii. Engine Operating Conditions: The engine operating conditions, such as engine speed, load, and intake temperature, affect the performance of the dual-fuel engine.
1.5.4	Computational Fluid Dynamics
i. CFD Principles: CFD is a numerical method for simulating fluid flow and heat transfer.
ii. ANSYS Fluent: A CFD software used for simulating the performance of the dual-fuel engine.
1.5.5 	Performance Metrics
i. Brake Thermal Efficiency: A measure of the engine's efficiency in converting thermal energy into mechanical work.
ii. Emissions: The release of pollutants into the atmosphere, including NOx, CO, HC, and PM.
iii. Combustion Characteristics: The analysis of the combustion process, including combustion temperature, pressure, and species concentrations.

1.5.6	Relevant Studies:
Table 1.4 summarizes key studies related to modeling and simulation of characteristics of Dual-Fuel Engines Fueled with PMS and CNG using Ansys Fluent, highlighting the methodologies and gaps addressed:
Table 1.4: Summary of related literature review
	No.
	Author(s)
	Title
	Method
	Gap

	1
	Li et al,(2017).
	A numerical investigation on methane combustion and emissions from a natural gas-diesel dual fuel engine using CFD model.
	CFD modeling and simulations
	Limited investigation on methane emissions from natural gas-diesel engines in dual-fuel configuration.

	2
	Meng et al,(2020).
	An experimental investigation of a dual-fuel engine by using bio-fuel as the additive.
	Experimental investigation
	Focuses on bio-fuel, lacking exploration of CNG and PMS dual-fuel performance using computational simulations like ANSYS Fluent.

	3
	Pham et al,(2023).
	Numerical study on effect of injector angle and intake manifold with entry angle on mixing enhancement in a port-injected dual-fuel engine.
	CFD simulation and analysis
	Does not include CNG or PMS fuel in the performance study; focuses mainly on injector and intake angle.

	4
	Yang et al,(2024).
	Applying separate treatment of fuel-and air-borne nitrogen to enhance understanding of in-cylinder nitrogen-based pollutants formation and evolution in ammonia-diesel dual fuel engines.
	CFD simulation with nitrogen treatment
	Investigates ammonia-diesel only; does not consider PMS or CNG fuels in dual-fuel engine modeling.

	5
	Jin et al, (2023).
	Effects of fuel injection strategy and ammonia energy ratio on combustion and emissions of ammonia-diesel dual-fuel engine. 
	CFD modeling and analysis of fuel injection strategies
	Focuses on ammonia-diesel engines; lacks study on PMS and CNG in dual-fuel configurations.

	6
	Shin et al, (2022).
	Pre-chamber combustion system for heavy-duty engines for operating dual fuel and diesel modes.
	Experimental and simulation studies
	Focus on pre-chamber combustion for heavy-duty engines; no focus on PMS and CNG as dual fuels or ANSYS Fluent for simulation.

	7
	Pathak et al, (2021).
	Optimization of EGR effects on performance and emission parameters of a dual fuel (Diesel+ CNG) CI engine: An experimental investigation.
	Experimental study on EGR effects
	Experimental study on Diesel+CNG, lacking computational simulation (ANSYS Fluent) for detailed analysis.

	8
	Asad et al. (2022).
	High efficiency ethanol–diesel dual-fuel combustion: Analyses of performance, emissions and thermal efficiency over the engine load range.
	Experimental study and engine testing
	Focus on ethanol-diesel; lacks consideration of PMS and CNG in dual-fuel applications.

	9
	Zhang et al, (2021).
	Hierarchical energy management strategy for plug-in hybrid electric powertrain integrated with dual-mode combustion engine.
	Energy management strategy and simulation
	Not focused on CNG and PMS dual-fuel systems; primarily hybrid electric powertrains.

	10
	García et al, (2020).
	Dual fuel combustion and hybrid electric powertrains as potential solution to achieve 2025 emissions targets in medium duty trucks sector.
	Dual-fuel combustion and hybrid system modeling
	Limited focus on medium-duty trucks and does not simulate PMS and CNG dual-fuel engine performance using CFD models like ANSYS Fluent.

	
	
	
	
	

	
	
	
	
	



1.5.7 Research Gap:
Existing studies provide valuable insights into dual-fuel engine operations but often lack a comprehensive approach that integrates combustion dynamics, emissions control, and design optimization. The limited use of advanced computational tools, such as CFD, further restricts the ability to model complex interactions within the combustion chamber. This research aims to bridge these gaps by utilizing CFD to optimize engine configurations and analyze the interplay between performance, efficiency, and emissions.
1.5.8 Rationale for Research:
This study leverages CFD simulations to provide an integrated analysis of dual-fuel engine performance. By addressing both combustion and design parameters, the research aims to develop actionable strategies for achieving cleaner and more efficient engine technologies.

1.6 Materials and Methodology
1.6.1 Materials:
i. Software: ANSYS Fluent for CFD simulations
ii. Fuels: PMS and CNG, with thermophysical properties obtained from empirical datasets.
iii. Engine Specifications: Standard single-cylinder engine configurations (bore, stroke, compression ratio).
iv. Computational Resources: High-performance computing systems for simulation and analysis.

1.6.2 	Methodology:
I. Model Development:
i. Define engine geometry, including combustion chamber, valves, piston, and connecting rod.
ii. Generate a computational mesh with refinement in critical regions, such as the combustion chamber and valve zones.
II. CFD Simulations:
i. Set boundary conditions, including fuel injection timing, pressure, and airflow parameters.
ii. Simulate transient engine operations over a range of crank angles to evaluate combustion phenomena.
III. Optimization:
i. Analyze the effects of compression ratio, valve timing, and combustion chamber geometry.
ii. Refine fuel injection strategies to balance thermal efficiency and emissions control.
IV. Data Analysis:
i. Post-process simulation results to generate detailed performance metrics, including brake thermal efficiency, power output, and emission levels.
ii. Compare different configurations to identify optimal dual-fuel engine designs.

1.7 Expected Results
i. Enhanced thermal efficiency and power output for PMS-CNG dual-fuel engines.
ii. Significant reductions in NOx, CO, and particulate matter emissions.
iii. Identification of optimal configurations for fuel injection and valve timing.
iv. Comprehensive insights into combustion dynamics, including pressure, temperature, and velocity distributions.
v. Recommendations for sustainable and efficient dual-fuel engine designs.
1.7 Duration
The project is scheduled to be completed within six months, as outlined table 1.7
Table 1.7: Research timeline
	Task
	Duration

	Literature Review
	1 month

	Model Development
	1 month

	CFD Simulations
	2 months

	Optimization and Analysis
	1 month

	Research Writing and Manuscript
	1 month
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