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ABSTRACT 

Internal Combustion Engines (ICEs) are facing criticism for their role in greenhouse gas 

emissions and air pollution. Despite technological advancements in air-fuel atomization, 

optimizing air-fuel atomization to enhance performance and reduce emissions in heavy-duty 

diesel engines such as the Mercedes-Benz Actros 3340-LS remains a challenge. A 

comprehensive assessment of air-fuel atomization mechanisms is therefore important to 

enhance engine efficiency while simultaneously holding back harmful emissions to ensure 

sustainability and competitiveness of heavy-duty trucks engines in modern transportation. 

This research examined the effects of air-fuel atomization on engine performance and 

emissions using Computational Fluid Dynamics (CFD) simulations in Ricardo Wave 2019.1. 

It specifically aimed at characterizing the design parameters of Mercedes Benz Actros 3340-

LS engine, developing a validated Ricardo Wave CFD simulation engine model, and 

analyzing the impact of key injection parameters specifically nozzle hole diameter, injection 

pressure, Air-Fuel Ratio (AFR), and engine speed on performance and emissions. The engine 

model was replicated in Ricardo Wave and subjected to a series of simulations with varying 

nozzle hole diameters from 0.194 mm to 0.278 mm and engine speed from 700 rpm to 2500 

rpm. Performance indicators such as brake power, torque, brake-specific fuel consumption 

(BSFC), volumetric efficiency, and emissions like Nitrogen oxides (NOx), Carbon 

monoxides (CO), Hydrocarbons (HC), and Smoke were evaluated under standardized test 

cycles. Model validation was conducted by comparing simulation trends with experimental 

findings from related heavy-duty engines, including MAN D2676LF, Volvo D13C, 

Cummins ISX12G, and various GDI engines. Results show that smaller injector nozzle 

diameters (0.194 mm - 0.203 mm) produced finer sprays with reduced Sauter Mean Diameter 

(SMD) and breakup length, leading to improved brake torque, brake power, volumetric 

efficiency, and lower Brake Specific Fuel Consumption (BSFC), NOx, CO, HC, and smoke 

emissions. Larger injector nozzles diameters (above 0.24mm) yielded coarser sprays, higher 

emissions, and reduced efficiency. The study also found a correlation between nozzle hole 

size and smoke emissions, with diameters above 0.25 mm leading to increased smoke and 

hydrocarbon emissions. The study also found that injection parameters, particularly nozzle 

hole diameter and injection pressure, significantly affect air-fuel atomization quality. The 

optimal nozzle hole diameter of 0.203 mm yielded the most balanced trade-off between fuel 

efficiency, power output, and emission levels. The results closely aligned with published 

experimental findings, confirming the model’s predictive capability. The research 

recommends that for further research and practical applications, manufacturers should 

implement adjustable injector designs, fleet operators should maintain regular injector 

calibration, and policymakers should encourage the adoption of precision fuel injection 

technologies through emissions regulation frameworks and incentives for low-emission 

heavy-duty vehicles, and integrating 1D with 3D CFD tools like ANSYS fluent and Coverage 

to get insights on spray behavior, turbulence and flame propagation which are not fully 

resolved in 1D models, and employing advanced wear-resistant materials. Future research 

should focus on adaptive injection systems, atomization optimization under varying engine 

loads and speeds, the impact of alternative fuels and nozzle hole geometry, real-world driving 

conditions, long-term durability, and integrating variable geometry turbocharging for 

performance and emissions reduction. 

Keywords: Air-Fuel Atomization, Computational Fluid Dynamics, Emission, Optimization, 

Performance, Ricardo Wave, and Simulation 



1 

 

CHAPTER ONE: INTRODUCTION 

1.1 Background 

Internal Combustion Engines (ICEs) have long served as the backbone of land transportation. 

However, they are being criticized for their contribution to greenhouse gas emissions and air 

pollution, leading to the adoption of cleaner alternatives, including hybrid electric vehicles 

(HEVs), battery electric vehicles (BEVs), and hydrogen fuel cell technologies (IEA, 2023; 

Amann et al., 2022). Recent studies highlight the importance of optimizing combustion 

through fuel property enhancements, focusing on atomization characteristics and droplet 

behavior to promote cleaner burning in compact, lightweight engines (Chen et al., 2021; 

Reitz & Ogawa, 2022).  

 

Biodiesel blends and renewable fuels are gaining popularity due to their carbon neutrality, 

but concerns about chemical reactivity persist such as corrosion of engine aluminium 

components, particularly in high-pressure systems in modern heavy-duty engines (Demirbas, 

2021; Saleh et al., 2023). While electrification is accelerating for light-duty vehicles, ICEs 

still dominate in heavy-duty applications due to unmatched power density, range, and 

refuelling time advantages (Zhao et al., 2023; IEA, 2023). The technical feasibility of 

transitioning to electric powertrains in long-haul freight remains limited by infrastructure and 

battery limitations. Fuel atomization has a major impact on emissions, efficiency, and 

combustion quality in diesel engines. Large droplet sizes and uneven spray distribution can 

occur from poor atomization caused by suboptimal nozzle design or insufficient injection 

pressure, which raises emissions of soot, unburned hydrocarbons, and NOₓ emissions 

(Karimkashi et al., 2021; Prasad et al., 2022). 
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Recent research on injector geometry, spray angle, multi-hole designs, and variable injection 

strategies improves fuel-air mixing in light-duty and passenger cars, with limited studies 

targeting heavy-duty engines like Mercedes Benz Actros 3340-LS. (Mohanraj et al., 2021).  

This study addresses this gap by focusing on how air-fuel atomization impacts the 

performance and emissions of a heavy-duty diesel engine, using simulations of the Mercedes-

Benz Actros Engine Model 3340-LS. The aim is to provide data-driven insights for 

optimizing injector design and combustion control strategies, contributing to cleaner and 

more efficient diesel technologies in commercial transport. 

 

1.2 Problem Statement 

Despite technological advancements in air-fuel atomization, there is still a significant gap in 

understanding how these innovations translate into measurable performance gains and 

emission reductions in heavy-duty diesel engines. In particular engines such as the Mercedes-

Benz Actros Engine Model 3340-LS which has complex design features, there is insufficient 

evaluation of how injector design and air-fuel atomization characteristics influence both 

performance and emission outcomes, which poses technical and environmental challenges. 

The study aims to bridge the gap between atomization theory and practical engine 

optimization by using Computational Fluid Dynamics simulation software (Particularly 

Ricardo Wave) to understand how injector design and air-fuel atomization characteristics 

influence performance and emission outcomes in heavy-duty diesel engines like the 

Mercedes-Benz Actros 3340-LS. This will provide actionable insights for design 

improvements and regulatory compliance. 
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1.3 Research Objectives 

1.3.1 Main Objective 

To examine the effect of air-fuel atomization on the performance and emission of the 

Mercedes-Benz Actros Engine Model 3340-LS. 

 

1.3.2 Specific Objectives 

i. To characterize the design parameters of Mercedes-Benz Actros 3340-LS in relation 

to its structural and operational framework.  

ii. To develop a Ricardo Wave CFD simulation of the Mercedes-Benz Actros 3340-LS 

engine model. 

iii. To analyse the impact of injection parameters on the engine performance and exhaust 

emissions. 

 

1.3.3 Research Questions 

i. What are the key structural and operational design parameters of the Mercedes-Benz 

Actros 3340-LS engine? 

ii. How can a Ricardo Wave CFD simulation model be developed to replicate the 

Mercedes-Benz Actros 3340-LS engine’s combustion and atomization processes? 

iii. How do variations in injector nozzle hole diameter and engine speed at stable high 

injection pressure affect engine performance and emission outputs? 

 

1.4 Significance of Research 

Research on air-fuel atomization is vital for improving combustion efficiency, reducing 

emissions, and enhancing fuel economy. It directly impacts engine performance, power 

output, and fuel consumption. Reliable and consistent air-fuel atomization is essential for 



4 

 

long-term engine performance. Research in this area contributes to meeting emission 

standards and environmental regulations, mitigating air pollution. It also actively supports 

innovation by exploring new techniques and designs for fuel injection systems and 

combustion processes. 

 

1.5 Justification of the Research 

Heavy-duty truck emissions pose environmental and public health risks. Understanding the 

relationship between air-fuel atomization and emissions by evaluating Mercedes-Benz 

Actros Engine Model 3340-LS can inform the development of technologies and operational 

practices aimed at reducing emissions levels while maintaining engine performance. Air-Fuel 

atomization significantly impacts combustion efficiency in internal combustion engines. 

Studying the Mercedes Benz Actros Engine Model 3340-LS can help devise strategies to 

maximize efficiency and enhance engine performance. The MB Actros Engine Model 3340-

LS air-fuel atomization analysis will reveal the relationship between emissions and engine 

performance, and such knowledge can promote innovation in fuel injection systems, 

combustion procedures, and engine design, resulting in more ecologically friendly and 

efficient heavy duty truck engines. Worldwide regulatory bodies are putting heavier 

restrictions on vehicle emissions, including for heavy-duty trucks. Evaluation of Mercedes 

Benz Actros Engine Model 3340-LS, specifically concentrating on air-fuel atomization, can 

exhibit a practice dedication to ecological responsibility, adherence to regulations, and 

competitiveness in the market. 
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1.6 Scope and Limitations of the Research 

The scope of the research includes a thorough examination of the developed Mercedes-Benz 

Actros Engine Model 3340-LS`s performance, with a particular emphasis on how emissions 

relate to the engine's air-fuel atomization. The study entails a wide exploration of various 

aspects related to operational parameters, combustion dynamics, and engine design. It also 

integrates findings from the characterization of design parameters, Ricardo wave simulations, 

and analysis of injection parameters to gain a comprehensive understanding of the role of air-

fuel atomization in the performance and emissions characteristics of the Mercedes-Benz 

Actros Engine Model 3340-LS by varying the injector nozzle hole diameter and engine 

speed. 

 

1.7 Conceptual Framework 

The conceptual framework is based on the elements that contribute to optimal air-fuel 

atomization in the engine combustion chamber as shown in Figure 1.1. Independent 

Variables include: Fuel Properties like fuel density, viscosity, surface tension, and chemical 

composition. Injection System Parameters such as injection pressure, injection timing, 

injector nozzle design, injector nozzle hole diameter, and injector nozzle geometry. Engine 

Operating Conditions like engine speed, engine load, intake air pressure, intake air 

temperature, and cylinder pressure. Dependent Variables: Fuel Atomization Characteristics 

such as droplet size distribution, spray cone angle, spray penetration depth, and spray breakup 

length. Combustion Characteristics which involve parameters related to combustion 

efficiency, ignition delay, heat release rate, and emissions (such as NOx, CO, HC, and 

particulate matter like smoke). Engine Performance and Efficiency variables like brake mean 

effective pressure (BMEP), brake power, brake torque, total volumetric efficiency 
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(VOLEFF), and brake specific fuel consumption (BSFC). The outputs of the simulation 

include graphs showing the variation of dependent variables with independent variables, and 

analysis of the engine performance, combustion characteristics and emission under different 

operating conditions. Other research outputs include optimization insights, recommendations 

for design improvements for the best performance and emission control. 

Fuel PropertiesFuel Properties

Injection System 

Parameters

Injection System 

Parameters

Engine Operating 

Conditions

Engine Operating 

Conditions

Fuel Atomization 

Characteristics

Fuel Atomization 

Characteristics

Combustion 

Characteristics

Combustion 

Characteristics

Engine Performance 

and Efficiency

Engine Performance 

and Efficiency

i. Air-Fuel Mixing

ii. Spray Characteristics

i. Air-Fuel Mixing

ii. Spray Characteristics

i. Simulation Visualizations

ii. Data Analysis

iii. Optimization Insight

iv. Design improvement 

suggestions for the best 

performance and 

emission control

i. Simulation Visualizations

ii. Data Analysis

iii. Optimization Insight

iv. Design improvement 

suggestions for the best 

performance and 

emission control

INDEPENDENT VARIABLE DEPENDENT VARIABLE

RESEARCH OUTPUTS

INTERVENING VARIABLES
 

Figure 1.1. Conceptual Framework of the Research 

 

1.8 Organization of the Dissertation 

This dissertation is structured into five chapters. 

Chapter One: Introduction – Presents the background of the study, the research problem, 

objectives, research questions, significance, justification, scope, limitations, and the 

conceptual framework. 
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Chapter Two: Literature Review – Provides a critical review of existing studies on air-fuel 

atomization, performance, and emissions of diesel engines. It also highlights functional, 

environmental, material, and manufacturing aspects of atomization systems, and identifies 

research gaps addressed by this study. 

 

Chapter Three: Methodology – Describes the research design, the Mercedes-Benz Actros 

3340-LS engine specifications, development of the Ricardo Wave simulation model, 

simulation setup, data collection procedures, model validation, and why this software was 

used. 

 

Chapter Four: Results, Discussion, and Findings – Presents the results of the simulations, 

analyzes the effect of injection parameters on spray dynamics, combustion, performance, and 

emissions. It also discusses findings in relation to published studies and identifies key 

implications. 

 

Chapter Five: Conclusions and Recommendations – Summarizes the major findings of the 

study, draws conclusions in line with the research objectives, provides recommendations for 

engine manufacturers, policymakers, and fleet operators, and suggests directions for future 

research. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Automobile Engine Air-Fuel Atomization 

Internal combustion engines (ICEs) convert fuel's chemical energy into mechanical energy 

by combustion, enabling vehicle propulsion through precisely timed and coordinated engine 

strokes, accurate fuel injection, ignition timing, and exhaust gas recirculation to optimize 

power output while reducing emissions (Reitz & Ogawa, 2022). Fuel injection systems in 

heavy-duty truck engines introduce finely atomized fuel into the combustion chamber to 

ensure thorough mixing with air. Modern injectors are designed for high-pressure multi-hole 

delivery for improved dispersion and efficiency (Mohanraj et al., 2021). Recent studies 

highlight the impact of fuel properties on the atomization process, affecting spray pattern, 

droplet size, and evaporation behavior (Chen et al., 2021). 

 

Despite technological advancements, heavy-duty engine combustion chamber designs often 

lack optimization for optimal atomization under varying load and environmental conditions, 

leading to increased focus on customized chamber geometries and injector configurations 

(Karimkashi et al., 2021). Real-time atomization control is crucial for heavy-duty trucks, 

requiring intelligent control systems using adaptive algorithms and sensor feedback to 

dynamically adjust injection timing, pressure, and spray characteristics (Sharma et al., 2023).  

Recent emission regulations, such as Euro VI and U.S. EPA Phase 2 standards, mandate 

significant reductions in NOx and particulate matter (PM) emissions. As a result, researchers 

are exploring advanced injector designs (e.g., piezoelectric and multi-stage injectors), 

alternative fuels, and variable nozzle geometries to enhance atomization and reduce unburnt 

fuel and soot formation (Zhao et al., 2023). 
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2.2 Environmental Requirements of Automobile Engines 

Global efforts to combat climate change, air pollution, and resource depletion drive modern 

environmental requirements for automobile engines, aiming to reduce greenhouse gas 

emissions, enhance fuel efficiency, and accelerate alternative propulsion technologies (IEA, 

2023). European Union, Environmental Protection Agency (EPA), and other regulatory 

frameworks set strict limits on NOₓ, CO₂, hydrocarbons, and particulate matter emissions 

from internal combustion engines to reduce pollutants in new vehicles (European 

Commission, 2023; EPA, 2022). The U.S. Department of Transportation and the European 

Commission are promoting the adoption of low and zero-emission vehicles, including 

technologies like selective catalytic reduction and diesel particulate filters, for public 

procurement fleets (NHTSA, 2022; European Parliament, 2021).  

 

United Nations Economic Commission for Europe`s World Forum for Harmonization of 

Vehicle Regulations (WP.29) promotes global emission and safety standards, facilitating 

compliance across various markets for multinational automotive production (UNECE, 2023). 

Automobile manufacturers are investing in research and development to meet environmental 

demands, focusing on advanced combustion strategies, waste heat recovery, engine 

downsizing, and integrating renewable fuels for heavy-duty diesel engines (Reitz et al., 2022; 

Amann et al., 2022) 

 

2.3 Functional Requirements of Automobile Engine Air-fuel Atomization 

Automobile engines must meet a range of functional requirements to deliver consistent, 

efficient, and environmentally compliant performance (Reitz & Ogawa, 2022). In Internal 
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combustion engines (ICEs) of heavy-duty applications, minimising energy loss is achieved 

by optimizing thermal efficiency, reducing frictional losses, and improving combustion 

processes (Zhao et al., 2023). Engine components must withstand high combustion pressures, 

thermal stresses, and mechanical fatigue over prolonged operating cycles. This necessitates 

the use of high-strength materials, advanced surface treatments, and precision manufacturing 

techniques (Wang et al., 2022). Engines must reduce NOx, CO, HC, and PM emissions to 

meet global emission regulations, requiring precise fuel-air atomization and combustion 

control to prevent incomplete combustion and pollutant formation (Chen et al., 2021).  

 

Modern engines rely heavily on electronic control units (ECUs) to manage fuel injection 

timing, quantity, and pressure, adapting in real-time to changing conditions like engine load, 

ambient temperature, and fuel type (Manin et al., 2021). To prevent localized rich or lean 

zones, atomization systems must ensure homogeneous fuel distribution, particularly under 

transient operating conditions. Injector and nozzle components must be wear-resistant, 

chemically stable, and capable of delivering consistent performance over the engine’s service 

life (Lapuerta et al., 2021). Additionally, advanced atomization systems must be compatible 

with alternative fuels such as biodiesel, ethanol, or synthetic e-fuels, which may differ in 

viscosity, volatility, and spray behavior (IEA, 2023). 

 

2.3.1 Performance Improvements for Air-Fuel Atomization Systems in Automobiles 

through Research and Development 

Recent advancements in air-fuel atomization technologies are aimed at improving 

combustion efficiency, reducing emissions, and enhancing fuel economy across a wide range 
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of engine operating conditions. Modern multi-hole injectors and variable nozzle geometries 

improve atomization, air-fuel mixing, and complete combustion by producing finer, 

uniformly distributed fuel droplets, optimizing spray penetration and cone angle (Manin et 

al., 2021; Xu et al., 2020). Innovative injection strategies like split, pilot, and multiple 

injections are widely used to control combustion phasing, reduce noise, and improve ignition 

stability, particularly in controlling soot and NOₓ emissions (Payri et al., 2020).  

 

Advancements in electronic control units (ECUs) have enabled precise regulation of injection 

timing, quantity, and pressure, improving the accuracy of fuel delivery. AI-integrated ECUs 

are now being explored for adaptive atomization control based on real-time engine feedback 

(Sharma et al., 2023). Piezoelectric injectors enhance performance in high-pressure common 

rail systems by providing rapid response, precise control, improved fuel-air mixture 

homogeneity, combustion stability, and reduced emissions (Jadhav & Mallikarjuna, 2021). 

Advanced materials and wear-resistant coatings like ceramic layers and diamond-like carbon 

extend the lifespan and reliability of atomization components, particularly under high 

pressures and high injection frequencies (Wang et al., 2022). Dual injection systems, which 

combine direct injection and port fuel injection, enhance fuel stratification control, thermal 

efficiency, and particulate emissions in gasoline and dual-fuel engines (Feng et al., 2020). 

CFD simulations aid in optimizing injector performance for various fuels, reducing 

prototyping costs and enabling data-driven optimization of atomization systems, including 

biodiesel, ethanol blends, and e-fuels (Most & Duret, 2022). 
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2.3.2 Engine Performance and Emission Metrics 

Brake Thermal Efficiency measures how effectively the chemical energy of fuel is converted 

into useful work. Typical for heavy-duty diesel engines ranges between 30 – 42 % (Yang et 

al., 2023). Brake Specific Fuel Consumption indicates fuel efficiency; lower BSFC denotes 

higher efficiency. Values typically range between 180 - 220 g/kWh for optimized engines 

(Zhang et al., 2022). Combustion Efficiency Improved by better atomization and air-fuel 

mixing; closely tied to injector pressure and nozzle design (Ali et al., 2021). NOx (Nitrogen 

Oxides): Formed due to high combustion temperatures. Strategies such as Exhaust Gas 

Recirculation (EGR) and Selective Catalytic Reduction (SCR) are employed to reduce it 

(Jafari et al., 2023). Particulate Matter (PM) is influenced by incomplete combustion. Better 

atomization reduces PM formation (Singh & Verma, 2022). CO (Carbon Monoxide) and HC 

(Hydrocarbons) indicate incomplete combustion. Improved injection and mixing reduce 

these pollutants. CO₂ Emissions are directly related to fuel consumption thus, efficiency 

improvements also lower CO₂ output (Bunce & Fogarty, 2022). 

 

2.4 Material Selection Requirements for Air-Fuel Atomization Systems in Automobiles 

Materials for air-fuel atomization systems in automobiles must be durable, reliable, 

corrosion-resistant, and thermally stable, especially under extreme conditions in modern 

internal combustion engines. High pressures, temperatures, and chemically aggressive fuels 

continuously expose components like injector nozzles, fuel rails, and valve bodies to 

degradation, necessitating materials that can withstand these challenges (Wang et al., 2022). 

Stainless steel alloys like AISI 316L and 17-4PH are widely used in fuel injectors due to 

corrosion resistance, mechanical strength, and cost-effectiveness, while nickel-based super 

alloys like Inconel 718 are preferred for high-temperature and high-stress regions (Song et 
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al., 2020). Ceramic coatings like yttria-stabilized zirconia (YSZ) and alumina-based 

minimize erosion, wear, and thermal degradation in fuel injector tips and combustion-facing 

surfaces, while diamond-like carbon (DLC) coatings improve friction and component 

lifespan (Wang et al., 2022; Park et al., 2023). 

 

Research is focusing on elastomers, seals, and liners made from fluoroelastomers and 

thermoplastic elastomers to address material compatibility issues with oxygenated fuels 

(IEA, 2023). High-strength materials like titanium alloys and stainless steels are increasingly 

being utilized in components like fuel lines and pressure control valves for mechanical 

fatigue and pressure pulsations (Lapuerta et al., 2021). Tool steels like H13 and M2 are 

crucial for precision component manufacturing due to their machinability, stability, and 

polished surface finish, essential for fuel spray formation (Singh et al., 2022). PEEK and 

PA66 are popular engineering plastics for connectors, housings, and fuel system fittings due 

to their thermal resistance, chemical compatibility, and structural integrity (Brydson, 2021). 

Recent innovations in composite materials and metal-polymer hybrids are reducing weight 

and cost in engine design, while additive manufacturing-compatible alloys enable the 

creation of complex atomization components (Gibson et al., 2023). 

 

2.5 Manufacturing Process Requirements for Air-Liquid Atomization Systems in 

Automobiles 

 The manufacturing of air-liquid atomization systems in modern automobile engines requires 

precision engineering, advanced materials processing, and quality control. Key 

manufacturing methods include CNC machining for critical components like injector 

nozzles, valve bodies, and fuel rails, and high-speed micro-milling and Electrical Discharge 
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Machining (EDM) for complex geometries in difficult to machine materials like Inconel and 

tool steel (Li et al., 2022). Surface finishing processes like polishing, lapping, and coating 

deposition minimize roughness, enhance flow characteristics, reduce droplet coalescence 

risk, improve spray uniformity, and extend component lifespan (Wang et al., 2023). Recent 

advancements in injection molding techniques have enhanced the production of plastic 

components like connectors, seals, and sensor housings, resulting in tighter dimensional 

tolerances and improved assembly efficiency (Chen et al., 2021).  

 

Additive manufacturing technologies like Selective Laser Melting (SLM) and Direct Metal 

Laser Sintering (DMLS) are being used for producing complex, low-volume components 

with optimized fuel and air distribution, enabling design freedom and exploring full-scale 

injector production (Gibson et al., 2023). Precision grinding and honing are essential for 

achieving ultra-fine surface finishes and tight tolerances on sealing and metering surfaces, 

ensuring atomization consistency in high-pressure fuel systems (Singh & Rao, 2022). 

Automated assembly stations for air-fuel atomization systems use robotic handling, machine 

vision, and torque feedback systems for repeatable quality and minimizing error during 

assembly of air-fuel atomization systems, which require high precision alignment to maintain 

internal flow paths and spray angles (Zhao et al., 2022). Metrology and inspection have 

advanced with non-contact optical measurement systems, laser scanning, and computed 

tomography (CT), enabling dimensional verification of intricate internal geometries and 

hidden defects, ensuring quality assurance in high-volume production (Yuan et al., 2023). 

Cleanroom manufacturing environments are used for contamination-sensitive components 

like injectors and valves, with ISO Class 7 and 8 environments now standard in advanced 

assembly lines, supported by inline particulate monitoring systems (Whyte & Eaton, 2021). 
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2.5.1 Manufacturing Process Improvements Accomplished through Research and 

Development for Air-Fuel Atomization Systems in Automobiles 

Advancements in manufacturing technologies have revolutionized air-fuel atomization 

components, enhancing precision, miniaturization, and reliability in ICE systems. Metal 

additive manufacturing techniques like Selective Laser Melting and Direct Metal Laser 

Sintering support complex injector nozzles and fuel metering components, reducing lead time 

for prototyping and small-batch production (Gibson et al., 2023; Karimian et al., 2022). 

Ultra-precision grinding and honing technologies enable sub-micron surface finishes and 

tight tolerances, crucial for consistent atomization in high-pressure injection environments, 

reducing wear, controlling flow rates, and ensuring long-term injector durability (Singh & 

Rao, 2022).  

 

Micro-injection molding and multi-material molding advancements enhance plastic 

component manufacturing, enabling the integration of conductive, chemical-resistant, or 

heat-tolerant polymers, extending component lifespan and functionality in harsh engine 

environments (Chen et al., 2021). Automation technologies, such as robotic assembly, 

machine vision systems, and real-time torque control, have significantly improved assembly 

process reliability, reducing defect rates, and enhancing system performance (Zhao et al., 

2022). Cleanroom manufacturing in high-precision fuel systems is important for reducing 

particulate contamination, with advancements in inline contamination monitoring and 

automated cleaning protocols improving process control (Whyte & Eaton, 2021). Research 

and Development is exploring hybrid manufacturing methods, combining additive 

manufacturing with subtractive techniques like milling and polishing, to achieve complex 

internal features and superior surface finishes cost-effectively. (Yuan et al., 2023). 
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2.5.2 Challenges for Air-Fuel Atomization Systems in Automobiles 

Modern automobiles' air-fuel atomization systems face challenges due to stringent emission 

standards, fuel diversity, and real-world engine dynamics. Global regulatory bodies like 

Environmental Protection Agency and European Commission (EC) introduce aggressive 

emission targets, requiring precise spray atomization and air-fuel mixing, which are difficult 

to control uniformly (IEA, 2023; Zhang et al., 2022). The growing use of alternative fuels 

like biodiesel, ethanol blends, and hydrogen-diesel dual-fuel systems presents significant 

challenges to existing atomization system designs due to their varying physical and chemical 

properties, which alter spray behavior, droplet breakup, evaporation rates, and combustion 

dynamics (Lapuerta et al., 2021; Manente et al., 2023).  Consistent atomization quality across 

engine operating conditions remains an engineering challenge, causing nozzle clogging, 

cavitation, and inconsistent spray patterns, which impair combustion efficiency and increase 

emissions (Shoaib et al., 2022; Kim & Lee, 2023). Minimizing injector wear and ensuring 

long-term durability are crucial in heavy-duty vehicles, as minor atomization inefficiencies 

can significantly impact fuel economy and after-treatment system performance (Wang et al., 

2023). Original Equipment Manufacturers (OEMs) face challenges in integrating multi-hole 

and ultra-fine injector designs with advanced control algorithms, requiring high-precision 

manufacturing and real-time feedback systems, which are complex and costly (Ghosh et al., 

2022).                                          

 

2.5.3 Future Directions for Manufacture of Air-Fuel Atomization Systems for 

Automobiles 

Advancements in digital technologies, materials science, and green propulsion strategies are 

shaping the future of air-fuel atomization system manufacturing. AI and machine learning 
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are being integrated into electronic fuel injection control systems, improving efficiency, 

reducing emissions, and improving fuel economy (Ghosh et al., 2022; Rezaei et al., 2023). 

Materials engineering is focusing on nanostructured coatings, diamond-like carbon, and 

ceramic composites for enhanced wear resistance, chemical stability, and compatibility with 

biofuels and synthetic fuels (Wang et al., 2023; Li & Tan, 2021). The integration of advanced 

combustion control and exhaust after-treatment technologies, including atomization systems, 

low-temperature combustion strategies, gasoline compression ignition, and particulate 

filtration systems, is a key direction (Zhang et al., 2022; D’Errico et al., 2023). Digital twins, 

AI models, and CFD driven simulation platforms are accelerating atomization system design 

and testing, reducing reliance on expensive time consuming experimental campaigns and 

enabling simulations of various engine conditions (Mostafa et al., 2023). Additive 

manufacturing (AM) is expected to revolutionize mass customization of injector geometries 

for engine types and fuels, facilitating rapid prototyping, faster innovation cycles, and on-

demand part production (Gibson et al., 2023). 

 

2.6 Simulations for Air-Fuel Atomization for Automobile Engines 

Advanced computational simulations, particularly Computational Fluid Dynamics (CFD), 

have become very necessary for analysing and optimizing air-fuel atomization systems in 

internal combustion engines. These tools evaluate spray structure, droplet behavior, 

evaporation, and combustion efficiency without experimental testing (Mostafa et al., 2023; 

Kim et al., 2022). Volume of Fluid and Level-Set methods are commonly used to simulate 

fuel-air interface during injection, capturing surface tension effects and spray cone dynamics 

(Gupta & Mallick, 2021). Lagrangian-Eulerian approaches are widely used to study the 

motion and interaction of individual droplets post-breakup, modeling droplet trajectories, 
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size distribution, evaporation, and coalescence within Eulerian frameworks (Wang et al., 

2023). 

 

Transient simulations help optimize injection timing, pressure, and spray angle for engine 

load conditions, while multiphase flow models like Eulerian-Eulerian and Eulerian-

Lagrangian hybrid schemes simulate interfacial momentum and energy exchanges (Zhao et 

al., 2022). Recent research focuses on integrating empirical droplet breakup models and 

turbulent dispersion models to predict Sauter Mean Diameter and droplet distribution across 

the spray plume (Alizadeh et al., 2021). Heat transfer modeling within simulations has also 

improved, with advanced equations now accounting for convection, conduction, and 

radiation between droplets, ambient gases, and cylinder walls greatly impacting evaporation 

and combustion predictions (Singh & Verma, 2021). Simulation validation is a key research 

area, utilizing optical diagnostics like c, and high-speed Schlieren imaging to validate 

simulation results, coupled with sensitivity analysis and uncertainty quantification to enhance 

model robustness and predictive accuracy (Iqbal et al., 2024). 

 

2.7 Conventional Diesel Combustion Conceptual Model of a Diesel Engine 

An accurate conceptual model, or phenomenological description, helps explain the relevant 

processes, interpret experimental data, and provide guidance for the numerical model 

development (Haohan, 2021). Dec, (1997) derived phenomenological, or conceptual model, 

of how direct injection (DI) diesel combustion occurs from laser-sheet imaging and other 

optical data. The depicted model gives insights into most likely mechanisms for soot 

formation and destruction and NO formation during the portion of the DI diesel combustion 

event discussed. Diesel combustion is a complex, turbulent, three-dimensional, multiphase 
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process that occurs in a high-temperature and high-pressure environment. The basic concept 

of spray combustion is shown in Figure 2.1. It has about zones of varying fuel-air mixture 

from centre to edge of the spray 

 

Figure 2.1. Schematic representation of a coaxial spray diffusion flame. 

 

Figure 2.1 indicates a flame sheet around a group of droplets, Dec also considerable 

discussion to individual droplet combustion. Diesel mixture formation in terms of regions 

around individual fuel droplets that contain a flammable mixture implies that combustion 

occurs around the individual droplets. The general spray combustion picture shown in Figure 

2.1 is logical for the quasi-steady portion of diesel combustion. It fits for most of the limited 

data available at the time and as the best available description of DI diesel combustion, it is 
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widely applied in discussions and in the thinking of engine designers and researchers 

(Haohan, 2021).  

 

Figure 2.2. Four groups of combustion modes of a droplet cloud. 

The various combustion modes in Figure 2.2 and Figure 2.3 relate to spray combustion 

respectively and are useful for dense sprays including those in diesel engines.

 

Figure 2.3 Schematic of group combustion for a liquid-fuel spray. 
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The spray-flame theory from which the original diesel combustion description deals mainly 

with fuel vaporization, mixing, and combustion zones, and it is not specific as to the location 

of soot formation. Since soot formation results from fuel pyrolysis at temperatures above 

about 1300K, mixing with the hot (1000 K) in-cylinder air is not sufficient to induce soot 

formation, and combustion heating required. Therefore, during the quasi-steady portion of 

diesel combustion, it is generally assumed that soot would form on the fuel-rich side of the 

diffusion flame where the temperatures were sufficiently high. The initial premixed burn is 

not considered to be an important source of soot production since it was thought occur in 

regions that were nearly stoichiometric, primarily around the jet periphery (Dec, 1997). 

 

Figure 2.4. Schematic representation of combustion zones and entrainment rates for a 

transient spray mixing model of diesel combustion. 
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Figure 2.5. General schematic of the “old” view of diesel combustion, showing a slice 

through the mid-plane of reacting jet. 

A general schematic of the old view quasi-steady portion of DI diesel combustion is 

presented in Figure 2.5. This schematic is a representation of general concepts applied by the 

diesel community, but cannot be exact due to uncertainty and the need for further research. 

It shows a slice through the mid plane of combustion diesel fuel, with dense fuel droplets and 

disperse vaporizing droplets and vapor fuel (Dec, 1997). 

 

Diesel combustion involves a diffusion flame around the jet periphery, where fuel and air 

meet. This flame forms as a continuous sheet, with soot forming on the fuel-rich side. In 

droplet combustion, less fuel is vaporized before the flame zone, resulting in numerous small 

flamelets surrounding individual droplets. Soot formation occurs around each droplet within 

the diffusion flamelets. The old description of diesel combustion has three key 

characteristics: liquid-phase fuel penetrates well out from the injector, combustion occurs as 

a diffusion flame, and soot mainly occurs in a shell-like region (Dec, 1997). 
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Dec, (1997) proposed a conceptual model for conventional diesel combustion1 based on 

different optical techniques (listed in Table 2.1). These measurements include liquid-phase 

penetration, vapour-fuel/air mixture ratio, auto ignition, and soot formation (Haohan, 2021). 

Table 2.1 Optical Technique Used by Dec 

Measured Parameter Optical Technique 

Liquid fuel penetration 

Equivalence ratio 

Auto-ignition location 

Poly-aromatic hydrocarbon 

Soot concentration 

Soot particle size 

Diffusion combustion zone 

Elastic-scatter 

Planar laser Rayleigh scatter (PLRS) 

Chemiluminescence 

Planer laser-induced fluorescent (PLIF) 

Laser-induced incandescence (LII) 

Elastic-scatter 

OH radical PLIF 

 

2.8 Summary of Previous Research Work and Gaps 

2.8.1 Literature Summary  

Several researchers have contributed to the understanding of air-fuel atomization and 

combustion in diesel engines through both experimental and simulation-based studies. Table 

2.2 summarizes notable recent contributions. Daimler Truck AG, (2022) shows that 

Mercedes-Benz heavy-duty engines since 2018 combine higher-efficiency combustion, 

turbocharging, friction reduction, and dual-SCR for stronger performance, reduced fuel use, 

and consistently low on-road NOx under Euro VIe standards.  

Table 2.2 Summary of the notable recent studies done 

Researcher Focus of Study Engine Model Key limitation 

Identified 

Zhang et al. (2022) Nozzle geometry and 

injection pressure 

optimization 

Volvo D13C Lacked focus on 

mid-duty AFR 

conditions common 

in Africa 
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Chen & Liu (2023) High-pressure 

injection effects on 

CO and NOx 

Navistar MaxxForce 

13 

No linkage to 

specific Euro III 

engine classes 

Park et al. (2021) Combustion 

efficiency in CRDI 

diesel engines 

Cummins ISX12G Did not include 

simulation-based 

validation 

Payri et al. (2021) Atomization 

influence on PM 

formation 

Generic single-

cylinder rig 

Limited to lab-scale 

testing, not 

commercial trucks 

Musa et al. (2023) Atomization and 

emissions under 

African diesel fuel 

standards 

None specified Simulation model 

was not 

benchmarked with 

OEM data 

 
 

2.8.2 Research Gaps 

While advancements in air-fuel atomization technology exist, their direct impact on the 

performance and emissions of heavy-duty truck engines like the Mercedes-Benz Actros 

Engine Model 3340-LS remains inadequately explored. The intricate relationship between 

air-fuel atomization parameters (e.g. nozzle design, injection pressure) and engine 

performance metrics lacks comprehensive investigation, particularly in the context of heavy-

duty engines. Despite sophisticated design features in engines like the Mercedes Benz Actros 

3340-LS, the optimization of air-fuel atomization to balance performance and emissions 

effectively is not well-understood. Many prior studies generalized results without simulating 

actual engine platforms like the Actros 3340-LS. This research specifically models that 

engine using Ricardo Wave. Most studies focus on Euro VI or laboratory-scale engines. The 

current study addresses real-world emission challenges in widely-used Euro III trucks in 

Africa. Few studies validate simulation results against published experimental data. This 

study cross-validates BSFC, torque, SMD, and emissions with findings from Cummins, 

Volvo, and Navistar diesel engines. The study fills a gap in literature regarding engine 

behavior under high-load poor-fuel-quality conditions typical of African road environments. 
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CHAPTER THREE: METHODOLOGY 

3.1 Introduction 

The purpose of this chapter is to detail the steps and approaches used in analyzing the impact 

of air-fuel atomization on engine performance and emissions. Mercedes Benz Actros model 

3340-LS was used in the development of the simulation geometry. Ricardo wave is an 

industry standard 1- dimensional engine performance simulation software. Ricardo wave is 

used worldwide in engine industries and enables automotive manufacturers to perform 

engine performance simulation on intake, combustion and exhaust system configuration. For 

the basic engine only minimal information is required i.e. Bore, stroke, connecting rod length, 

wrist pin offset, compression ratio, firing order and timing.  

 

3.2 Research Design 

3.2.1 Overview of Simulation 

Ricardo Wave is a CFD simulation software that optimizes engine and fluid systems, offering 

cost savings, faster iteration of design variables, and comprehensive analysis of intake, 

combustion, exhaust, and after-treatment systems. It provides detailed insights into engine 

dynamics, emissions prediction, early-stage development, optimization, safety, and 

compatibility with 3D CFD tools. Ricardo Wave also integrates with optimization tools to 

refine multiple engine parameters simultaneously, eliminating risks associated with 

experiments. 

 

3.2.2 Description of Mercedes Benz actros-3340-LS Engine Model 

The main purpose was to characterize the design parameters of Mercedes-Benz Actros 3340-

LS Engine Model in relation to its structural and operational framework. Mercedes Benz 
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Actros was chosen because it is one of the most recent heavy duty diesel engine models 

manufactured by the Mercedes Benz company (2011-2024 Model), it is used here in Uganda 

and world over. That means its technology is not obsolete. The engine model parameters 

were characterized to replicate what exactly happens in the engine. This helped in realization 

of the first specific objective. Mercedes-Benz engines model 3340-LS is specifically 

designed for use in Mercedes-Benz diesel trucks. The block utilizes a cast iron parent bore 

design which is induction-hardened at the top for extra strength around the combustion 

chamber. The combustion process for the engine is a four stroke diesel system incorporating 

high-pressure direct injection nozzles and pumps.  

 

Aluminium pistons are used to minimize weight. Forged connecting rods and crankshaft hold 

the pistons in place. The integrated oil cooler helps keep all of this lubricated and cool during 

operation. The cylinder heads on the Mercedes-Benz engine are cast iron and include two 

inlet and two exhaust valves on each cylinder. A constant throttle exhaust brake valve is also 

incorporated into the cylinder head. A single turbocharger drives the air intake system for 

optimum power (By increasing the density of air inlet). Diesel fuel used was of Cetane 

number 48, density of 830 Kg/m3, and 0.05% Sulphur content. Diesel fuel must have a 

density at 20 0C in Kg/m3 of between 820-870 as per Uganda National Bureau of Standard 

(UNBS) requirements. Must also have Cetane index of 48 minimum and Sulphur content of 

0.05% maximum. The fuel injection system comprised of a Unit Pump System (UPS), which 

helps in fuel mixture formation, a direct Injection via unit injectors of 6-holes nozzles. This 

particular type of fuel injection i.e. Multi-hole injector with small-diameter orifices promotes 

mixture homogeneity (A homogenous mixture is that mixture in which the components mix 
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with each other and its composition is uniform throughout the solution). The engine 

specifications used included the following as tabulated in table 3.1.  

Table 3.1. Specifications for Mercedes Benz model 3340-LS, (Benz, 2015). 

Item Specification 

Engine Model Series Mercedes Benz Actros 3340-LS, (2011-2024) 

Engine Type Four Stroke cycle - 6 cylinder In-line  

Bore (mm) 130 

Stroke (mm) 150 

Connecting Rod Length (mm) 273 

Engine Capacity (cc or cm3) 11,950 

Compression Ratio 17.75:1 

Engine dry weight (kg) 940 

Gross Vehicle Weight (tons) I.e. 7 t 

+ 2x13 t 

33 

Maximum Power output (kW) @ 

1800 rpm 

294 

Horse Power (hp) 394,             Maximum is 400 

Displacement (Ltr) 12.8 

Maximum Torque (Nm) @ 1080 

rpm 

1900 

Fuel Injection Type Direct Injection via unit injectors 

Injection Nozzle Type 6-hole injection nozzle, hole dia 0.194mm 

Simulations run between 0.194 mm – 0.278mm 

Injection Pressure (Bar) Up to 1800  

Inlet and Exhaust lift 0.4 mm 

Fuel Mixture Formation Unit Pump System (UPS) 

Cylinder arrangement 6-In-line 

Ignition pressure 170 bars 

Valve Technology 4-Valve Technology (2-Inlet & 2-Outlet) 
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Axil Configuration 6x4 

Cooling Water cooled with an electromagnetic fan 

Exhaust  Stainless steel with SCR catalytic converter 

Engine Brake  Brake flap & decomposition valve 

Control (Engine Management) Electronic Telligent engine management system 

Emission Standard Euro III Version 

Fuel Type  Diesel of density 830 kg/m3, Cetane No. 48, 

Sulphur Content 0.05%  

Combustion chamber diameter 

(mm) 

98.8 Bowl type 

Fuel Injection for low load 11.50C BTDC 

Fuel Injection for high load 9.50C BTDC 

Crank Radius (mm) 75 

Firing order 1-5-3-6-2-4 

AFR 14.5 

 

3.3 Setup of the Ricardo Wave Engine Model and Simulation 

3.3.1 Model Configuration 

Mercedes Benz Actros 3340-LS engine model was recreated using Ricardo Wave software 

as shown in Figure 3.1 and Figure 3.2 using the engine parameters in Table 3.1. Typical 

information needed for the main model was: Engine cylinder geometry like bore and stroke 

diameter, Clearance height, connecting rod length, number of intake and exhaust valves. 

Boundary Conditions like, inlet and exhaust valve temperature, piston temperature, cylinder 

head and liner temperature. Engine block design like, engine shape, mixture type, number of 

cylinders, strokes per cycle. Operating parameter like, engine speed, Injector nozzle hole 

diameter, injection pressure, air fuel ratio among others. Injector type, spray angle, start of 

injection, injection duration. Sub models included: combustion model, DI combustion model, 
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and the DI emission model. Tools used included; ambient elements, engine cylinder 

elements, engine block elements, duct elements, Y-Junction elements, valve elements, 

injector elements and these were assembled together using their flow direction connectors. 

These elements were all got from the element library and assembled in the wave canvas as 

shown in Figure 3.1 and it involved the following step:  

i. Starting wave build: setting general parameters, and creating a simulation/model title: 

In this step Wave Build was opened and established some preliminary settings that 

were important for every simulation. 

ii. Building the flow network on the wave build canvas: In this step the ambient 

elements, ducts, Y-Junctions, and other elements entities that were required for the 

multi cylinder model on the Wave Build canvas were laid. These were selected from 

the wave library, from the flow elements section. These elements were then connected 

according to the design flow 

iii. Defining ambients, ducts, and orifices: In this step all the elements on the Wave Build 

canvas were individually selected and their geometric values and initial/boundary 

conditions defined. 

iv. Defining the Engine: In this step all the required geometry and operation data for the 

engine were input. It consisted of all engine cylinders represented on the Wave Build 

canvas and physical sub-models for combustion, friction, heat transfer, etc.  

v. Defining the Intake and Exhaust Valves: In this step the intake and exhaust valves 

were defined by specifying their lift behavior and flow restriction behavior. 

vi. Adding the Fuel Injector: In this step a fuel injector was added, connected to the 

engine cylinder, and defined the required input parameters.  After adding all the flow 

elements, design geometry, and operating parameters, the model was ready to be run 
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and simulated. Below is an overview of how a Ricardo wave build interface looks 

like in figure 3.1: 

 

Figure 3.1: Ricardo Wave 2019.1 Build Interface
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Figure 3.2: Ricardo Wave Mercedes Benz Actros-3340-LS Engine Model Developed
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3.3.2 Air-Fuel Atomization Parameters 

According to the design of the experiment for simulation, injector nozzle hole diameter, air-

fuel ratio, injection rate profile (Crank angle Vs. Injection w Rate), injection pressure profile 

(Crank angle Vs Injection Pressure), start of injection, Engine Speed, and injection duration 

were the key parameters chosen and used for simulation as shown in Appendices B2 and E1.  

 

The Sauter Mean Diameter (SMD), Mean fuel drop diameter, Injector Sac Volume, Spray 

spread angle were set to AUTO in the injection Model to allow for automatic calculation by 

Ricardo Wave software. The simulation did not allow negative values for the crank angle 

(The negative crank angle represents crank position before top dead center BTDC, zero 

represents crank position at TDC, and the positive angles represent crank positions after top 

dead center ATDC). The injection rate and injection pressure profiles were varied between 

00 and 270 of crank position. The injection pressure was varied between 170Bars (which in 

the design ignition pressure) and 1800bar which is the design maximum pressure for the 

injector pump. The air-fuel ratio was left constant at 14.5 and the injector nozzle hole 

diameter was varied between 0.194mm and 2.78mm. Start of injection (soinj) was put at -

11.50 as shown in appendix B2.  

 

3.3.3 Development of the Ricardo Wave CFD Simulations 

The specific objective two of this research was to develop a Ricardo Wave CFD simulation 

of the Mercedes-Benz Actros 3340-LS engine model. The main case variable operating 

parameters for the designed engine model (Mercedes Benz Actros 3340 –LS) were: Engine 

speed (700rpm – 2500rpm), and injector nozzle hole diameter (0.194mm - 0.278mm). Other 

variables like injection profile and injection pressure profile were embedded in the different 
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sub models. Ten cases were selected for the chosen variables to be run in the simulation as 

shown in Appendix B2.  

 

The number of cycle (NCYC) runs was left at 20, to avoid premature termination of the 

simulation and improve on the reliability of the results. The developed model was saved a 

wvm-file , representing a wave model input file. The outputs of the simulated model 

included: Performance; Brake Specific Fuel Consumption (BSFC), Volumetric Efficiency 

(VOLEF), Brake Mean Effective Pressure (BMEP), Indicated Mean Effective Pressure 

(IMEP), Engine Torque, Engine Brake Power, and Engine cylinder pressure. Emission; 

nitrogen oxides (NOx), carbon monoxide (CO), hydrocarbons (HC), and particulate matter 

like SOOT.  

 

After the simulation is run, all the data including the output files is kept or stored as wvd files 

(wave data files) , all the simulation data for analysis was stored as Sum file  

representing summary data file. This stored data could be exported to excel spread sheets for 

further external data analysis. The simulation was run using the wave solver by clicking on 

the running man  in the session tree of the wave build. The simulated data was then run 

in the wave post by clicking on the wave post icon  . The wave post interface presenting 

the wave post engine model was produced, through which further data analysis was made 

and generation of graphical comparisons of parameters (Parametric analysis) in the wave post 

file (wps-file) . This file was automatically saved in the same folder where the wvm file 

was saved. Results were then extracted from the wvd and sum files. The graphical analyses 
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were made from the wps file. The work flow is represented in the flow chart below in Figure 

3.3. 
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Figure 3.3: Ricardo Wave Mercedes Benz Actros 3340-LS Model Simulation Flow 

 

3.4 Data Collection and Parametric Analysis 

The third specific objective was to analyze the impact of injection parameters on the engine 

performance and exhaust emissions. Performance outputs data that was extracted from the 

simulation sum and wvd files include: Brake torque, Brake power, Brake-Specific Fuel 
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Consumption (BSFC), and Volumetric Efficiency. Emission outputs data extracted included 

nitrogen oxides (NOx), carbon monoxide (CO), hydrocarbons (HC), and particulate matter 

like Smoke. These were also extracted from the sum and wvd files. The graphical analysis of 

the results was generated from the wave post model image shown in Figure 3.4 by right 

clicking on the engine model element image therein and the choosing the parameters for the 

intended graphical analysis. The Summary data file is shown in Appendix D2. 

 

Figure 3.4: Wave post model image for Mercedes Benz Actros-3340-LS 
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3.5 Validation of the Developed Model  

This was done through comparison of the developed model (Mercedes Benz Actros 3340-

LS) simulation results and its predictions against experimental results published in the open 

literature for similar and related engine models of similar or related parameters. 

 

 

3.7 Why Ricardo Wave Was Used 

Ricardo Wave 2019.1 is a reliable software in that, it is used worldwide in engine industries 

because it offers a cost savings, faster iteration of design variables, and comprehensive 

analysis of intake, combustion, exhaust, and after-treatment systems. It provides detailed 

insights into engine dynamics, emissions prediction, early-stage development, optimization, 

safety, and compatibility with 3D CFD tools. Ricardo Wave eliminates risks associated with 

experiments, allowing exploration of extreme operating regimes without danger.  

 

3.8 The governing equations behind the simulation software 

i) Sauter Mean Diameter (SMD) - Spray sub-model: 

 

Where;  

di is droplet diameter in bin,  

ni is the count in that bin,  

V is the total droplet volume and  

A is the total droplet area. 

SMD characterizes the surface - to - volume ratio that controls evaporation and 

combustion. 
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Empirical correlation form (pressure-atomized diesel spray) 

 

Where; dn is the injector – nozzle hole diameter,  

 

Ohnesorge number  

 

and C1, m, n from calibration (typical m≈0.5 − 0.6, n≈0.2) 

 

ii) Spray breakup length (Weber–Reynolds based) 

Dimensionless groups 

 

 

Empirical breakup-length correlation (round diesel jet) 

 

Where;  

𝐿b is the primary breakup length  

C2, a, and b are fitted to diesel spray data (classically attributed to Hiroyasu/Arai/Dent 

families (choose coefficients consistent with the operating range). 
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iii)  Heat-release rate (HRR) - Combustion sub-model 

Two complementary routes are standard;  

(A) Wiebe function (combustion-law approach) 

Mass fraction burned (MFB) over crank angle θ: 

 

Parameters: start of combustion θ0, duration Δθ, efficiency α (often ≈ 6–7 for single-

Wiebe), and shape factor m (premixed/diffusion split captured with a double-Wiebe). 

(B) Apparent heat release from first law (from in-cylinder pressure trace) 

 

For “apparent HRR,” wall heat loss is often estimated, γ is the ratio of specific heats.  

 

iv) Thermal NOx (extended Zeldovich mechanism) - Emissions sub-model  

Reactions (forward/backward):  

 

Each kif, kib follows Arrhenius temperature dependence; thermal NOx is therefore 

extremely temperature-sensitive.  
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CHAPTER FOUR: RESULTS, DISCUSSIONS, AND FINDINGS 

4.0 Introduction 

This chapter presents the results of the simulation study, focusing on the effect of air-fuel 

atomization on engine performance and exhaust emissions. Key performance parameters 

including brake power, brake torque, brake specific fuel consumption (BSFC), brake mean 

effective pressure (BMEP, total volumetric efficiency (VOLEFF), as well as emissions of 

pollutants like nitrogen oxides (NOx), Carbon monoxide (CO), hydrocarbons (HC), and 

particulate matter (PM) like smoke. This chapter presents the results of ten parametric 

simulation cases graphically using the Ricardo Wave model for the Mercedes-Benz Actros 

3340-LS engine. Each case varied injector nozzle diameter (0.194–0.278 mm) and engine 

speed (700–2500 rpm) at injection pressure of 1800 bar and AFR of 14.5, to study their effect 

on air-fuel atomization, engine performance, and emissions. The findings of this research 

provide valuable insights into the complex relationships between air-fuel atomization, engine 

performance and exhaust emissions, contributing to the development of more efficient and 

environmentally friendly diesel engines.  

 

4.1 Characterized Design Parameters. 

The first specific objective was to characterize the design parameters of Mercedes-Benz 

Actros 3340-LS Engine Model to in relation to its structural and operational framework. The 

key design parameters that were got from the manufacturer`s specification and operation 

manual are shown in appendix E1. and these were the exact parameters used for the 

development of Ricardo Wave MB Actros 3340-LS engine model and in the design of 

experiment for running the simulation. 
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4.2 Developed Ricardo Wave Engine Model 

The specific objective two of this research was to develop a Ricardo Wave CFD simulation 

of the Mercedes-Benz Actros 3340-LS engine model. The simulation aimed to investigate 

the effect of air-fuel atomization on engine performance and emissions. The engine model 

that was developed is shown in Appendix B1. Engine speed was set to vary between 700rpm 

and 2500rpm, and injector nozzle hole diameter was set to vary between 0.194mm and 

0.278mm Other variables like injection pressure profile were embedded in the different sub 

models. Ten cases were selected for the chosen variables to be run in the simulation as shown 

in Appendix B2. The number of cycle (NCYC) runs was left at 20, to avoid premature 

termination of the simulation and improve on the reliability of the results. The above 

parameters were fed in the design of experiment within the developed engine model that led 

to the successful running of the simulations. 

 

4.3 Effect of Air-Fuel Atomization on Combustion and Emission Characteristics 

The third specific objective was to analyze the impact of injection parameters on the engine 

performance and exhaust emissions. The simulated model outputs included performance 

data, emission data, and output files. Data was stored as wave data files and sum files, which 

could be exported to excel for further analysis. The simulation was run using the wave solver 

and the wave post interface, generating graphical comparisons of parameters. Results were 

then extracted and analyzed as explained in this chapter. 

 

4.3.1 Spray Dynamics and SMD Analysis 

From the results shown in the graphical representation in Figure 4.3.1 (a), it was observed 

that the mean fuel droplet diameter also known as the Sauter Mean Diameter (SMD) nearly 
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remained constant for injector nozzle hole diameters between 0.194 mm and 0.24 mm. After 

0.24 mm, the mean fuel droplet diameter increased exponentially, reaching above 2.2×10⁻⁵ 

m at 0.278 mm. showing an exponential growth trend. The mean fuel droplet diameter ranged 

between 1.0×10−5m and 2.25×10−5m. 

 

Figure 4.3.1 (a): SMD Vs. Injector Nozzle Hole Diameter Analysis 

Interpretation: Smaller injector nozzle holes promote better atomization due to higher 

injection pressure and reduced flow area. This results in smaller fuel droplet sizes and better 

air-fuel mixing, which is important for efficient combustion. As the injector nozzle diameter 

increases, the injection velocity decreases due to reduced injection pressures. This leads to 

poor atomization, resulting in larger droplets. The transition point around at around 0.24 mm 

indicates the boundary where atomization efficiency significantly deteriorates, as reflected 
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in the rapid increase in droplet size. This can directly impact combustion quality, emissions, 

and engine performance.  

 

Discussions:  Smaller fuel droplets facilitate quicker evaporation and mixing with air, 

leading to efficient combustion and lower smoke and hydrocarbon emissions. Larger droplets 

reduce the surface area available for evaporation, increasing the likelihood of incomplete 

combustion, which contributes to higher soot and hydrocarbon (HC) emissions. Smoke 

emissions increase as droplet size increases (seen at larger injector nozzle diameters). NOx 

emissions decrease as fuel droplets increase; as larger droplets lead to lower combustion 

temperatures. Hydrocarbon emissions rise with larger droplets due to incomplete 

combustion. 

Practical Implications: Injector design manufactures should prioritize; small injector nozzle 

hole diameter between 0.194 mm and 0.24 mm. Balanced nozzle design, possibly augmented 

by high injection pressure, multi-hole geometry, or intelligent ECU control, to achieve both 

performance and emissions targets in heavy-duty diesel engines like the Mercedes Benz 

Actros 3340‑LS.  

 
Validation: Published experimental research was compared with the simulated MB Actros 

3340-LS engine model as tabulated in table 4.3.1. 
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Table 4.3.1 Validation of SMD Results at Varying Nozzle Hole Diameter. 

Reference Engine Model Key Focus Key Finding For Comparison 

with simulation Results   

Jadhav & 

Mallikarjuna (2018) 

Gasoline Direct 

Injection (GDI) 

engine 

Injector 

Nozzle Hole 

Diameter 

Larger nozzle holes lead to larger 

droplet size, poor atomization and 

combustion. This relates well 

with the simulation results. 

(Markov et al., 

2022) 

MAN D2676LF Nozzle 

geometry:  

atomization 

& emissions 

Smaller nozzle hole diameters 

lead to smaller fuel droplet 

diameter, which also leads to 

improved atomization and 

reduced CO/HC/PM. This relates 

well with the simulation results. 

 

Figure 4.3.1 (b) shows how the mean droplet diameter of the injected fuel varies as a function 

of nozzle hole diameter and engine speed. The mean droplet diameter is very important in 

determining combustion efficiency, as smaller droplets provide a larger surface area for 

evaporation and mixing with air, resulting in better combustion. 
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           Figure 4.3.1 (b): SMD with varying Speed and Nozzle Hole Diameter Analysis                                                          

 

Observation: At higher engine speeds (e.g. 2500 rpm), the mean droplet diameter increased, 

reaching maximum values (2.17 × 10⁻⁵ m). Lower engine speeds (e.g. 700–1100 rpm) were 

associated with smaller droplet diameters (1.10 × 10⁻⁵ m to 1.35 × 10⁻⁵ m). Larger nozzle 

hole diameters (e.g. 0.26 – 0.28 mm) yielded larger droplet diameters due to reduced fuel 

atomization and increased mass flow rates. Smaller nozzle hole diameters (e.g. 0.194–0.22 

mm) resulted in smaller droplet diameters, indicating better atomization. Blue regions 

(smaller droplets) were observed at lower engine speeds and smaller injector nozzle hole 

diameters. Red regions (larger droplets) dominated at higher engine speeds and larger injector 

nozzle hole diameters. Maximum mean droplet diameter: 2.17 × 10⁻⁵ m (at large nozzle 
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diameter and high speed). Minimum mean droplet diameter: 1.10 × 10⁻⁵ m (at small nozzle 

diameter and low speed). 

 

Interpretation: Smaller injector nozzle hole diameters produce finer sprays due to higher 

injection pressures and smaller orifice areas. This leads to better fuel-air mixing, improving 

combustion efficiency and reducing emissions. Larger injector nozzle hole diameters 

produce coarser sprays, which may lead to incomplete combustion, higher particulate 

emissions, and potential power loss under some conditions. At higher engine speeds, the 

injection duration shortens, reducing the residence time for atomization. Combined with 

increased fuel flow rates, this leads to larger droplets. Lower speeds provide more time for 

atomization and mixing, resulting in smaller droplet diameters. Smaller droplet diameters 

(blue regions) are desirable for efficient and complete combustion, especially in high-speed 

diesel engines. Larger droplets (red regions) can cause unburnt fuel, higher smoke, and soot 

emissions, but may also produce higher power output in certain cases. 

 

Practical Implications: Advanced fuel injection technologies, such as multi-hole injectors 

and higher injection pressures, can mitigate the effects of larger nozzle diameters, ensuring 

optimal atomization. Droplet size optimization plays a critical role in reducing particulate 

matter and NOx emissions, which are major concerns for regulatory compliance. While 

smaller droplet sizes improve efficiency and reduce emissions, larger droplet sizes may be 

required for certain applications, such as heavy-duty engines, where power density is a 

priority. 
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Validation with Published Experimental Research: A study by Chen et al. (2021) found 

that at higher injection pressures, which simulated higher engine speeds, the spray and 

atomization characteristics of diesel fuel and its alternatives resulted in larger droplet sizes, 

affecting combustion efficiency. Experimental results from Zhu et al. (2016) align with the 

observed trend that smaller droplet sizes improve performance at lower speeds.  

 

4.3.2 Fuel Breakup Length Analysis 

Figure 4.3.2 (a) represents breakup length as a function of injector nozzle hole diameter, 

derived from Ricardo WAVE simulation results.  

 

Figure 4.3.2 (a): Breakup Length Vs. Nozzle Hole Diameter Analysis 
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Observations: The breakup length increased consistently with injector nozzle hole diameter. 

The relationship appears approximately linear, with a steeper slope for larger injector nozzle 

hole diameters. For smaller nozzle hole diameters (e.g. 0.194 mm), the breakup length was 

approximately 0.022 m. For larger nozzle hole diameters (e.g. 0.278 mm), the breakup length 

reached 0.05 m. 

 

Interpretation: Breakup length refers to the distance from the nozzle tip where the fuel jet 

transitions from a coherent liquid stream to dispersed droplets due to aerodynamic forces and 

turbulence. It is a critical parameter influencing spray atomization, combustion efficiency, 

and pollutant formation. Smaller nozzle hole diameters generate higher injection velocities 

and increased shear forces at the liquid-air interface. This promotes faster disintegration of 

the fuel jet, reducing the breakup length. The shorter breakup length corresponds to better 

atomization and mixing of fuel with air, resulting in more efficient combustion. Larger nozzle 

hole diameters reduce injection velocities and decrease shear forces, leading to slower jet 

disintegration and longer breakup lengths. This can negatively affect the spray quality, 

causing incomplete combustion, higher hydrocarbon (HC), and particulate emissions. 

Optimizing nozzle hole diameter to maintain a short breakup length is essential for engines 

requiring fast combustion cycles, such as diesel engines.  

 

Discussions: A shorter breakup length (associated with smaller nozzles holes) ensures fine 

droplets and better fuel dispersion. A longer breakup length (associated with larger nozzles 

holes) results in coarser droplets, which may lead to localized rich combustion zones and 

higher soot emissions. The breakup length trends align with the mean droplet diameter graph: 

Larger nozzle hole diameters correspond to longer breakup lengths and larger droplet sizes, 
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indicating poor atomization. It also complements the smoke emissions and hydrocarbon 

emissions trends: Poor atomization (larger nozzle hole diameters and longer breakup lengths) 

leads to increased smoke and unburnt hydrocarbon levels. Short breakup lengths are desirable 

in high-performance engines to ensure efficient air-fuel mixing and faster combustion. For 

larger nozzle hole diameters, additional measures (e.g. higher injection pressures) might be 

required to offset the negative effects of longer breakup lengths. 

 

Practical Implications for Engine Design: Selecting smaller injector nozzle hole diameters 

minimizes breakup length, leading to better atomization and reduced emissions. For 

applications requiring larger injector nozzle holes, higher injection pressures or advanced 

nozzle designs (e.g. multi-hole nozzles) can help maintain short breakup lengths. Controlling 

breakup length through nozzle geometry and injection parameters ensures better air-fuel 

mixing, improving thermal efficiency and reducing pollutant formation.  

 

Validation with Published Experimental Research: Andsaler et al. (2017) experimentally 

show that reducing orifice diameter and increasing injection pressure shortens breakup length 

and reduces droplet size. This directly corroborates simulation results trends. Smaller nozzle 

hole diameter led to shorter breakup length and larger nozzle hole diameters led to longer 

breakup length. Lab injector rigs and engine test cells representative of CI injectors in the 

study. Liu & Su, (2024) show that nozzle hole diameter changes the spray breakup and hence 

premixing; they note operating regimes where larger orifices can sometimes increase 

penetration and mixing in lean/part-load conditions but generally increase breakup length if 

pressure is not raised. They used heavy-duty diesel test cases (relevant to Volvo 

D13K460/Cummins ISX15/MAN D2676LF class engines) in their study.  
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Figure 4.3.2 (b) Breakup Length Vs. Nozzle Hole Diameter and Speed Analysis 

 

Figure 4.3.2 (b) represents the breakup length of the fuel spray in relation to the nozzle hole 

diameter and engine speed. The breakup length is a critical parameter in fuel injection, 

indicating the distance from the injector nozzle where the liquid fuel breaks into droplets. It 

significantly affects atomization, fuel-air mixing, and ultimately combustion efficiency.  

 

Observations: At higher engine speeds (e.g. 2500 rpm), the breakup length increased, 

reaching maximum values (0.050 m). Lower engine speeds (e.g. 700–1000 rpm) 

corresponded to shorter breakup lengths (0.0219 m to 0.03 m). Larger nozzle hole diameters 

(e.g. 0.26–0.28 mm) were associated with longer breakup lengths. This can be attributed to 

reduced injection pressures and larger droplet formation. Smaller nozzle hole diameters (e.g. 
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0.19–0.22 mm) resulted in shorter breakup lengths, indicating more efficient atomization. 

Blue regions (shorter breakup lengths) occurred at smaller nozzle hole diameters and lower 

engine speeds, indicating better fuel breakup and atomization. Red regions (longer breakup 

lengths) dominated at larger nozzle hole diameters and higher engine speeds. Maximum 

breakup length was 0.050 m (at large nozzle diameter and high speed). Minimum breakup 

length was 0.0219 m (at small nozzle hole diameter and low speed).  

 

Interpretation: Shorter breakup lengths indicate faster atomization and better spray 

formation. This leads to improved mixing of fuel and air, enhancing combustion efficiency 

and reducing emissions. Longer breakup lengths suggest delayed atomization, potentially 

leading to incomplete combustion, higher soot formation, and reduced thermal efficiency. At 

higher engine speeds, the injection duration decreases, increasing the momentum of the fuel 

jet. This results in a longer breakup length as the liquid column requires more distance to 

disintegrate into droplets. At lower speeds, the fuel jet has less momentum, leading to quicker 

breakup and shorter breakup lengths. Smaller nozzle holes generate higher injection 

pressures, which promote faster jet disintegration and shorter breakup lengths. Larger nozzle 

holes reduce injection pressure, leading to longer breakup lengths and potentially coarser 

sprays. While shorter breakup lengths improve combustion efficiency, they might require 

higher injection pressures and advanced injector designs, increasing system complexity and 

cost. Longer breakup lengths may be acceptable in engines designed for low-speed operation 

or applications prioritizing durability over emissions.  
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Practical Implications:  Manufacturers have to prioritize advanced injector technologies, 

such as piezoelectric injectors, to achieve higher injection pressures, reducing breakup 

lengths and enhancing atomization even with larger nozzle hole diameters. Optimizing 

breakup lengths can significantly reduce particulate matter and NOx emissions by ensuring 

better combustion at various engine speeds. Matching nozzle diameter and injection timing 

to specific engine speeds can optimize performance, balancing power output and fuel 

efficiency. 

 

Validation with Published Experimental Research: Iqbal et al., (2024) Matches observed 

droplet diameter increase with larger nozzles; emphasizes breakup length and cone angle as 

mitigation factors. Andsaler et al. (2017) experimentally shows that reducing orifice diameter 

and increasing injection pressure shortens breakup length and reduces droplet size. This 

directly corroborates simulation results trends. Smaller nozzle hole diameter led to shorter 

breakup length and larger nozzle hole diameters led to longer breakup length. Lab injector 

rigs and engine test cells representative of CI injectors were used in the study. 

 

4.3.3 Heat Transfer Rate 

Figure 4.3.3 illustrates the relationship between nozzle hole diameter (in millimeters) and the 

heat transfer rate (in watts, W) from a Ricardo WAVE simulation.  
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Figure 4.3.3: Hear Transfer Rate Vs. Nozzle Hole Diameter Analysis 

 

Observations: The nozzle hole diameter was varied between 0.18 mm to 0.28 mm. The heat 

transfer rate increased steadily from approximately 4.33 × 10⁴ W to nearly 5.85 × 10⁴ W as 

the nozzle hole diameter increased. There was a consistent positive correlation: as the nozzle 

hole diameter increased, the heat transfer rate also increased. 

 

Interpretations: Larger nozzle holes allow greater fuel flow rates, which could lead to 

increased combustion energy release. This higher energy release translates to a higher heat 

transfer rate within the engine. Larger nozzle holes might also result in less efficient 

atomization, leading to incomplete combustion and heat transfer to the cylinder walls rather 

than converting energy into useful work. Smaller nozzle holes limit the fuel flow, reducing 
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the total energy release during combustion. This results in a lower heat transfer rate. While 

heat transfer increases with larger diameters, it does not necessarily correlate with better 

engine performance. High heat transfer to the cylinder walls might indicate energy loss, 

leading to reduced brake mean effective pressure (BMEP). 

 

Discussions: While larger nozzle hole diameters increase the heat transfer rate, they might 

reduce overall engine efficiency (e.g. lower BMEP and injection velocity). Thus, an optimal 

nozzle hole diameter (e.g. 0.203 mm) balances heat transfer with efficiency and performance. 

Higher heat transfer rates necessitate better cooling system design to manage thermal loads 

and prevent overheating. Engines operating with larger nozzle hole diameters must ensure 

adequate cooling to maintain reliability. The increasing trend in heat transfer with larger 

nozzle holes suggests a portion of the combustion energy is not effectively converted into 

mechanical work but is instead lost as heat.  

 

Practical Implications: Additional analysis on the impact of injection pressure, air-fuel 

mixture quality, fuel properties, engine load and combustion chamber design can provide 

insights into reducing energy losses while maintaining performance. These should be 

considered in real-world applications. Designers must optimize nozzle diameter to achieve a 

balance between heat transfer, combustion efficiency, and engine cooling requirements.  

 

Validation with Published Experimental Research: Payri et al. (2020) demonstrated that 

nozzle size directly affects spray atomization quality, which in turn alters ignition delay, 

premixed combustion fraction, and overall heat release dynamics in diesel engines. Similarly, 

Tzanetakis et al. (2022) found that changes in nozzle geometry influence the balance between 
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in-cylinder heat transfer and thermal efficiency. Larger nozzle diameters, while potentially 

increasing heat transfer to the cylinder walls, can also lead to higher energy losses and 

reduced brake thermal efficiency. These outcomes align with the simulation results. 

 

4.4 Engine Performance Analysis 

4.4.1 Brake Torque and Power 

Brake Power:  

Figure 4.4.1 (a) displays the relationship between brake power (in kW) and injector nozzle 

hole diameter (in mm) derived from Ricardo WAVE simulation. 

 

Figure 4.4.1 (a): Brake Power Vs. Nozzle Hole Diameter Analysis 
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Observations: Peak Brake Power was 56.25 kW at a nozzle diameter of 0.203 mm. Beyond 

peak, brake power decreased significantly as nozzle diameter increased beyond 0.203 mm, 

eventually dropping below zero at diameters above 0.26 mm. The chart focused on nozzle 

diameters between 0.19 mm and 0.28 mm, which are common in diesel fuel injectors. 

 

Interpretation: Smaller nozzle hole diameters facilitate fine atomization and uniform air-

fuel mixture, enhancing combustion efficiency and resulting in higher brake power. This 

explains the peak observed at 0.203 mm. As the nozzle diameter increases, atomization 

quality diminishes. This leads to inefficient combustion, incomplete fuel burning, and 

reduced energy conversion to brake power. Larger nozzle hole diameters also result in higher 

fuel injection rates, which may oversaturate the combustion chamber, further reducing 

efficiency.  

 

Discussions: Smaller Nozzle hole diameters ensure better atomization but might require 

higher injection pressures to maintain adequate flow rates. While larger nozzles reduce 

injection pressure requirements, they compromise on combustion quality and engine 

efficiency. The observed trends are likely sensitive to engine load, speed, and fuel properties. 

These conditions must be optimized alongside nozzle hole diameter for real-world 

applications. As observed in the heat transfer graph, larger diameters result in higher heat 

transfer rates. This additional thermal energy loss contributes to the decline in brake power 

for larger nozzle diameters. For heavy-duty engines like the Mercedes-Benz Actros 3340 LS, 

optimizing injector nozzle hole diameter around the peak brake power region ensures better 

fuel efficiency and performance while minimizing emissions and energy losses. 

 



56 

 

Practical Implications: Additional factors such as injection pressure, fuel type, and 

combustion chamber design could be studied to further refine the optimal nozzle diameter. 

 

Validation with Published Experimental Research: Recent experimental studies 

corroborate the finding that nozzle hole diameters between 0.19 mm and 0.22 mm produce 

optimal brake power in diesel engines. Tzanetakis et al. (2022) demonstrated that smaller 

orifice diameters within this range enhance atomization, improve air–fuel mixing, and 

accelerate combustion, resulting in higher brake power output in heavy-duty common-rail 

diesel engines. Similarly, Payri et al. (2020) reported that increasing nozzle hole diameter 

beyond the optimal range leads to coarser sprays, longer liquid penetration lengths, and 

incomplete combustion, which directly reduces brake power. The observed decline in 

performance with larger nozzle diameters in the present study is consistent with these 

findings and is attributed to reduced combustion efficiency and higher mechanical and 

thermal losses. 

 

Brake Torque: 

Figure 4.4.1 (b) illustrates the relationship between nozzle hole diameter (in millimeters) and 

brake torque (in Newton-meters, Nm) based on Ricardo WAVE simulation results. 
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Figure 4.4.1 (b): Brake Torque Vs. Nozzle Hole Diameter Analysis 

 

Observations: Brake torque started high (700 Nm) at smaller nozzle diameters (0.194 mm). 

It decreased steadily as the nozzle hole diameter increased, eventually dropping below zero 

at larger diameters (0.259 mm). A clear inverse relationship exists between nozzle diameter 

and brake torque. Brake torque decreased consistently with increasing nozzle diameter. 

 

Interpretation: At smaller nozzle hole diameters (<0.20 mm), the brake torque is 

significantly higher. This can be attributed to better fuel atomization and spray penetration, 

leading to more efficient combustion. And higher injection velocity, which enhances air-fuel 

mixing and combustion efficiency. As the nozzle diameter increases, brake torque decreases. 
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Possible reasons include: Lower injection velocity due to increased cross-sectional area of 

the nozzle. Poor atomization, resulting in incomplete combustion and reduced energy 

conversion efficiency. Increased heat losses and frictional losses within the engine. At very 

large nozzle diameters (0.28 mm), brake torque becomes negative, indicating that the engine 

is consuming more energy (likely due to pumping losses and incomplete combustion) than it 

produces. 

 

Discussions: This simulation suggests an optimal nozzle diameter around 0.18–0.20 mm for 

maximizing brake torque in the Mercedes-Benz 3340 LS engine. This finding is consistent 

with experimental research on similar engines. Operating with nozzle hole diameters outside 

the optimal range could result in significant losses in torque and efficiency, emphasizing the 

importance of nozzle design in diesel engines. 

 

Practical Implications: Future simulations could include variations in injection pressure and 

timing to refine the relationship between nozzle hole diameter and engine performance. 

Experimental validation with this specific engine model (Mercedes-Benz 3340 LS) could 

further confirm the simulation results. 

 

Validation with Published Experimental Research: Payri et al. (2020) demonstrated in a 

Volvo D13-based single-cylinder research diesel engine that reducing nozzle diameter to the 

range of 0.19–0.21 mm enhances spray quality, shortens ignition delay, and improves torque 

output at mid-load conditions. Similarly, Tzanetakis et al. (2022), using Cummins ISX15 and 

ISB6.7 production heavy-duty engines, reported that excessive nozzle diameters (>0.22 mm) 

increase droplet size, reduce air–fuel mixing, and deteriorate combustion, leading to 
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measurable torque losses. These findings align with the current results, where peak torque is 

achieved at small nozzle diameters (0.194 mm), and torque drops at larger diameters (>0.22 

mm) due to increased wall heat transfer, higher pumping losses, and incomplete combustion. 

The negative brake torque observed at 0.26–0.28 mm in the present study is consistent with 

the deterioration in combustion quality and thermal efficiency described in these recent 

experimental works. 

 

4.4.2 Brake-Specific Fuel Consumption (BSFC) 

 

Figure 4.4.2. BSFC Vs. Engine Speed and Nozzle Hole Diameter Analysis 

This graph in Figure 4.4.2. illustrates the Brake Specific Fuel Consumption (BSFC) variation 

with engine speed and nozzle hole diameter. BSFC is a measure of the fuel efficiency of an 



60 

 

engine and is expressed in terms of the amount of fuel consumed per unit of brake power 

produced over an hour (lbm/hp/hr).  

 

Observations: The minimum BSFC values occurred at 2100 rpm speed range and a nozzle 

hole diameter of 0.259mm, the maximum BSFC occurred at 1900 rpm and 0.25mm nozzle 

hole diameter. The red regions represent higher BSFC values, associated with inefficient 

combustion and higher fuel consumption. Blue regions indicate lower BSFC, representing 

efficient fuel use and better overall engine performance. There is a sharp transition in BSFC 

values between specific combinations of nozzle diameters and engine speeds. This suggests 

a sensitivity to operating conditions, likely influenced by the interplay of injection dynamics, 

air-fuel mixing, and combustion efficiency. 

 

Interpretation: Smaller nozzle holes produce finer atomization, beneficial at lower speeds 

but potentially restrictive for air-fuel mixing at higher speeds, leading to higher BSFC. Larger 

nozzle holes improve spray penetration and are better suited for high-speed operation, where 

higher airflow compensates for coarser atomization. The combination of mid-range nozzle 

diameters (around 0.259–0.278 mm) and higher engine speeds (2100–2500 rpm) yields the 

lowest BSFC values, representing the most fuel-efficient operating range for this 

configuration. Smaller nozzle hole diameters are better for emissions control and fine 

atomization but result in higher BSFC under certain conditions. Larger nozzle hole diameters 

improve fuel efficiency at high speeds but may lead to incomplete combustion at low speeds. 

 

Practical Implications: Manufacturers need to prioritize variable nozzle systems or 

advanced injector designs could adapt to operating conditions, minimizing BSFC across all 
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speeds. Adjusting injection timing and pressure based on speed and load conditions can 

further optimize BSFC, particularly for high-speed or heavy-load scenarios. Lower BSFC at 

high speeds aligns with emission-reduction goals, as efficient fuel use minimizes unburnt 

hydrocarbons and particulate emissions. 

 

Validation with Published Experimental Research: Experimental data from Zhu et al., 

(2016) supports the decrease in BSFC with increasing engine speed, attributed to improved 

thermal efficiency and reduced pumping losses. Mishra et al., (2022) evaluated injector 

nozzle configurations (hole diameter of 0.2–0.3 mm) in a Kirloskar DI diesel single-cylinder 

engine running biodiesel blends and fossil diesel. They found that a nozzle diameter around 

0.25 mm with four or six holes delivered optimized BSFC and brake thermal efficiency at 

moderate engine speeds (≈1500 rpm). 

 

4.4.3 Brake Mean Effective Pressure (BMEP) 

Figure 4.4.3 (a) represents the relationship between nozzle hole diameter (in millimeters) and 

brake mean effective pressure (BMEP, in bar) obtained from a Ricardo WAVE simulation. 
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Figure 4.4.3 (a) BMEP Vs.  Nozzle Hole Diameter Analysis 

 

Observation: BMEP decreased from a maximum of 7.4 bar at 0.194 mm to 0.52 Bar at 0.25 

mm, and below 0 Bars as the nozzle hole diameter increased to 0.278 mm. There was a steady 

and almost linear decline in BMEP as the nozzle hole diameter increased. 

 

Interpretation: Smaller nozzle hole diameters result in higher BMEP. This indicates that 

smaller nozzle holes lead to better combustion efficiency due to: Higher injection velocities 

(as seen in the previous graph). Improved fuel atomization and better mixing with air, which 

enhances combustion pressure and efficiency. Larger nozzle hole diameters (>0.24 mm) 

result in significantly reduced BMEP. Possible reasons include: Lower injection velocities, 
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leading to poorer fuel atomization. Incomplete combustion due to suboptimal fuel-air mixing. 

At nozzle hole diameters close to 0.28 mm, the BMEP drops near zero, suggesting highly 

inefficient combustion. This could make the engine inoperative or highly underperforming. 

 

Discussions: For efficient engine operation, the nozzle hole diameter must be carefully 

selected to maximize BMEP. Based on this graph, nozzle diameters closer to 0.194 mm –

0.203 mm seem optimal for achieving high combustion pressure and engine efficiency. 

Smaller nozzle hole diameters favour higher BMEP but may limit the total fuel flow rate, 

which could impact maximum power output in high-load conditions. Larger nozzle hole 

diameters, while allowing higher fuel flow, sacrifice combustion efficiency, reducing the 

engine's effective pressure and performance. This data can guide injector design for 

applications like heavy-duty trucks (e.g. the Mercedes-Benz 3340 LS).  

 

Validation with Published Experimental Research: Durmaz & Ergin, (2025) performed 

3D numerical simulations of a CAT 3400-series heavy-duty engine operating in dual-fuel 

(diesel–natural gas) mode. They varied nozzle hole diameters from 110 µm to 230 µm. Their 

results showed that reduced nozzle diameters improve spray momentum and stability, but as 

diameter increases beyond approx. 0.2 mm (200 µm), mean effective pressure (MEP) drops 

sharply, mirroring the BMEP falloff and negative values seen at very large diameters from 

the simulation results. 
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Figure 4.4.3 (b) BMEP Vs.  Nozzle Hole Diameter and Speed Analysis 

 

Figure 4.4.3 (b) shows the relationship between brake mean effective pressure (BMEP), 

nozzle hole diameter, and engine speed. BMEP is a critical parameter for evaluating the 

torque-generating efficiency of an internal combustion engine. 

 

Observations: BMEP decreased as engine speed increased, consistent with the expectation 

that higher engine speeds reduce combustion duration and overall volumetric efficiency. At 

lower speeds (700–1100 RPM), BMEP remained relatively high, particularly for smaller 

nozzle hole diameters. Smaller nozzle diameters (0.19–0.22 mm) showed higher BMEP 

values at lower engine speeds, indicating better fuel atomization and more efficient 
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combustion. Larger nozzle hole diameters (>0.24 mm) resulted in lower BMEP, likely due 

to less effective air-fuel mixing and incomplete combustion. The red zone indicates regions 

of higher BMEP occurring at smaller nozzle hole diameters and lower engine speeds. Blue 

zones represent areas of low BMEP, typically observed at higher engine speeds and larger 

nozzle diameters. 

 

Interpretation: Smaller nozzle holes improve spray atomization, increasing combustion 

efficiency and resulting in higher BMEP. However, their effectiveness diminishes at very 

high engine speeds where combustion time is insufficient. Larger nozzle holes, while 

facilitating higher fuel flow rates, compromise atomization quality, leading to reduced 

combustion efficiency and lower BMEP. At high engine speeds, the reduction in BMEP 

reflects the challenges of maintaining efficient combustion due to shorter injection and 

combustion times. Optimal BMEP values are achieved at moderate engine speeds and 

smaller nozzle hole diameters, where there is a balance between air-fuel mixing and 

combustion duration. The use of smaller nozzle holes is beneficial for applications requiring 

high torque at low to moderate engine speeds. For high-speed operation, strategies such as 

increasing injection pressure or utilizing advanced injection timing may be required to 

counteract the decline in BMEP. 

 

Practical Implications: Optimal nozzle diameters in the range of 0.19 mm – 0.22 mm are 

recommended for achieving high BMEP at moderate engine speeds. Larger nozzle hole 

diameters (>0.24 mm) may be suitable for applications prioritizing high fuel flow rates over 

efficiency. Advanced injection strategies, such as multiple injections or increased injection 

pressures, can help mitigate the loss of BMEP at higher engine speeds. Smaller nozzle hole 
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diameters require higher injection pressures, which may increase system costs and wear. 

Larger nozzle holes are more durable and tolerant of varying fuel quality but compromise on 

BMEP and combustion efficiency 

 

Validation with Published Experimental Research: Nazemian et al. (2024) used detailed 

CFD simulations of a 1.9 L RCCI single-cylinder engine, varying nozzle hole diameters 

(NHD) between 130–175 µm (0.13–0.175 mm). They found that NHDs in the 150–160 µm 

range (~0.15–0.16 mm) optimized fuel atomization, spray evaporation, ignition timing, and 

combustion efficiency which is consistent with the high BMEP observed at small diameters 

in the simulation results. Research results from Durmaz & Ergin, (2025) show that increasing 

nozzle diameter past 0.2 mm (200 µm) leads to a monotonic drop in Mean Effective Pressure 

(MEP), which aligns with the simulation results finding that BMEP declines (and can become 

negative) at larger nozzle diameters. 

 

4.4.4 Total Volumetric Efficiency (VOLEFF) 

The graph in Figure 4.4.4 shows how total volumetric efficiency varies with engine speed 

and nozzle hole diameter in a Ricardo Wave simulation. Volumetric efficiency is a measure 

of how effectively the engine cylinder is filled with air during the intake stroke and is a 

critical parameter for engine performance. 
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Figure 4.4.4 Total VOLEFF Vs Engine Speed and Nozzle Hole Diameter Analysis 

 

Observations: Volumetric efficiency decreased with increasing engine speed across all 

nozzle hole diameters. This is expected, as higher engine speeds reduce the time available 

for air intake, leading to lower cylinder filling efficiency. The efficiency decline appears 

linear, reflecting consistent behavior over the engine speed range. The maximum VOLETF 

was attained at 700 rpm engine speed and nozzle hole diameter of 0.194mm. The minimum 

VOLEFF was attained at 2500 engine speed and 0.278 mm nozzle hole diameter. Smaller 

nozzle diameters (0.19–0.22 mm) were associated with slightly higher volumetric efficiency 

values at lower engine speeds, indicating improved combustion air utilization. Larger nozzle 

hole diameters (0.24–0.28 mm) lead to a reduction in volumetric efficiency, likely due to 

suboptimal air-fuel mixing and incomplete filling of the cylinder. Higher volumetric 

efficiency zones are red at lower engine speeds and smaller nozzle diameters. Lower 

efficiency zones blue dominate at higher engine speeds and larger nozzle diameters.  
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Interpretation: Smaller nozzle holes result in finer atomization and improved fuel-air 

mixing, contributing to better volumetric efficiency, especially at moderate engine speeds. 

Larger injector nozzle hole diameters compromise air-fuel mixing quality, reducing the 

overall efficiency of cylinder filling. As engine speed increases, reduced intake time limits 

the effectiveness of air filling, leading to lower volumetric efficiency. This trend is 

exacerbated at larger nozzle hole diameters where fuel spray and mixing dynamics are less 

efficient. Smaller nozzle hole diameters provide superior volumetric efficiency at moderate 

speeds but may restrict fuel flow at higher speeds. Larger nozzle diameters facilitate higher 

flow rates, potentially benefiting high-speed operation, but at the cost of lower volumetric 

efficiency.  

 

Practical Implications: For engines operating mainly at moderate speeds, smaller nozzle 

diameters are recommended to maximize volumetric efficiency and fuel utilization. For high-

speed applications, larger nozzle hole diameters combined with advanced intake and forced 

induction systems (e.g. turbocharging) may mitigate efficiency losses. Variable nozzle hole 

diameters or advanced injection systems could optimize volumetric efficiency across a wide 

range of operating conditions. Strategies such as increasing intake manifold pressure (via 

supercharging or turbocharging) can counteract the decline in volumetric efficiency at higher 

speeds. Improved intake manifold designs and enhanced swirl/tumble flow dynamics can 

further boost volumetric efficiency, particularly at higher speeds. 

 

Validation with Published Experimental Research: Studies by Zhu et al. (2016) 

emphasize the role of intake air and spray dynamics in optimizing volumetric efficiency, 

supporting the simulation's findings regarding nozzle hole diameter effects. Kothiwale et al., 
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2022.) confirms that smaller nozzle diameters improve atomization and air–fuel mixing, 

which supports the observed higher volumetric efficiency at lower engine speeds with 

smaller nozzles, aligning with the Ricardo Wave simulation results. 

 

4.5 Emissions Analysis 

4.5.1 NOx Emissions 

The graph in Figure 4.5.1 (a) represents the relationship between NOx (nitrogen oxides) 

emissions (in ppm) and injector nozzle hole diameter (in mm) as predicted by Ricardo 

WAVE simulation. 

 

Figure 4.5.1: (a) NOx Emission Vs. Nozzle Hole Diameter Analysis 
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Observations: NOx emissions increased with nozzle hole diameter, peaking at 0.231 mm 

and 9225 ppm. NOx emissions declined beyond as nozzle hole diameters exceeded 0.24 mm. 

The nozzle hole diameters evaluated was (0.18 mm to 0.28 mm) representing typical ranges 

used in heavy duty diesel engine fuel injection systems. 

 

Interpretation: Smaller nozzle hole diameters (below 0.21 mm) lead to better fuel 

atomization and faster combustion rates. The higher combustion temperatures promote the 

thermal formation of NOx due to the Zeldovich mechanism. At 0.231 mm, the combination 

of adequate atomization, optimized air-fuel mixing, and high combustion temperatures leads 

to maximum NOx formation. Larger nozzle diameters reduce the quality of fuel atomization 

and combustion efficiency. This results in lower combustion temperatures and oxygen 

availability, suppressing NOx formation. 

 

Discussions: NOx emissions are highly sensitive to in-cylinder temperatures and oxygen 

concentration. Smaller nozzle hole diameters promote leaner combustion and higher 

temperatures, directly increasing NOx emissions. Conversely, larger nozzle hole diameters 

create a richer mixture with lower combustion efficiency, reducing NOx production. NOx 

emissions increase with improved combustion, but trade-offs exist between maximizing 

engine performance (e.g. brake power) and minimizing emissions. For instance, diameters 

that enhance brake power (e.g. around 0.20 mm) tend to emit lower NOx compared to the 

peak observed at 0.231 mm. To counteract NOx emissions, engines equipped with small-

diameter nozzles may require advanced after-treatment systems, such as selective catalytic 

reduction (SCR) or exhaust gas recirculation (EGR). 
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Validation with Published Experimental Research: Liu and Su, (2024) investigated the 

influence of injector nozzle diameter on high-density and lean mixture combustion in heavy-

duty diesel engines. Their experimental results indicated that as the nozzle diameter increases 

from 0.169 mm to 0.218 mm, NOₓ emissions exhibit a trend of first increasing and then 

decreasing. This is attributed to the initial increase in cylinder temperature leading to higher 

NOₓ formation, followed by a reduction due to shorter combustion duration and decreased 

high-temperature exposure. 

 

Figure 4.5.1 (b): NOx Emission Vs. Nozzle Diameter and Speed Analysis 

 

The graph in Figure 4.5.1 (b) explores the relationship between NOx (Nitrogen Oxides) 

emissions, engine speed, and nozzle hole diameter. NOx emissions are critical for diesel 

engine development, given their regulatory importance due to environmental and health 

concerns.  
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Observation: NOx emissions increased significantly with engine speed, reached a maximum 

of 9296.4893 ppm at 1500 rpm and 0.231 mm nozzle hole diameter, then decreased to 

3198.4711 ppm at 700 rpm and 0.194 mm. The trend shows that larger nozzle hole diameters 

contribute to higher in-cylinder temperatures, promoting NOx formation. Blue regions 

indicate lower NOx emissions, typically at smaller nozzle hole diameters and lower engine 

speeds. Red regions represent higher NOx emissions, particularly at larger nozzle hole 

diameters and higher engine speeds.  

 

Interpretation: NOx emissions primarily arise due to high in-cylinder temperatures that 

enable nitrogen and oxygen to react (thermal NOx formation). High engine speeds and larger 

nozzle hole diameters contribute to better air-fuel mixing and higher temperatures, thus 

increasing NOx emissions. Smaller nozzle hole diameters might reduce NOx emissions due 

to lower peak combustion temperatures. However, they might compromise combustion 

efficiency, increasing particulate matter and smoke emissions. At high engine speeds, faster 

combustion and increased turbulence promote higher peak temperatures, elevating NOx 

emissions. The graph emphasizes the importance of balancing engine speed and nozzle 

design for NOx control. 

 

Practical Implications: Manufactures need to prioritize use of exhaust gas recirculation 

(EGR) and selective catalytic reduction (SCR) systems to mitigate NOx emissions, especially 

at high speeds and larger nozzle diameters. Optimized injection timing and multi-hole 

injectors to reduce NOx without compromising combustion efficiency. Smaller nozzle 

diameters can help meet NOx emission standards but require careful calibration to avoid 

excessive soot or fuel consumption.  



73 

 

Validation with Published Experimental Research: Dong et al., (2022) investigated the 

effects of nozzle hole diameter and number on the combustion characteristics of a light-duty 

diesel engine. Their experimental results indicated that increasing engine speed leads to 

higher in-cylinder temperatures, promoting NOₓ formation. However, beyond a certain 

speed, the combustion duration becomes shorter, reducing the time for NOₓ formation and 

leading to decreased emissions. This aligns with the observed trend in the simulation results. 

Zheng et al. (2020) conducted a study on the effects of injector nozzle parameters on fuel 

consumption and soot emission in a two-cylinder diesel engine. Their findings showed that 

at higher engine speeds, the combustion process becomes more complete, leading to reduced 

soot emissions. However, this also results in higher peak temperatures, which can increase 

NOₓ emissions, consistent with the observed trend. 

 

4.5.2 Particulate Matter (PM) Emissions 

The graph in Figure 4.5.2 (a) represents smoke emissions (measured in Bosch Smoke Units, 

or BSU) as a function of nozzle hole diameter (in mm) based on Ricardo WAVE simulation 

results. 
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Figure 4.5.2 (a) Smoke Emission Vs. Nozzle Hole Diameter Analysis 

 

Observations: Smoke emissions decreased slightly between 0.194 mm and 0.203 mm. From 

0.203 mm to 0.25 mm, smoke emissions increased significantly, peaking at 8.9 BSU. After 

0.25 mm, smoke emissions decline with increasing nozzle hole diameter. The maximum 

smoke emissions occurred at approximately 0.25 mm injector nozzle hole diameter. 

 

Interpretation: Smaller nozzle hole diameters reduce fuel droplet size, improving air-fuel 

mixing and combustion efficiency, thereby minimizing soot. At larger diameters, smoke 

reduction might occur due to lower combustion temperatures, which limit soot precursors but 

might increase hydrocarbon emissions. 
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Discussions: Smoke emissions are a result of incomplete combustion, often influenced by 

local fuel-rich zones, insufficient oxygen, and high combustion pressures. Smaller nozzle 

hole diameters reduce fuel droplet size, improving air-fuel mixing and combustion 

efficiency, thereby minimizing soot. At larger diameters, smoke reduction might occur due 

to lower combustion temperatures, which limit soot precursors but might increase 

hydrocarbon emissions. The trends in smoke emissions are inversely related to NOx 

emissions observed earlier. While smaller nozzle diameters increase NOx due to higher 

combustion temperatures, they simultaneously reduce smoke. 

 

Practical Implications: Engine designers must optimize nozzle diameter to balance NOx 

and smoke emissions. For regulatory compliance, additional after-treatment systems (e.g., 

diesel particulate filters or selective catalytic reduction systems) may be necessary. Along 

with nozzle hole diameter, chamber geometry, fuel injection timing, and swirl ratios play an 

important role in controlling emissions and also need to be considered in future designs. 

 

Validation with Published Experimental Research: Zhang et al. (2023) conducted 

experimental and numerical analysis on injector nozzle hole diameters in a Mercedes-Benz 

OM457 engine. They demonstrated that nozzle diameters around 0.20–0.25 mm produce 

peak soot emissions due to incomplete mixing, confirming the observed maximum smoke 

emissions at approximately 0.25 mm. Wang et al. (2021) investigated the effect of nozzle 

geometry on soot emissions in a heavy-duty diesel engine (Cummins ISX15) and found that 

smaller nozzle diameters improve atomization and reduce soot formation, while larger 

diameters tend to increase smoke emissions due to poorer air-fuel mixing, which aligns with 

the simulation results. 
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Figure 4.5.2 (b) Smoke Emission Vs. Speed and Nozzle Hole Diameter Analysis 

 

The graph in Figure 4.5.2 (b) illustrates the relationship between smoke emissions (measured 

in Bosch Smoke Units), engine speed, and nozzle hole diameter. Smoke emissions are an 

important aspect of engine design, as they directly relate to combustion efficiency, air-fuel 

mixing, and emission regulations. 

 

Observations: Maximum smoke emissions were 8.8577 Bosch Smoke Units at 1900 rpm 

engine speed and 0.25 mm nozzle hole diameter. The minimum smoke emissions were 

4.5630 BSU at 900 rpm engine speed and 0.203 mm nozzle hole diameter. Blue regions 

represent lower smoke emissions, typically at larger nozzle diameters and lower engine 
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speeds. Red regions indicate higher smoke emissions, occurring at nozzle hole diameters 0.24 

of mm - 0.27 mm and higher engine speeds of 1600 rpm – 2300 rpm. Blue region indicates 

lower smoke emission at nozzle hole diameters of 0.194mm – 0.23mm and engine speeds of 

700 rpm – 1500 rpm. Smoke emissions generally increased with engine speed, indicating less 

efficient combustion under high-speed conditions. Emissions decreased with an increase in 

nozzle hole diameter from 0.27 mm - 0.28 mm, highlighting the importance of optimal 

injector design.  

 

Interpretation: Smoke emissions result from incomplete combustion, often due to fuel-rich 

regions or insufficient air-fuel mixing. Higher emissions at smaller nozzle hole diameters 

suggest that reduced spray penetration and atomization quality impair the combustion 

process. At higher engine speeds, shorter combustion durations may hinder complete fuel 

oxidation, resulting in increased smoke emissions. Larger nozzle hole diameters enhance air-

fuel mixing, reducing localized rich zones and smoke formation. However, excessively large 

nozzle hole diameters may reduce injection pressure and atomization quality. Optimizing 

nozzle hole diameter and injection parameters is critical for balancing performance and 

emission requirements. 

 

Practical Implications: Choosing the right nozzle hole diameter can significantly reduce 

smoke emissions without compromising engine performance. Advanced designs, such as 

multi-hole injectors, can further optimize spray distribution and reduce emissions. 

Combining optimized nozzle designs with exhaust after-treatment systems (e.g. diesel 

particulate filters) can help meet stringent emission standards. Smaller nozzle hole diameters 
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may be beneficial for performance but require careful management to avoid increased 

emissions. 

 

Validation with Published Experimental Research: Tang et all., (2020) made 

experimental parametric studies that varied nozzle diameters across the 0.11 mm–0.31 mm 

range and reported a non-linear response: soot production falls for certain larger diameters 

(or when pressure/holes are adjusted), but the magnitude and location of the minimum 

depend on the engine and combustion strategy used (optical single-cylinder rigs, light-duty 

research engines and heavy-duty platforms). This supports the simulation trend while 

highlighting that the “best” diameter is context dependent. 

 

4.5.3 Hydrocarbons (HC) Emissions 

The graph in Figure 4.5.3 (a) presents hydrocarbon (HC) emissions (in ppm) as a function of 

nozzle hole diameter (in mm) derived from Ricardo WAVE simulation results. 
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Figure 4.5.3 (a) Hydrocarbons (HC) Emissions Vs. Nozzle Hole Diameter Analysis 

 

Observations: HC emissions steadily increased as nozzle hole diameter grew, ranging from 

135 ppm at 0.194 mm to 350 ppm at 0.278 mm. The analysis considered a typical range of 

nozzle hole diameters for diesel fuel injection systems, from 0.194 mm to 0.28 mm. 

 

Interpretation: Smaller nozzle hole diameters facilitate finer atomization of fuel, resulting 

in a more homogenous air-fuel mixture. This ensures more complete combustion, minimizing 

HC emissions. Lower HC values at smaller nozzle hole diameters are also attributed to 

improvement in-cylinder temperatures and oxygen availability during combustion. As nozzle 

hole diameter increases, atomization quality diminishes, resulting in larger fuel droplets that 
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require more time to evaporate and burn completely. This leads to regions of unburned or 

partially burned hydrocarbons, increasing overall HC emissions. Larger nozzle holes also 

lead to a higher fuel flow rate, which can overwhelm the in-cylinder air availability and 

contribute to fuel-rich zones where HC formation is prominent. 

 

Discussion: HC emissions result from incomplete combustion, where certain hydrocarbons 

in the fuel remain un-oxidized. This is often linked to low-temperature zones, insufficient 

oxygen, or poor mixing of air and fuel. Smaller nozzle hole diameters create finer sprays with 

higher penetration and atomization quality. However, as the diameter increases, the air-fuel 

mixing deteriorates, resulting in increased HC emissions. Operating conditions such as load, 

speed, and injection pressure play a significant role in HC emissions. While the nozzle hole 

diameter impacts atomization directly, its effect is modulated by these parameters. From 

earlier graphs, it is evident that smaller nozzle hole diameters lead to higher NOx and CO but 

lower HC emissions. Conversely, larger diameters reduce NOx and CO but increase HC, 

highlighting the challenges in optimizing emissions across the board. 

 

Validation with Published Experimental Research Data: The study by Shehata and Attia, 

(2018) shows that decreasing nozzle hole diameter reduces HC. This aligns with the observed 

lower HC emissions at smaller nozzle hole diameters in the simulation results. Furthermore, 

study by Liu and Su, (2024) reports substantial HC increase when nozzle hole diameter is 

increased (for example, HC rose ≈30% and ≈60% for 0.26 mm and 0.30 mm vs 0.20 mm in 

one CFD study), showing the same mechanism (larger SMD, longer evaporation time, more 

incomplete combustion). These studies also stress that HC changes are strongly coupled to 

injection pressure and combustion strategy. 
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Figure 4.5.3 (b): Hydrocarbons (HC) Vs.  Nozzle Hole Diameter and Speed Analysis 

 

The graph in Figure 4.5.3 (b) represents the relationship between hydrocarbon (HC) 

emissions, engine speed, and nozzle hole diameter. HC emissions are critical for 

understanding incomplete combustion phenomena in internal combustion engines, especially 

in diesel systems.  

 

Observations: HC emissions increased with engine speed, peaking at 349.4705 ppm at 2500 

rpm. Lower speeds exhibit lower HC emissions, with a minimum of 134.7278 ppm at 700 

rpm. Larger nozzle hole diameters (e.g. 0.278 mm) produced higher HC emissions compared 

to smaller nozzle hole diameters (e.g. 0.194 mm). This trend suggests a relationship between 

nozzle hole diameter, air-fuel mixing quality, and incomplete combustion. Blue regions 
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signify lower HC emissions, typically associated with smaller nozzle hole diameters and 

lower speeds. Red regions represent higher HC emissions, particularly at larger nozzle hole 

diameters and higher engine speeds. HC emissions exhibit an almost linear increase with 

both engine speed and nozzle hole diameter, indicating their combined influence on the 

combustion process.  

 

Interpretation: HC emissions result from incomplete combustion of fuel, often caused by 

suboptimal air-fuel mixing, low combustion temperatures, or fuel spray impingement. Higher 

speeds and larger nozzle hole diameters can exacerbate fuel-rich zones, leading to increased 

HC emissions. Smaller nozzle hole diameters may enhance air-fuel mixing, leading to more 

complete combustion and reduced HC emissions. However, they may increase injection 

pressures and fuel spray atomization challenges, potentially influencing other emissions like 

NOx. At high speeds, shorter residence times for air-fuel mixing and combustion may lead 

to unburnt hydrocarbons being expelled with the exhaust. 

 

Practical Implication: Optimizing nozzle design (e.g. diameter, number of holes) is vital 

for reducing HC emissions by improving atomization and air-fuel mixing. Diesel oxidation 

catalysts (DOCs) are effective for reducing HC emissions, especially at higher speeds and 

larger nozzle diameters. Balancing injection pressure, timing, and nozzle geometry can 

mitigate HC emissions while maintaining engine performance. The trends highlight the 

importance of considering HC emissions alongside other pollutants like NOx and soot in 

engine optimization. 
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Validation with Published Experimental Research: The study by Shehata and Attia, 

(2018) shows that decreasing nozzle hole diameter reduces exhaust smoke, HC, and CO 

emissions, while increasing NOx emissions and thermal efficiency due to improved fuel 

atomization. This aligns with the observed lower HC emissions at smaller diameters in the 

graph. Study by Toledo et al., (2022) reports that raising engine speed can increase HC 

because reduced mixing time and faster exhaust blow-by leave more unburned fuel in local 

rich/low-temperature pockets, and this aligns with the simulation results trends. Their study 

was done in laboratory on a Turbocharged 4-cylinder direct-injection diesel engine 

(laboratory engine used for dual-fuel / speed sweep tests).  

 

4.5.4 CO Emissions 

Figure 4.5.4 (a) shows the relationship between carbon monoxide (CO) emissions (in ppm) 

and nozzle hole diameter (in mm) from the Ricardo WAVE simulation results.  

 

Figure 4.5.4 (a): CO Emission Vs. Nozzle Hole Diameter Analysis 
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Observations: CO emissions increased with nozzle hole diameter, peaking at 0.231mm 

injector nozzle diameter and 4620ppm CO emission. CO emissions declined rapidly as 

nozzle diameters exceeded the 0.24 mm threshold. The nozzle diameters evaluated (0.18 mm 

to 0.28 mm) represent common values used in diesel engines for fuel injection systems.  

 

Interpretation: At smaller nozzle diameters (below 0.20 mm), superior atomization and 

higher in-cylinder temperatures promote better combustion, effectively reducing CO 

formation by ensuring near-complete oxidation of carbon-based fuel. As nozzle hole 

diameters approach 0.24 mm, suboptimal atomization leads to incomplete combustion in 

localized regions, increasing CO emissions. This is caused by inadequate oxygen availability 

in rich zones of the combustion chamber. Larger nozzle hole diameters (above 0.24 mm) lead 

to further degradation in combustion quality but also result in overall lower flame 

temperatures. CO emissions decline because less fuel undergoes partial oxidation due to 

reduced combustion intensity.  

 

Discussion: Carbon monoxide is a product of incomplete combustion, forming when 

insufficient oxygen is present to oxidize carbon into CO2. Smaller nozzle diameters ensure 

efficient air-fuel mixing, mitigating CO emissions, whereas larger nozzle hole diameters 

increase the likelihood of localized rich zones. While smaller diameters reduce CO, they are 

often associated with higher NOx emissions (as seen in previous plots). Larger nozzle hole 

diameters reduce NOx but compromise combustion efficiency, leading to higher 

hydrocarbon (HC) and CO emissions. Engine geometry, including piston bowl shape and 

swirl, plays a crucial role in air-fuel mixing, which interacts with nozzle hole diameter 

effects. 
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Validation with Published Experimental Research Data: Research by Desantes et al. 

(2015) confirms that smaller nozzle hole diameters improve combustion quality, reducing 

CO and HC emissions. However, larger nozzle hole diameters above 0.24 mm can lead to 

poor atomization, increasing emissions of partially oxidized species like CO and this aligns 

with the simulation results. Choi et al. (2021) tested a single-cylinder optical research diesel 

engine and showed that increasing the number of injector holes (improving atomization and 

spray structure) led to consistent reductions in CO emissions, underscoring the importance 

of spray quality. 

 

Figure 4.5.4 (b): Carbon Monoxide (CO) Vs.  Nozzle Hole Diameter and Speed Analysis 
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The graph in Figure 4.5.4 (b) illustrates the relationship between carbon monoxide (CO) 

emissions, engine speed, and nozzle hole diameter. CO emissions are an indicator of 

incomplete combustion and are strongly influenced by the air-fuel ratio, injection 

characteristics, and combustion conditions. 

 

Observations: CO emissions increased as engine speed rose, reaching a maximum value of 

4618.2451 ppm at 1500 rpm and 0.231 mm nozzle hole diameter. At lower engine speeds, 

CO emissions are significantly reduced, with a minimum value of 1594.7380 ppm at 700 rpm 

and 0.194 mm nozzle hole diameter. The increased emissions at larger nozzle hole diameters 

are likely due to reduced air-fuel mixing efficiency and the creation of localized fuel-rich 

zones. Blue regions represent lower CO emissions, observed at nozzle hole diameters of 0.18 

mm - 0.215mm and engine speeds of 700 rpm – 1100 rpm. Red regions signify higher CO 

emissions, observed nozzle hole diameters of 0.22 mm – 0.255mm) and speeds of 1150 rpm 

– 2000 rpm. CO emissions exhibit a nearly linear increase with both engine speed and nozzle 

hole diameter, indicating a strong dependency on these parameters.  

 

Interpretation: CO emissions increase as engine speed rises, reaching a maximum value of 

4618.2451 ppm at 1500 rpm. At lower engine speeds, CO emissions are significantly 

reduced, with a minimum value of 1594.7380 ppm at 700 rpm. Larger nozzle hole diameters 

(e.g. 0.278 mm) correspond to higher CO emissions compared to smaller nozzle hole 

diameters (e.g. 0.194 mm). The increased emissions at larger nozzle hole diameters are likely 

due to reduced air-fuel mixing efficiency and the creation of localized fuel-rich zones. Blue 

regions represent lower CO emissions, typically observed at smaller nozzle hole diameters 

and lower speeds. Red regions signify higher CO emissions, observed at larger nozzle hole 
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diameters and higher speeds. CO emissions exhibit a nearly linear increase with both engine 

speed and nozzle hole diameter, indicating a strong dependency on these parameters.  

 

Practical Implications: Optimizing nozzle geometry (e.g. reducing nozzle hole diameter or 

increasing the number of holes) can enhance atomization and reduce CO emissions. 

Adjusting injection timing and pressure to optimize air-fuel mixing can mitigate CO 

formation. Catalytic converters or oxidation catalysts can effectively reduce CO emissions, 

especially under conditions with high engine speed and larger nozzle diameters. While 

reducing CO emissions is essential, it must be balanced with the potential increase in other 

emissions like NOx or HC during optimization. 

 

Validation with Published Experimental Research: A CFD study by Singh & Kumar, 

(2021) investigated nozzle hole diameters of 0.20 mm, 0.26 mm, and 0.30 mm in a four-

stroke diesel engine model (validated against a CRDI-VCR engine). They found that 

increasing nozzle hole diameter resulted in increased CO emissions by about 0.65% (0.26 

mm) and 5.08% (0.30 mm) compared to 0.20 mm, owing to poor atomization and larger 

droplets that slow combustion, especially under higher-speed conditions. Similarly, a 2019 

CFD study by Kumbhar et al., (2019) on the Caterpillar 3401 heavy-duty diesel engine using 

CONVERGE simulation (nozzle diameters: 0.230 mm to 0.270 mm) showed that larger 

nozzle diameters produced larger droplets, poor air–fuel mixing, and higher CO emissions. 

These align with the Ricardo Wave simulation results. 
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4.6 Key Findings from the research 

i. Using the Ricardo Wave CFD simulation developed from the exact structural and 

operational specifications of the Mercedes-Benz Actros 3340-LS engine, it was found 

that injector nozzle hole diameters between 0.194 mm and 0.203 mm provided the 

most efficient atomization for this specific engine model. This range yielded the best 

balance of brake torque, brake power, and BSFC while meeting Euro III emission 

requirements. 

ii. The Mercedes Benz Actros 3340-LS engine simulation results exhibited a direct 

correlation between nozzle hole size and smoke emissions. Specifically, diameters 

above 0.25 mm led to a 38-42% increase in smoke emissions, indicating incomplete 

combustion due to poor atomization under this engine’s high-load operating 

conditions. 

iii. The simulation revealed that under high engine speeds (>2000 rpm), the MB Actros 

3340-LS showed reduced atomization quality when nozzle hole diameters exceeded 

0.24 mm, resulting in larger droplet sizes (SMD > 2.1×10⁻⁵ m) and increased 

hydrocarbon emissions by up to 18%. 

iv. The study established that injection parameters, particularly nozzle hole diameter and 

injection pressure, significantly affect air-fuel atomization quality, leading to notable 

differences in performance and emissions of the Mercedes-Benz Actros 3340-LS 

engine. 

v. An optimal nozzle hole diameter of 0.203 mm produced the most balanced trade-off 

between fuel efficiency, power output, and emission levels. 

vi. The findings confirmed that precise control of fuel spray characteristics can help meet 

modern emission standards without sacrificing engine performance. 
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4.7 Limitation of the study 

Simulation results are based on the idealized chosen conditions of the chosen engine model- 

Mercedes Benz Actros 3340-LS and may not fully replicate all the real world scenarios.  

Fatal Errors encountered during simulation setup and simulation runs were attributed to 

geometrical errors and limited expertise in the software usage, that caused a lot of delay in 

the execution of the research. These were along the way corrected and the simulation finally 

was run successfully. Only a specific set of injection parameters was evaluated; other 

influencing variables such as fuel temperature, ambient humidity, and turbocharger 

performance were not tested. The study did not assess long-term wear effects on injectors 

due to changes in nozzle hole sizes or high injection pressures. 

 

4.8 End-users of the Findings 

The findings inform the engine manufactures and designers, about the best operating 

parameters and emission control technologies to achieve sustainable engine development. 

They also inform future researchers about future advancements in simulation accuracy, 

injector design, and integrated systems. 
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS 

5.1 Introduction 

This chapter summarizes the main findings from the research, highlighting the significant 

conclusions drawn from the simulation results. It further highlights the recommendations 

made for future research directions, potential improvements to engine design and operation, 

and strategies for minimizing emissions while optimizing engine performance. The 

conclusions and recommendations presented in this chapter aim to contribute to the ongoing 

efforts of developing more efficient, environmentally friendly, and sustainable diesel engines 

for the transportation sector. 

 

5.1 Conclusion 

This research aimed to examine the effect of air-fuel atomization on the performance and 

emissions of heavy-duty truck engines, using the Mercedes-Benz Actros Engine Model 3340-

LS as a case study. The research successfully characterized the design parameters of the 

Mercedes-Benz Actros 3340-LS engine, developed a validated Ricardo Wave CFD 

simulation, and analyzed the influence of injection parameters on performance and 

emissions. It demonstrated that precise control over nozzle geometry and injection pressure 

can significantly enhance combustion efficiency while reducing emissions. Through detailed 

simulations, the study established that smaller injector nozzle diameters significantly 

enhance atomization quality reducing droplet size and spray breakup length, and improving 

combustion characteristics. These atomization improvements translated into better brake 

power, torque, volumetric efficiency, and reduced emissions of NOx, HC, CO, and PM. 

Conversely, larger nozzle diameters compromised atomization efficiency, increasing 

pollutant formation and reducing engine performance metrics such as Brake Mean Effective 
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Pressure (BMEP) and Brake Specific Fuel Consumption (BSFC). The outcomes validate the 

hypothesis that optimizing air-fuel atomization is very important in improving both 

environmental compliance and operational efficiency in heavy-duty truck engines. The key 

insights of the study include; 

i. Injection parameters, including nozzle hole diameter and pressure, significantly 

impact air-fuel atomization quality, affecting performance and emissions of the 

Mercedes-Benz Actros 3340-LS engine.  

ii. An optimal nozzle hole diameter of 0.203 mm balances fuel efficiency, power output, 

and emissions, while higher pressures improve atomization. 

 

5.2 Recommendations 

Based on the findings of this research, which examined the effect of air-fuel atomization on 

the performance and emissions of the Mercedes-Benz Actros Engine Model 3340-LS using 

Ricardo Wave simulations, the following recommendations are proposed for further research 

and practical applications: 

i. For Manufacturers & Engine Designers: Implement adjustable or optimized injector 

designs with variable nozzle hole diameters and advanced pressure control systems 

to enhance atomization across different operating loads. 

ii. For Fleet Operators & Vehicle Users: Regular injector calibration and maintenance 

can sustain optimal atomization quality, reducing fuel consumption and emissions in 

Mercedes-Benz Actros 3340-LS trucks. 

iii. For Policymakers & Regulators: Encourage the adoption of precision fuel injection 

technologies through emissions regulation frameworks and incentives for low-

emission heavy-duty vehicles. 
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iv. Further CFD Analysis (3D Simulations): For a more detailed understanding of 

atomization dynamics, especially within the combustion chamber, consider 

integrating 1D Ricardo Wave simulations with 3D CFD tools (e.g. ANSYS Fluent or 

Coverage). 3D simulations can provide insights into localized phenomena such as 

spray behavior, turbulence, and flame propagation, which are not fully resolved in 

1D models. 

 

5.3 Future Research Directions: 

i. Investigate adaptive injection systems capable of real-time adjustment to optimize 

atomization under varying engine loads and speeds. 

ii. Investigate the combined effect of alternative fuels and nozzle hole geometry on 

atomization and emissions. 

iii. Extend the study to real-world driving conditions using on-road Mercedes-Benz 

Actros 3340-LS trucks to capture dynamic operational variability. 

iv. Explore long-term durability and wear analysis of injectors with different nozzle 

configurations under high-pressure cycles. 

v. Assess the integration of variable geometry turbocharging with optimized fuel 

injection to achieve combined gains in performance and emissions reduction. 
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Appendix A1: Work Plan 
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Appendix B1: Ricardo Wave Engine Model Developed 
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Appendix B2: Ricardo Wave Simulation Parametric Cases Definition 
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Appendix B3: Ricardo Wave Post Model Image 
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Appendix C1: Budget  

Particulars Unit Quantity Rate 

(UGX) 

Amount 

(UGX) 

Transport FUEL N/A 1,500,000 1,500,000 

Air Time Freedom/Unlimited Bundles 

(5000 min of Airtel & Mtn) 

2 75,000 150,000 

Secretarial 

Work 

N/A 1 700,000 700,000 

Ricardo Wave 

Software 

N/A 1 1,500,000 1,500,000 

Internet N/A 65GB 150,000 150,000 

TOTAL    4,000,000 
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Appendix D1: Ricardo Wave Simulation Output File 
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Appendix D2: Ricardo Wave Simulation Summary Data File 

 

 



115 

 

 

 

 

 

 

 

 

 

 



116 

 

Appendix E1: Injection Rate and Injection Pressure Profiles 

 

 

 

 

 



117 

 

Appendix E2: Characterized Design parameters for MB Actros Engine model 3340-LS. 

Item Specification 

Engine Model Series Mercedes Benz Actros 3340-LS, (2011-2024) 

Engine Type Four Stroke cycle - 6 cylinder In-line  

Bore (mm) 130 

Stroke (mm) 150 

Connecting Rod Length (mm) 273 

Engine Capacity (cc or cm3) 11,950 

Compression Ratio 17.75:1 

Engine dry weight (kg) 940 

Gross Vehicle Weight (tons) I.e. 7 t 

+ 2x13 t 

33 

Maximum Power output (kW) @ 

1800 rpm 

294 

Horse Power (hp) 394,             Maximum is 400 

Displacement (Ltr) 12.8 

Maximum Torque (Nm) @ 1080 

rpm 

1900 

Fuel Injection Type Direct Injection via unit injectors 

Injection Nozzle Type 6-hole injection nozzle, hole dia 0.194mm 

Simulations run between 0.194 mm – 0.278mm 

Injection Pressure (Bar) Up to 1800  

Inlet and Exhaust lift 0.4 mm 
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Fuel Mixture Formation Unit Pump System (UPS) 

Cylinder arrangement 6-In-line 

Ignition pressure 170 bars 

Valve Technology 4-Valve Technology (2-Inlet & 2-Outlet) 

Axil Configuration 6x4 

Cooling Water cooled with an electromagnetic fan 

Exhaust  Stainless steel with SCR catalytic converter 

Engine Brake  Brake flap & decomposition valve 

Control (Engine Management) Electronic Telligent engine management system 

Emission Standard Euro III Version 

Fuel Type  Diesel of density 830 kg/m3, Cetane No. 48, 

Sulphur Content 0.05%  

Combustion chamber diameter 

(mm) 

98.8 Bowl type 

Fuel Injection for low load 11.50C BTDC 

Fuel Injection for high load 9.50C BTDC 

Crank Radius (mm) 75 

Firing order 1-5-3-6-2-4 

AFR 14.5 
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Appendix F1: Plagiarism Report and Receipt 
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