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Abstract: With growing regulations on ship emissions, specifically carbon dioxide and nitrogen oxides, this 

study emphasizes the critical need for improving the performance of existing ship diesel engines. Focusing on 

easily modifiable injection conditions within the fuel system, the research aims to enhance combustion 

characteristics for operational ships. The study provides a concise analysis of the combustion performance 

improvements achievable in the field. The study employed a range of calculation conditions, spanning from 

fuel injection pressures of 20 MPa to 160 MPa, injection timing from 15 degrees before top dead center (BTDC) 

to 5 degrees after top dead center (ATDC), and spray angles varying between 10 degrees and 50 degrees. A 

comprehensive analysis was conducted, focusing on fuel distribution behavior, combustion dynamics, carbon 

monoxide (CO) production and extinction, as well as nitrogen oxide (NO) production. This thorough 

examination aimed to provide insights into the complex interplay of these factors in order to optimize 

combustion performance in ship diesel engines. The analysis indicated that substantial unburned fuel occurred 

at injection pressures below 40 MPa and spray angles less than 20 degrees. This issue was significantly 

mitigated when injection pressures exceeded 80 MPa or a spray angle of 40 degrees was employed. High flame 

propagation speeds were observed at injection pressures over 80 MPa and injection timings before BTDC 10. 

Carbon monoxide emissions were notably low when injection pressures exceeded 80 MPa and a 40-degree 

spray angle was used. Nitrogen oxide emissions were minimized under conditions of injection pressure below 

40 MPa, injection timing after BTDC 5 degrees, and a spray angle between 30 and 40 degrees. The study 

concludes that the most effective injection conditions for concurrently reducing fuel consumption, minimizing 

incomplete combustion products, and lowering nitrogen oxide emissions in the target engine are optimal when 

the injection pressure is set at 80 MPa, the injection timing is positioned at 5 degrees before top dead center 

(BTDC), and the spray angle is maintained at 40 degrees. 

Keywords: long stroke marine engines; combustion process; fuel injection pressure; fuel injection 

timing; spray angle 

 

1. Introduction 

Ships, responsible for transporting 75% of global cargo, emit pollutants like carbon dioxide, 

nitrogen oxides, sulfur oxides, carbon monoxide, hydrocarbons, and particulate matter. These 

emissions contribute to climate change and air pollution. Nitrogen oxides, sulfur oxides, and 

particulate matter pose health risks, while carbon dioxide is a major contributor to global warming. 

Addressing these emissions is crucial for environmental and public health concerns. [1]. 

The primary concern in ship emissions is currently carbon dioxide, a significant greenhouse gas. 

The 21st Conference of the Paris in 2015 aimed to limit the global average temperature increase to 

below 2°C compared to pre-industrial levels, with an even more ambitious target of 1.5 degrees 

Celsius. This underlines the critical importance of addressing and reducing carbon dioxide emissions 

from ships to mitigate the impact of climate change. [2]. The UNFCCC asked the IPCC to release a 

Special Report on limiting global warming to 1.5 degrees. This request underscores the importance 

of interdisciplinary research in comprehensively addressing the issues associated with global 

warming [3]. The agreement mandates countries to voluntarily submit targets for reducing 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 November 2023                   doi:10.20944/preprints202311.1373.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202311.1373.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

greenhouse gas emissions, highlighting voluntary efforts beyond the established climate change 

framework. Consistent with UN recommendations on climate change, regulations on greenhouse 

gases have also been implemented in the shipping industry. In 2018, greenhouse gas emissions from 

ships amounted to 1076 million tons, accounting for 2.9% of the total global greenhouse gas emissions 

[4]. Greenhouse gas emissions from the shipping industry have approximately doubled from 1971 to 

2019. Projections from the International Maritime Organization (IMO) indicate that without prompt 

and robust regulatory interventions, emissions are expected to increase by 90-130% by the year 2050. 

This underscores the pressing need for effective measures to curb emissions in the maritime sector 

and mitigate its impact on climate change [5]. Greenhouse gas regulation discussions for ships started 

at the 23rd General Assembly of the International Maritime Organization in 2003. [6]. At the 62nd 

MEPC meeting, the IMO adopted an amendment adding MARPOL Annex Chapter VI, mandating 

the Energy Efficiency Existing Ship Index (EEDI) for all ships and marking a substantial start to 

greenhouse gas regulation [7]. In April 2018, the IMO adopted the Initial IMO Strategy, aiming to 

reduce total annual greenhouse gas emissions from shipping by over 50% by 2050 compared to 2008 

levels. The strategy emphasizes incremental efforts to achieve this ambitious long-term goal [8]. The 

Initial IMO Strategy includes an interim target of reducing carbon dioxide emissions per transport 

operation by at least 40% by 2030. To comply with these reinforced regulations, numerous 

technologies aimed at reducing greenhouse gas emissions are undergoing development. These 

technologies can be broadly categorized into those focusing on improving energy efficiency and those 

involving alternative fuels to achieve carbon reduction [9]. Various energy efficiency improvement 

technologies, including adjustments to vessel size, hull shape, lightweight materials, air lubrication, 

hybrid power systems, and waste heat recovery, exhibit the potential to reduce CO2 emissions in the 

range of 1% to 35%. On the other hand, alternative marine fuels, such as liquefied natural gas, 

hydrogen, ammonia, methanol, ethanol, biofuels, and electricity, have demonstrated a remarkable 

potential for emission reduction, reaching up to 80%. These technologies represent promising 

avenues for achieving substantial reductions in greenhouse gas emissions from the maritime sector 

[10]. 

Nitrogen oxide regulations by the International Maritime Organization have undergone 

incremental strengthening. Compared to the initial regulations implemented in 2000, the second-

stage regulations in 2011 were 20% more stringent, and the third-stage regulations in 2016 

represented an 80% increase in strength. Additionally, regulations governing sulfur content in marine 

fuel have also been reinforced, reducing from 4.5% in 2005 to 3.5% in 2012, and further to 0.5% from 

the year 2020 [11,12]. Sulfur oxide reduction technology has two main approaches: using low-sulfur 

fuel and employing a sulfur scrubber to remove sulfur oxides from exhaust gas. These methods are 

relatively simple. Nitrogen oxide reduction methods are divided into in-cylinder technology and 

after-treatment technology [13]. In-cylinder treatment focuses on lowering the combustion chamber 

temperature to mitigate the reaction of nitrogen and reduce nitrogen oxide emissions. Technologies 

for achieving this reduction include introducing moisture into the intake air, utilizing emulsion 

technology that blends water with fuel, and directly injecting water into the cylinders during the 

combustion process [14–16], fuel injection system improvement technology [17,18], and exhaust gas 

recirculation technology [19,20]. The predominant after-treatment technology, Selective Catalytic 

Reduction (SCR), removes nitrogen oxides by introducing ammonia or urea into the exhaust gas 

stream [21,22]. Regarding carbon monoxide (CO), hydrocarbons (HC), and particulate matter (PM), 

which are other exhaust emissions, there are currently no official regulations in place. However, at 

the 57th meeting of the International Maritime Organization (IMO), the Marine Environment 

Protection Committee (MEPC) proposed an amended regulation 14 that includes provisions for 

regulating HC emissions and PM, encompassing ozone-depleting substances. This indicates a 

potential move towards addressing and regulating these additional pollutants in the future. [23]. 

Numerous new technologies are under development to comply with the strengthened 

regulations. However, the technologies actually applied to ships are currently limited and include 

engine tuning, bulbous bows, pre/post swirl devices, and waste heat recovery. Despite ongoing 

advancements, the adoption of alternative fuels in the maritime industry remains relatively low [24]. 
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From this perspective, heavy fuel oil (HFO) is expected to persist as the primary fuel for ships. 

However, there is a concern that the predominant focus on new, zero-carbon fuels might lead to a 

decline in research dedicated to enhancing the performance and reducing emissions of marine diesel 

engines, particularly those utilizing HFO. While after-treatment technologies to meet regulations are 

actively being developed, there is a notable decrease in research on diesel engine combustion. It is 

crucial to continue studying engine combustion using HFO, which currently dominates the marine 

fuel landscape. The behavior of fuel spray in the diesel combustion chamber stands out as the most 

critical factor influencing engine combustion performance. To simultaneously mitigate nitrogen 

oxides and particulate matter, injection control technology, which reduces the rich mixture area and 

lowers local combustion temperatures, has been successfully developed for small automobile 

engines. Applying similar principles to marine diesel engines using HFO could be essential for 

achieving improved combustion performance and meeting emission reduction targets [25–28]. 

Research is underway to reduce nitrogen oxide emissions and fuel consumption in marine diesel 

engines by implementing multiple injection and pre-injection technologies through the common-rail 

fuel injection system [29]. Moreover, studies have been conducted to enhance the fuel distribution 

characteristics by improving the shape of the nozzle and the internal hole within the fuel injection 

valve [30–33]. It appears that research on improving these injection systems is currently limited, with 

a focus primarily on technologies applicable to new ships. 

To meet emission regulations such as nitrogen oxides set by the IMO and the requirements 

outlined in the IPCC’s Special Report on limiting global warming to 1.5 degrees, relying solely on 

new technologies currently under research may prove challenging. It becomes crucial to continually 

enhance existing marine diesel engines, particularly those using heavy fuel oil (HFO), which are 

anticipated to remain in use for the foreseeable future. This study aims to underscore the importance 

of performance improvement research on existing ship diesel engines and enhance the combustion 

performance of operational ships. The analysis focuses on combustion characteristics concerning the 

injection conditions of the fuel injection systems, which can be feasibly improved in the field. The 

study delves into the effects of fuel injection pressure, injection timing, and spray angle on 

combustion in a long-stroke cycle marine diesel engine, commonly employed as the main engine in 

ships. Detailed analyses encompass the behavior of fuel within the combustion chamber, flame 

temperature, combustion products, and more. The study aims to provide insights into the impact on 

exhaust emissions, contributing to the overall efficiency enhancement and reduction of exhaust 

emissions from existing ships. This research aligns with the imperative of continuously improving 

and optimizing existing technologies for a more sustainable maritime industry. 

2. Mathematical Model and Calculation Conditions 

The objective of this study is to analyze the combustion behavior within cylinders with the aim 

of enhancing the performance of existing ship engines. To achieve this, the widely used KIVA code 

was employed for the combustion calculations of the internal combustion engine. The validation of 

this code involved comparing combustion, spray, and turbulence models with experimental results, 

ensuring the accuracy and reliability of the computational simulations used in the study. This 

approach enables a comprehensive analysis of combustion processes and contributes to improving 

the understanding and performance of existing ship engines [34–39], and the effect of the grid was 

also evaluated [40–43]. The combustion behavior was assessed by applying the code to an operating 

engine. The results were validated, demonstrating consistency with experimental data for parameters 

such as swirl flow, turbulent flow, spray and combustion characteristics, cylinder pressure, heat 

release rate, and nitrogen oxides generation. This validation confirms the reliability of the 

computational simulations using the KIVA code in capturing essential aspects of combustion 

behavior in ship engines [44–48]. Having been successfully verified, this code has been widely 

applied in the development and improvement of numerous diesel engines. The validation of the code 

enhances its credibility and applicability [49–54]. 
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2.1. Mathematical Model 

The computational program used to analyze the combustion behavior is KIVA and the transport 

equations are given as follows [55]. 

The continuity equation for species m is 𝜕𝜌௠
∂t  + ∇⋅ሺ𝜌௠uሻ =∇·[ρD∇(

𝜌௠𝜌 )]+𝜌ሶ௠௖ +𝜌ሶ ௦𝛿௠ଵ (1)

where 𝜌௠ is the mass density of species m, 𝜌 is the total mass density, and 𝑢 is the fluid velocity. 

D is the diffusion coefficient and source terms given by the chemical reaction 𝜌ሶ௠௖  and the droplet 

evaporation 𝜌ሶ ௦, and δ is Dirac delta function. 

The total fluid continuity equation summing Eq.(1) over all species is 𝜕𝜌
∂t  + ∇⋅ሺ𝜌uሻ =𝜌ሶ ௦ (2)

Since mass is conserved in chemical reactions. 

The momentum is 𝜕ሺ𝜌𝑢ሻ
∂t  + ∇⋅ሺ𝜌𝑢uሻ = − 1𝑎ଶ ∇p − 𝐴௢∇2/3ρk + ∇⋅σ+𝐹௦ + 𝜌𝑔 (3)

where p is the fluid pressure. The dimensionless quantity α is used in conjunction with the pressure 

gradient scaling method. The quantity 𝐴௢ is unity in the turbulence calculation. 

The viscous stress tensor is 𝜎 = 𝜇ሾ∇𝑢 + ሺ∇𝑢ሻ்ሿ+ 𝜆 ∇⋅u I  (4)

where 𝜇  and 𝜆  are the first and second coefficients of viscosity. The superscript T denotes the 

transpose and I is the unit dyadic. 

The internal energy equation is 𝜕ሺ𝜌𝐼ሻ
∂t  + ∇⋅ሺ𝜌𝑢𝐼ሻ = − ρ ∇⋅u+(I− 𝐴௢)𝜎:∇u− ∇⋅J+𝐴௢𝜌𝜀 + 𝑄ሶ ௖ + 𝑄ሶ ௦ (5)

where 𝐼 is the specific internal energy, exclusive of chemical energy. The heat flux vector J is the 

sum of contributions due to heat conduction and enthalpy diffusion: 𝐽 = −𝐾∇T − ρD෍ℎ௠∇൬𝜌௠𝜌 ൰௠  (6)

where T is the fluid temperature and ℎ௠ is the specific enthalpy of species m. 𝑄ሶ ௖ and 𝑄ሶ ௦ are the 

chemical heat release and spray interactions. 

Two transport equations are solved for the turbulent kinetic energy and its dissipation rate. 𝜕ሺ𝜌𝑘)

∂t  + ∇⋅ሺ𝜌𝑢𝑘) = − 2

3
ρ 𝑘∇⋅u+𝜎:∇u+∇⋅[( 𝜇𝑝௥ೖ )∇k]− 𝜌𝜀 +𝑊ሶ ௦ (7)

And 𝜕ሺ𝜌𝜀)

∂t  + ∇⋅ሺ𝜌𝑢𝜀) = − ൬2

3
𝑐ఌభ − 𝑐ఌయ൰ ρ 𝜀∇⋅u+∇⋅[( 𝜇𝑝௥ഄ )∇ϵ]+ 𝜀𝑘 ൣ𝑐ఌభ𝜎:∇u− 𝑐ఌమ𝜌𝜀

+ 𝑐௦𝑊ሶ ௦൧ (8)

The source term – ቀଶଷ 𝑐ఌభ − 𝑐ఌయቁ ρ 𝜀∇⋅u in the e-equation accounts for length scale changes when 

there is velocity dilatation. Source terms involving the quantity 𝑊ሶ ௦ arise due to interaction with the 

spray. The quantities 𝑐ఌభ , 𝑐ఌభ , 𝑐ఌభ , 𝑝௥ഄ  and 𝑝௥೎  are constants, and their values are determined 

through experiments and theoretical considerations. 
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2.2. Calculation Conditions and Grids 

Figure 1 shows the mesh shape at crank angles of 0 degrees, 30 degrees, and 90 degrees. The 

mesh was generated by inputting the shape of the piston crown and head of the target engine. An 

automated mesh generator integrated into the internal combustion analysis code was employed to 

create this mesh. 

 
 

(a) At TDC 

 
(b) At 30 CA 

 

(c) At 90 CA 

Figure 1. Calculation grids according to crank angle. 
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Table 1 presents the engine specifications and calculation conditions. The target engine is 

commonly utilized in existing ships and is characterized as a long-stroke engine with a stroke-to-bore 

ratio of 3.2. The engine load chosen corresponds to 70% of the maximum cruising rate, which is the 

typical operating speed for ships. The specified operating output is 500 kW per cylinder, with a fuel 

injection mass of 8 grams per stroke. In this study, the calculation conditions were chosen to represent 

changeable field conditions for improving the targeted marine engine. The injection pressure used in 

the calculations is categorized into 5 stages, ranging from 20 MPa to 160 MPa. Injection timing varies 

from BTDC 15 to ATDC 5 degrees, and the spray angle is adjusted from 10 degrees to 50 degrees at 

10-degree intervals. Additional details are provided in the table. 

Table 1. Engine specification and calculation conditions. 

Cases Variable 

Target engine &  

base conditions 

Type of target engine 

Operating output(kW/cyl) 

Engine speed(rpm) 

BoreⅹStroke(cm) 

Crank angle at compression start(CA) 

Crank angle at exhaust valve open(CA) 

Number of nozzle hole(EA) 

Mass flow of fuel injection per stroke(g/stroke) 

Fuel injection pressure(MPa) 

Fuel spray angle(deg) 

Injection duration(CA) 

Wall temperature(℃) 

Initial air temperature(℃) 

Initial air pressure(MPa) 

Length of connecting rod(cm) 

Compression ratio 

2-stroke cycle 

500 

180 

42ⅹ136 

ATDC 120 

BTDC 120 

1 

8 

40 

30 

10 

150 

60 

0.15 

182 

28.6 

Injection pressure 

variation 
Fuel injection pressure(MPa) 

20 

40 

80 

120 

160 

Injection timing 

variation 
Injection timing(CA) 

BTDC 15 

BTDC 10 

BTDC 5 

TDC 

ATDC 5 

Spray angle 

variation 
Spray angle(Deg) 

10 

20 

30 

40 

50 

3. Results 

3.1. Injection Pressure Variaion 

Figures 2–4 show the fuel distribution in the combustion chamber, the fuel mass, and the 

remaining fuel amount at ATDC 120 when the exhaust valve is opened. The fuel injection period 

spans from 10 degrees before top dead center to top dead center. During this interval, both fuel 

supply through injection and fuel consumption due to combustion concurrently influence the 

distribution of fuel within the combustion chamber. At a low injection pressure of 20 MPa, the fuel 

distribution exhibits a high concentration, forming in a narrow area from the injection valve to the 

center of the cylinder. This concentration is attributed to the slower propagation of fuel under lower 

injection pressures. From top dead center (TDC) to after top dead center (ATDC) 30, a considerable 
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amount of the fuel that descends along the piston is dispersed over the upper surface of the piston. 

With an increase in injection pressure, the high-concentration fuel distribution area undergoes a rapid 

reduction. At an injection pressure of 80 MPa or higher, this high-concentration fuel region 

disappears entirely by after top dead center (ATDC) 10. Conversely, when the injection pressure is 

low, a substantial amount of fuel is observed to be distributed to the piston crown at ATDC 120 when 

the exhaust valve is opened. 

TDC 
 

ATDC 10 CA 
 

ATDC 30 CA 

 

ATDC 60 CA 

 

ATDC 90 CA 

 

ATDC 120 CA

 
Inj. Pressure (a)20 MPa (b)40 MPa   (c)80 MPa   (d)120 MPa   (e)160 MPa 

Legend 
 

Figure 2. Fuel volume fraction distribution at the center section of combustion chamber. 
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Figure 3. Residual fuel mass with injection pressure variation. 

 

Figure 4. Fuel mass fraction burned at the exhaust valve open with injection pressure variation. 

During the period from before top dead center (BTDC) 10 to top dead center (TDC) during fuel 

injection, the injected fuel propagates into the cylinder. The fuel undergoes evaporation while being 

mixed with the surrounding air, and combustion progresses. In the case of a low injection pressure 

of 20 MPa, 34% of the fuel is consumed at TDC, while in the case of 160 MPa, 53% of the fuel is 

consumed. By after top dead center (ATDC) 30, 83% of the fuel is burned at low pressure, increasing 

to 95% with higher injection pressure. The amount of fuel burned at the time the exhaust valve is 

opened is also nearly 100%, particularly in the case of high injection pressure. 

Figure 5 shows the temperature distribution in the cylinder, spanning from the piston at top 

dead center to a crank angle of 120 degrees when the exhaust valve opens. At low injection pressures 

(below 40 MPa), a locally formed high-temperature region with a robust combustion rate emerges at 

the top of the cylinder. This region gradually expands, persisting with a significant temperature 

presence until the initiation of the exhaust phase. Conversely, when the injection pressure exceeds 80 

MPa, the high-temperature region experiences a substantial increase, peaking around After Top Dead 

Center (ATDC) 10, and it disappears entirely during the exhaust phase. 
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TDC 
 

ATDC 10 CA 
 

ATDC 30 CA 

 

ATDC 60 CA 

ATDC 90 CA 

 

ATDC 120 CA

 
Inj. Pressure (a)20 MPa (b)40 MPa   (c)80 MPa   (d)120 MPa   (e)160 MPa 

Legend 
 

Figure 5. Temperature distribution at the center section of combustion chamber. 

The combustion chamber temperature distribution behavior indicates the formation and 

characteristics of the flame. With low-pressure injection below 40 MPa, combustion occurs slowly, 

leading to a gradual flame propagation until emission begins. On the other hand, higher injection 

pressures cause an immediate widening of the high-temperature region after injection, resulting in a 

more active and rapid combustion process. 

Figure 6 displays changes in cylinder pressure as injection pressure rises from 20 MPa to 160 

MPa. The peak cylinder pressure, occurring just after Top Dead Center (TDC), shows a 7.7% increase 

with higher injection pressure. This aligns with the observed trend of a substantial increase in the 

combustion progress rate with elevated injection pressure. 
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Figure 6. Cylinder pressure variation with fuel injection pressures. 

Figure 7 shows the distribution of OH radicals, crucial intermediate products in combustion. 

The behavior of OH, representing the flame front, is vital for understanding flame propagation. OH 

has the widest distribution at After Top Dead Center (ATDC) 10. At low injection pressures, OH is 

concentrated near the injection valve, but at high pressures, it is distributed extensively, indicating 

an increased flame surface and combustion rate. After ATDC 30, high-pressure injection (over 80 

MPa) rapidly decreases OH distribution, while low-pressure injection maintains it. 

TDC 

ATDC 10 CA 

ATDC 30 CA 

ATDC 60 CA 

ATDC 90 CA 
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ATDC 120 CA 

Inj. Pressure (a)20 MPa (b)40 MPa   (c)80 MPa   (d)120 MPa   (e)160 MPa 

Legend 

Figure 7. OH radical distribution at the center section of combustion chamber. 

Figures 8 and 9 depict the total OH volume fraction in the cylinder across crank angles and at 

the exhaust valve opening. Near Top Dead Center (TDC), high-pressure injection shows double the 

OH fraction of low-pressure injection. However, after ATDC 30, high-pressure injection exhibits a 

lower value. This suggests that in high-pressure injection, rapid combustion occurs immediately after 

injection, completing by ATDC 30. In low-pressure injection, OH persists at the exhaust valve 

opening, indicating ongoing combustion and the discharge of unburned fuel. 

 

Figure 8. OH radical volume fraction with injection pressure variation. 
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Figure 9. OH radical volume fraction at the exhaust valve open with injection pressure variation. 

Figures 10–12 show the distribution of carbon monoxide (CO), the cylinder volume fraction 

across crank angles, and the volume fraction at exhaust time, respectively. CO is a chemical species 

generated at the start of combustion and diminishes as combustion progresses, providing insights 

into the combustion chamber conditions affecting complete combustion. At top dead center, where 

fuel injection concludes, CO concentration is high around the flame front and decreases behind the 

flame. With low injection pressure, high concentration is locally observed only around the flame 

surface. In contrast, high-pressure injection results in a more widely distributed high concentration 

over the entire flame surface. At ATDC 10, this phenomenon intensifies, and in high-pressure 

injection (over 120 MPa), high-concentration CO spreads to occupy the entire cylinder center. 

Conversely, after ATDC 30, lower injection pressure exhibits a broader CO distribution, persisting 

until exhaust. Similar to concentration distribution, the CO volume fraction for the entire cylinder 

peaks around Before Top Dead Center (BTDC) 10 and then rapidly decreases. The maximum CO 

concentration increases by over 50% at injection pressures exceeding 120 MPa and decreases by over 

99% at exhaust valve opening. This suggests that in low-pressure injection, the fuel does not 

propagate far, forming a high-concentration area and resulting in slow combustion. In high-pressure 

injection, the fuel propagates rapidly over a wide area, leading to rapid combustion. 

TDC 

ATDC 10 CA 

ATDC 30 CA 

ATDC 60 CA 
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ATDC 90 CA 

ATDC 120 CA

Inj. Pressure (a)20 MPa (b)40 MPa   (c)80 MPa   (d)120 MPa   (e)160 MPa 

Legend 

Figure 10. CO distribution at the center section of combustion chamber. 

 

Figure 11. CO volume fraction with injection pressure variation. 
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Figure 12. CO volume fraction at the exhaust valve open with injection pressure variation. 

Figures 13–15 show the distribution of nitrogen monoxide (NO), the cylinder volume fraction 

across crank angles, and the volume fraction at exhaust time, respectively. Nitrogen oxides are 

primarily produced in the high-temperature zone behind the flame, freeze quickly upon production, 

and persist in that state. In low-pressure injection below 40 MPa, high-concentration nitrogen oxides 

are narrowly distributed at the top of the cylinder and near the injection valve at Top Dead Center 

(TDC). Conversely, in high-pressure injection exceeding 120 MPa, high-concentration nitrogen oxides 

are distributed widely throughout the flame behind. The nitrogen oxide volume fraction for the entire 

cylinder is predominantly generated up to Before Top Dead Center (BTDC) 10 and maintains a 

similar value until the exhaust valve opens. The nitrogen oxide concentration at exhaust time 

increases by over 70% with injection pressure exceeding 120 MPa. This indicates that high-pressure 

injection leads to a broader distribution of high-concentration nitrogen oxides throughout the flame, 

contributing to increased nitrogen oxide concentrations at the time of exhaust. 
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Legend 
 

Figure 13. NO distribution at the center section of combustion chamber. 

 

Figure 14. NO volume fraction with injection pressure variation. 

 

Figure 15. NO volume fraction at the exhaust valve open with injection pressure variation. 
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3.2. Injection Timing Variaion 

In Figure 16, the fuel distribution across the crank angle is shown when the injection timing 

changes from Before Top Dead Center (BTDC) 15 to After Top Dead Center (ATDC) 5 degrees. If fuel 

injection starts before BTDC 10, the fuel is concentrated on the piston crown as the piston rises to Top 

Dead Center (TDC), injected into the combustion chamber in a confined space. However, the 

combustion rate is slow due to the very cold temperature of the piston walls compared to the flame 

temperature. When the injection timing is set at BTDC 15, significant combustion occurs during the 

high-temperature compression process, leading to the burning of most of the fuel despite the slow 

combustion of the cold piston crown. However, with the injection timing at BTDC 10, a considerable 

amount of fuel concentrated on the upper wall of the piston remains unburned. This is attributed to 

the rapid temperature drop as the piston descends, hindering complete combustion. 
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Inj. timing (a)BTDC15   (b)BTDC10   (c)BTDC5  (d)TDC  (e)ATDC5 

Legend 
 

Figure 16. Fuel volume fraction distribution at the center section of combustion chamber. 

When the injection timing is set after Before Top Dead Center (BTDC) 5, the expanding space as 

the piston descends prevents the injected fuel from reaching the piston head surface. As a result, most 

of the fuel is widely distributed in the inner space of the cylinder. Despite the slow combustion caused 

by the low temperature, combustion is completed by the time the exhaust valve opens. Figure 17 

shows the fuel mass fraction across the crank angle, and Figure 18 shows the mass fraction at the start 

of exhaust. When the injection timing is delayed, a substantial amount of fuel exists due to slow 

combustion at the beginning of the combustion process. However, the amount of fuel rapidly 

decreases afterward due to the onset of rapid combustion. This indicates that a delayed injection 

timing results in a larger initial quantity of fuel, leading to a slower combustion process initially, 

followed by a rapid decrease in fuel mass due to accelerated combustion. 

 

Figure 17. Residual fuel mass with injection timing variation. 

 

Figure 18. Fuel mass fraction burned at the exhaust valve open with injection timing variation. 

Figure 19 shows the temperature distribution in the combustion chamber as the injection timing 

varies. When the injection starts at Before Top Dead Center (BTDC) 15, fuel is injected during the 

period when the piston rises, and the injection ends at BTDC 5. When the injection starts at Before 

Top Dead Center (BTDC) 15, during the piston’s ascent to top dead center, the injected fuel descends 
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to the piston crown and undergoes combustion, resulting in a widely distributed high-temperature 

area around the piston crown. The most active combustion occurs from Top Dead Center (TDC) to 

After Top Dead Center (ATDC) 10. Subsequent combustion takes place between the left side of the 

cylinder and the piston. If injection starts at BTDC 10 and ends at TDC, a high-temperature flame 

area is distributed around the piston head, resembling the scenario where injection starts at BTDC 

15. However, by the time the exhaust valve opens, the high-temperature distribution around the 

piston crown indicates incomplete combustion with remaining fuel. If the fuel injection timing is after 

BTDC 5, the injected fuel does not reach the piston crown during the descending piston, and most 

combustion occurs in the inner space of the cylinder. As the piston moves down, the combustion rate 

slows due to decreasing temperature and pressure in the combustion chamber. Nevertheless, most 

of the combustion is completed at the time of exhaust by forming a wide flame area over the entire 

cylinder. 
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Legend 
 

Figure 19. Temperature distribution at the center section of combustion chamber. 

Cylinder pressure exhibits significant variation depending on the injection timing. When the 

injection timing is delayed from Before Top Dead Center (BTDC) 15 to After Top Dead Center 

(ATDC) 5, the combustion speed at the beginning of injection slows down. As a result, the maximum 

cylinder pressure decreases from 158 MPa to 120 MPa, as shown in Figure 20. 

 

Figure 20. Cylinder pressure variation with fuel injection timing. 

In Figure 21, the distribution of the volume fraction of OH radicals, representing the combustion 

state of the flame front, is illustrated. Observations at different injection timings reveal the following 

trends. At the injection timing of Before Top Dead Center (BTDC) 15, there is a high-concentration 

OH volume fraction distributed around the flame surface. This concentration rapidly decreases as 

the injection timing is delayed. When fuel injection starts after BTDC 5, the high-concentration area 

completely disappears. Advancing the injection timing results in main combustion occurring while 

the piston rises, maintaining high temperature and high pressure. This leads to very rapid 

combustion. Conversely, when the injection timing is delayed, the combustion area widens along the 

expanding combustion chamber as the piston descends. This expansion, coupled with the effect of 

lowering ambient temperature, causes a distribution of low-concentration OH over a wide area. 
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Legend 
 

Figure 21. OH radical distribution at the center section of combustion chamber. 

In Figures 22 and 23, the OH volume fraction across the crank angle and the OH fraction at the 

exhaust point are presented. These figures highlight that the highest value of OH concentration 

exhibits a difference of more than 5 times depending on the injection timing. This significant variation 

underscores the substantial impact of injection timing on the combustion rate during the main 

combustion period. 
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Figure 22. OH radical volume fraction with injection timing variation. 

 

Figure 23. OH radical volume fraction at the exhaust valve open with injection timing variation. 

In Figures 24–26, the distribution of the CO (carbon monoxide) volume fraction, the total CO 

fraction across the crank angle, and the fraction at the time the exhaust valve opens is illustrated. 

When the injection timing is set before Before Top Dead Center (BTDC) 10, there is a concentration 

of high CO near the piston crown during the main combustion period. Conversely, when the injection 

timing is after BTDC 5, a low concentration of CO is widely distributed inside the combustion 

chamber. 
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Figure 24. CO distribution at the center section of combustion chamber. 

 

Figure 25. CO volume fraction with injection timing variation. 
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Figure 26. CO volume fraction at the exhaust valve open with injection timing variation. 

In Figures 27–29, the distribution of nitrogen oxide, the average value in the cylinder, and the 

volume fraction of nitrogen monoxide at the time of exhaust are presented. The production of 

nitrogen oxides is influenced by the temperature of the combustion chamber, which is in turn 

determined by the fuel distribution and the burning rate of the flame front. The injection timing, 

directly related to the piston position, significantly impacts the combustion phenomenon. It 

determines the pressure, temperature, and fuel diffusion behavior of the combustion chamber during 

fuel injection. When the injection timing is advanced, a substantial amount of nitrogen oxide is 

generated, primarily due to the higher temperature experienced during the main combustion period. 
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Figure 27. NO distribution at the center section of combustion chamber. 

 

Figure 28. NO volume fraction with injection pressure variation. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 November 2023                   doi:10.20944/preprints202311.1373.v1

https://doi.org/10.20944/preprints202311.1373.v1


 25 

 

Figure 29. NO volume fraction at the exhaust valve open with injection pressure variation. 

3.3. Injection Spray Angle 

In Figures 30–32, the distribution of injected fuel, the average volume fraction in the cylinder, 

and the amount of remaining fuel at the time of exhaust are depicted. In the case of a small spray 

angle of 10 degrees, the spray’s propagation is narrow and long. As the spray angle increases, the 

width of the spray widens, but the propagation distance decreases. With a small spray angle, the 

injected fuel propagates quickly to the piston crown, but this propagation is delayed with an increase 

in the spray angle. At the time of exhaust, the amount of residual fuel decreases as the injection angle 

increases, but there is an increase again at 50 degrees. 
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Legend 
 

Figure 30. Fuel volume fraction distribution at the center section of combustion chamber. 

 

Figure 31. Residual fuel mass with injection spray angle variation. 

 

Figure 32. Fuel mass fraction burned at the exhaust valve open with injection spray angle variation. 

In Figure 33, the temperature distribution in the combustion chamber is depicted, and Figure 34 

illustrates the cylinder pressure. The hot region, caused by the heat of the flame front, expands more 

widely with an increase in the spray angle. When the spray angle is small, a thick distribution of high 

temperature occurs near the flame surface during the initial combustion period. For spray angles of 

30 degrees or more, the high-temperature area is reduced. However, when the spray angle is further 

increased to 50 degrees, the high-temperature area increases again. This effect is attributed to the fuel 

being concentrated narrowly and longitudinally with a small spray angle, while it is distributed 

widely as the spray angle increases. If the spray angle is excessively increased, the propagation of the 

fuel is reduced, and the injected fuel is not spread widely, leading to concentrated combustion. 

Notably, the change in cylinder pressure does not exhibit a significant difference across these 

variations. 

TDC 
 

ATDC 10 CA 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 November 2023                   doi:10.20944/preprints202311.1373.v1

https://doi.org/10.20944/preprints202311.1373.v1


 27 

 

 

ATDC 30 CA 

 

 

 

 

ATDC 60 CA 

 

 

 

 

 

 

ATDC 90 CA 

 
 

 

 

 

 

 

 

ATDC 120 CA 

 

 

 

 

 

 

 

 

Spray angle 

 
(a)10        (b)20         (c)30         (d)40        (e)50 

Legend 
 

Figure 33. Temperature distribution at the center section of combustion chamber. 
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Figure 34. Cylinder pressure variation with fuel injection pressures. 

In Figure 35, the distribution of OH radicals, which are intermediate products of combustion at 

the flame front, is presented. Figures 36 and 37 illustrate the change in the total OH volume fraction 

across the crank angle and its value at the exhaust timing, respectively. OH radicals, which were long 

and narrowly distributed when the spray angle was small, gradually decrease in propagation 

distance and spread widely as the spray angle increases. The maximum value of OH radicals, 

appearing around After Top Dead Center (ATDC) 10, shows the lowest value at a spray angle of 30 

degrees and the highest value at a spray angle of 10 degrees. This indicates that the distribution and 

concentration of OH radicals are influenced by the spray angle, with different propagation 

characteristics. 
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Legend 
 

Figure 35. OH radical distribution at the center section of combustion chamber. 

 

Figure 36. OH radical volume fraction with injection spray angle variation. 

 

Figure 37. OH radical volume fraction at the exhaust valve open with injection spray angle 

variation. 

In Figures 38–40, the distribution of the CO (carbon monoxide) volume fraction across the crank 

angle, the total CO fraction across the crank angle, and the fraction at the exhaust timing are 

displayed. Similar to the distribution of OH, the distribution of CO also exhibits high concentration 

when the spray angle is small and low concentration between 30 and 40 degrees. The maximum value 

of the CO volume fraction shows the lowest value between 30 and 40 degrees. The amount of CO 

remaining at the exhaust time exhibits the lowest value at the spray angle of 40 degrees. This suggests 

that the spray angle influences the distribution and concentration of CO, with varying levels at 

different spray angles. 
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Figure 38. CO distribution at the center section of combustion chamber. 
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Figure 39. CO volume fraction with injection spray angle variation. 

 

Figure 40. CO volume fraction at the exhaust valve open with injection spray angle variation. 

In Figures 41–43, the distribution of nitrogen oxides across the crank angle, the fraction of the 

total nitrogen oxides across the crank angle, and the residual values at the time of opening the exhaust 

valve are presented. Nitrogen oxides are rapidly generated near Top Dead Center (TDC). The value 

of nitrogen oxides increases significantly when the spray angle is small or very large. The lowest 

value of nitrogen oxides is observed between the spray angle of 30 and 40 degrees. The observed 

trends suggest that if the spray angle is too small or too large, the injected fuel is not spread widely, 

leading to an intensive burning and a rise in temperature, which contributes to the increased 

generation of nitrogen oxides. 
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Figure 41. NO distribution at the center section of combustion chamber. 

 

Figure 42. NO volume fraction with injection spray angle variation. 
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Figure 43. NO volume fraction at the exhaust valve open with injection spray angle variation. 

4. Discussion 

4.1. Fuel Spray Behavior 

In Figure 44, the fuel distribution during a period of significant spray behavior change is 

depicted to analyze the effect of variation in injection conditions. When the injection pressure is less 

than 40 MPa, a high-concentration fuel area exists near the piston upper surface up to After Top Dead 

Center (ATDC) 10. However, when the injection pressure is 80 MPa or more, this high-concentration 

area is significantly reduced. The high-concentration region during the most active combustion phase 

contributes to a decrease in combustion efficiency and an increase in unburned emissions. The effect 

of injection timing on fuel distribution is observed to be much greater than the effect of injection 

pressure. Changes in cylinder pressure and space, influenced by the piston’s movement, significantly 

impact fuel distribution characteristics based on injection timing. When the injection starts before 

Before Top Dead Center (BTDC) 10, the injected fuel is distributed in the high-temperature and high-

pressure space while the piston rises, resulting in quick combustion. Consequently, only a small 

amount of residual fuel is left on the upper left side of the piston at ATDC 30. When the injection 

timing is delayed, the injected fuel is widely distributed in the widened space as the piston descends. 

However, combustion slows down as the temperature and pressure decrease with the descent of the 

piston, leading to a significant amount of unburned fuel remaining in the combustion chamber up to 

ATDC 60. The spray angle influences the spray distance and width of the fuel. A smaller spray angle 

results in increased spray distance and decreased width, while a larger spray angle leads to decreased 

spray distance and increased width. However, the effect of spray angle on fuel behavior is deemed 

insignificant compared to the impact of injection pressure and injection timing. 
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Figure 44. Fuel volume fraction distributions with fuel injection condition variation. 

In Figure 45, the mass fraction of burned fuel to injected fuel is illustrated based on injection 

pressure, injection timing, and spray angle at the time the exhaust valve is opened. Under the 

operating conditions of the target engine (injection pressure of 40 MPa, injection timing of Before Top 

Dead Center (BTDC) 10, and injection angle of 30 degrees), 99% of the total injected fuel was burned. 

Excluding the case where the injection pressure is 20 MPa and the case where the spray angle is below 

20 degrees, all other cases exhibit a combustion rate exceeding 99%. The fuel injection amount applied 

in this study is 70% of the injection amount at maximum power (MCR), ensuring sufficient oxygen is 

available to burn all the fuel. The area where the fuel is distributed and the concentration of the fuel 

are identified as crucial factors determining the combustion rate. When the fuel injection pressure is 

low and the spray angle is small, the injected fuel does not spread widely, creating a high-

concentration area. Consequently, the amount of unburned fuel increases until the exhaust time 

under such conditions. 

 

Figure 45. Fuel mass fraction burned at the exhaust valve open with Injection pressure, injection 

timing and spray angle variation. 

4.2. Flame Propagation Behavior 

In Figure 46, the distribution of OH radicals is depicted, considering variations in fuel injection 

pressure, injection timing, and spray angle. OH radicals are intermediate products of combustion 

generated at the flame surface, reflecting the flame propagation behavior. Fuel injection pressure 

significantly influences the distribution of fuel and its mixing with the surrounding air, consequently 

affecting flame behavior. As injection pressure increases, the flame area expands, leading to higher 

concentrations of OH radicals. This results in an increased combustion rate and heat release rate, 

contributing to elevated temperatures around the flame front. The impact of injection timing varies 

depending on whether fuel is injected during the compression or expansion process. For instance, 

when fuel is injected at Before Top Dead Center (BTDC) 15, completing injection before the piston 
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reaches Top Dead Center (TDC), the main combustion occurs during the compression process, 

resulting in a high concentration of OH radicals forming a thick flame front. Delaying injection timing 

leads to lower OH concentration due to decreased cylinder pressure and temperature as the piston 

descends. However, OH radicals are more widely distributed in the expanded space. The spray 

angle’s influence on OH distribution is not as significant as the effects of injection pressure and 

timing. Increasing the spray angle causes the OH distribution to expand, enlarging the flame front. 

Selecting appropriate conditions, considering factors like thermal efficiency and exhaust emissions, 

is crucial when designing combustion systems, as the fuel injection timing, closely tied to piston 

movement, has a substantial impact on flame propagation. 
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Figure 46. OH radical volume fraction distributions with fuel injection condition variation. 

In Figure 47, the maximum value of the OH volume fraction is presented, illustrating the 

behavior of the flame front during peak combustion activity. Elevating the fuel injection pressure or 

advancing the injection timing results in a significant acceleration of the flame propagation speed. 

This leads to a higher maximum value of the OH volume fraction, indicating a more intense 

combustion process. Conversely, delaying the fuel injection timing significantly reduces the flame 

propagation speed. This is manifested in a lower maximum value of the OH volume fraction, 
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indicating a less vigorous combustion process. Changes in the spray angle have a relatively small 

impact on combustion compared to variations in injection pressure and timing. 

 

Figure 47. Maximum OH radical volume fraction with fuel injection condition variation. 

Figure 48 shows how carbon monoxide distribution changes with variations in fuel injection 

pressure, fuel injection timing, and spray angle. Carbon monoxide levels rise at the onset of 

combustion and diminish as complete burning occurs. Under high-temperature conditions with 

adequate air and time, carbon monoxide is entirely consumed. With low fuel injection pressure, 

carbon monoxide distribution is minimal at ATDC 10 during main combustion. Even at ATDC 60, as 

combustion concludes, a substantial amount of CO persists. Conversely, higher injection pressure 

leads to a concentrated carbon monoxide presence around ATDC 10 during active combustion, with 

a rapid decline thereafter. 
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Figure 48. CO volume fraction distributions with fuel injection condition variation. 

In the case of early injection timing before BTDC 10, the injection is completed while the piston 

is rising. This results in combustion near the upper surface of the piston, leading to the distribution 

of carbon monoxide in that area. Conversely, when injection starts after BTDC 5, fuel is injected until 

after top dead center, causing carbon monoxide to be widely distributed in the expanding space as 

the piston descends. The variation in fuel injection timing impacts combustion chamber temperature 

and space during compression and expansion, influencing the behavior of carbon monoxide 

generation and extinction. For instance, at BTDC 15, main combustion occurs during compression, 

leading to complete combustion and the disappearance of carbon monoxide, even though the fuel 

burns near the upper part of the piston and cylinder wall in a low-temperature state. After 5 degrees 

BTDC, where injection occurs during piston expansion, the injected fuel is distributed in the central 

space of the combustion chamber, separate from the low-temperature wall surface. This results in 

complete combustion and the disappearance of carbon monoxide. However, when injection starts at 

BTDC 10 and ends at TDC, the injected fuel is distributed over the low-temperature piston upper 

surface. As the piston moves down, a significant amount of carbon monoxide is present on the upper 

surface of the piston. 

The spray angle influences the spread and distribution of fuel. With an increasing spray angle, 

the injected fuel is dispersed more widely, expanding the combustion area. Consequently, a larger 

spray angle tends to reduce emissions of the incomplete combustion product, carbon monoxide. 

However, if the spray angle becomes excessively large, the propagation distance of the fuel decreases, 

leading to an increase in carbon monoxide emissions once again. 

Figure 49 shows the carbon monoxide distribution upon opening the exhaust valve, showcasing 

changes in fuel injection pressure, injection timing, and spray angle. The emission of incompletely 

burned carbon monoxide during the exhaust phase is significantly influenced by fuel injection 

conditions. Increasing fuel injection pressure results in a substantial reduction in carbon monoxide 

emissions. However, the impact of injection timing and spray angle varies based on the conditions in 

the combustion chamber during the main combustion period. The emission of carbon monoxide 

reaches a minimal level when the injection pressure exceeds 80 MPa, and the spray angle is set at 40 

degrees. 
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Figure 49. CO volume fraction at the exhaust valve open with Injection pressure, injection timing and 

spray angle variation. 

Figure 50 shows the temperature distribution with variations in fuel injection pressure, timing, 

and spray angle, while Figure 51 shows the distribution of nitrogen oxide (NOx). The production of 

nitrogen oxides is directly influenced by flame temperature. NOx generated at high temperatures 

freezes rapidly after combustion, being discharged with the exhaust gas. The fuel injection pressure 

significantly influences fuel distribution and flame development. With increasing injection pressure, 

the combustion chamber’s temperature rises markedly. Consequently, elevated injection pressure 

leads to higher temperatures and increased nitrogen oxide production, resulting in a substantial rise 

in NOx concentration. The timing of fuel injection, closely tied to piston movement, has a profound 

impact on combustion chamber pressure and temperature, significantly affecting NOx generation. 

Injection during the compression process, occurring in a high-temperature environment, yields high 

flame temperatures and a higher concentration of nitrogen oxides. Conversely, injection during the 

expansion stroke, in a lower-temperature atmosphere, reduces flame temperature and greatly 

decreases nitrogen oxides. The spray angle also plays a role; when too small or too large, it increases 

nitrogen oxides due to heightened local flame temperatures. 
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Figure 50. Temperature distributions with fuel injection condition variation. 
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Figure 51. NO volume fraction distributions with fuel injection condition variation. 

Figure 52 shows the volume fraction of nitrogen oxide when the exhaust valve opens, 

considering changes in fuel injection pressure, injection timing, and spray angle. The generation of 

nitrogen oxide is significantly influenced by injection timing and pressure, with relatively less impact 

from changes in the spray angle. Emissions of nitrogen oxides increase by over 70% when the 

injection pressure exceeds 120 MPa. An advanced injection timing, particularly at BTDC 15, results 

in a substantial 115% increase in nitrogen oxide emissions. Regarding the spray angle, the values 

remain low within the range of 30 to 40 degrees. 

 

Figure 52. NO volume fraction at the exhaust valve open with Injection pressure, injection timing and 

spray angle variation. 

5. Conclusions 

This study analyzed the impact of fuel injection conditions on combustion behavior in marine 

diesel engines to enhance performance. The key findings are summarized as follows: 

(1) Effect of fuel injection conditions on fuel behavior: At fuel injection pressures below 40 MPa, 

a concentrated fuel area forms near the upper piston surface, resulting in increased unburned fuel. 

However, beyond an injection pressure of 80 MPa, this high-concentration fuel area is notably 

diminished. 
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The timing of fuel injection is intricately linked to the piston’s movement. When injection 

commences before BTDC 10, it concludes while the piston is ascending. As a result, the injected fuel 

is dispersed in a high-temperature and high-pressure environment, undergoing rapid combustion. 

Conversely, with delayed injection timing, the injected fuel is widely distributed in the expanded 

space as the piston descends. 

The variation in the spray angle impacts the distance and spread of the fuel spray. With a small 

spray angle, the injected fuel travels a greater distance and is distributed on the upper surface of the 

piston. As the spray angle increases, the spray’s propagation distance decreases, forming a high-

concentration area in the center of the combustion chamber. 

A substantial amount of unburned fuel is produced when the injection pressure is below 40 MPa 

and the spray angle is below 20 degrees. However, this is significantly reduced when the injection 

pressure exceeds 80 MPa, and the spray angle is set to 40 degrees. 

(2) Effect of fuel injection conditions on flame propagation: With an increase in fuel injection 

pressure, the flame area expands, and combustion speed accelerates. This results in a higher rate of 

heat release and an elevation in temperature around the flame face. Specifically, at injection pressures 

exceeding 80 MPa, the maximum value of the OH radical significantly increases, forming a local high-

temperature region near the flame front. 

The timing of fuel injection is directly linked to the piston’s movement. When injection is 

completed before the piston reaches top dead center (TDC), primary combustion occurs under high-

pressure and high-temperature conditions in the combustion chamber due to piston compression. 

Consequently, there is a very high concentration of OH radicals, resulting in the formation of a thick 

flame front. In contrast, with delayed fuel injection timing, the pressure and temperature decrease 

due to piston expansion. This leads to the widespread distribution of low-concentration OH along 

the piston’s movement. As the spray angle increases, the distribution of OH expands, and the flame 

front widens considerably. 

The flame propagation speed, as determined by the distribution of OH radicals, exhibits a very 

high value when the injection pressure exceeds 80 MPa and when the injection timing is set before 

BTDC 10. 

(3) Effects of fuel injection conditions on carbon monoxide production: At low fuel injection 

pressure, there is a low concentration of carbon monoxide distributed during the main combustion 

period, and a substantial amount of CO persists even during the combustion-ending phase. In 

contrast, as the injection pressure increases, a high concentration of carbon monoxide is distributed 

during the main combustion period, followed by a rapid decrease in concentration. 

When injection timing is advanced, and fuel is injected during the compression stroke, a 

significant amount of carbon monoxide is distributed on the upper surface of the piston. If the 

injection timing is set at BTDC 10, carbon monoxide remains on the upper surface of the piston until 

late in a low-temperature state. Conversely, when the injection timing is delayed, and injection begins 

after BTDC 5, fuel is injected until after top dead center (TDC). The injected fuel follows the 

expanding space as the piston descends, resulting in wide distribution of carbon monoxide. Despite 

the low temperature, the reaction continues with sufficient oxygen supply. 

Increasing the spray angle widens the distribution of injected fuel, expanding the combustion 

area and reducing carbon monoxide. However, when the spray angle becomes excessively large, the 

propagation distance of the fuel is reduced, resulting in an increase in carbon monoxide. Carbon 

monoxide emissions show a very low value when the injection pressure exceeds 80 MPa and the 

spray angle is set at 40 degrees. 

(4) Effect of fuel injection conditions on nitrogen oxide generation: With an increase in injection 

pressure, the temperature of the combustion chamber rises, leading to a significant increase in 

nitrogen oxide. 

The timing of fuel injection, closely tied to the piston’s movement, significantly influences the 

generation of nitrogen oxides as it impacts the pressure and temperature of the combustion chamber. 

Injection during the compression stroke leads to combustion in a high-temperature environment, 

resulting in the generation of high-concentration nitrogen oxides due to elevated flame temperatures. 
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Conversely, when injection occurs during the expansion stroke, combustion takes place in a low-

temperature atmosphere, substantially reducing the generation of nitrogen oxides due to the lower 

flame temperature. 

When the spray angle is too small or too large, a significant amount of nitrogen oxides is 

generated because the distribution of fuel becomes concentrated, leading to a rise in local flame 

temperature. 

NOx emissions increased by over 70% with an injection pressure exceeding 120 MPa and rose to 

115% with an advanced injection timing of BTDC 15. Nitrogen oxide emissions also increase when 

the spray angle is either too small or too large, but they decrease within the range of 30 to 40 degrees. 

To enhance combustion efficiency and minimize incomplete combustion products, acceleration 

of combustion in a high-temperature environment is necessary. However, the challenge lies in the 

substantial generation of nitrogen oxides due to the elevated temperatures around the flame. 

Therefore, it is crucial to choose optimal conditions that take into account all combustion products. 

For the target engine in this study, the considered optimal injection conditions are an injection 

pressure of 80 MPa, an injection timing of BTDC 5, and a spray angle of 40 degrees. 
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