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            Abstract
          
        

        
          With the strengthening of fuel-efficiency regulations for marine engines, many studies are underway to enhance their efficiency. To achieve greater fuel efficiency, ship operating speeds are reduced. However, a reduction in the ship speed significantly lowers the temperature of the cylinder liner wall, leading to increased heat loss owing to the enhanced heat transfer to the cooling water. This study presents a detailed analysis of the effect of the surface temperature of the cylinder liner in long-stroke marine engines on fuel spray and combustion. A detailed analysis is conducted on the effect of the surface temperature of the cylinder liner in a slow-speed marine engine on fuel spray and combustion. This study analyzes parameters such as the penetration and distribution of the fuel spray, variations in the combustion speed, distribution of OH radicals representing the combustion boundary layer, and the generation processes of combustion products such as NO and CO. The analysis indicates that, for a comprehensive consideration of combustion efficiency and exhaust emissions, maintaining the cylinder liner wall temperature within the range of 150 to 180 °C is desirable.
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      1. Introduction
      Regulations on the emissions, including carbon dioxide and nitrogen oxides, from maritime vessels are undergoing increased scrutiny. Carbon dioxide, a major greenhouse gas, was mandated through the Energy Efficiency Existing Ship Index at the 62nd session of the International Maritime Organization's Marine Environment Protection Committee. This initiative has officially commenced with a targeted reduction of over 50% compared to the 2008 levels by 2050 [1]-[3]. Similarly, regulations on nitrogen oxides were substantially reinforced in the progressive stages [4]-[5].

      In response to these heightened regulations, numerous new technologies have been developed and implemented. However, there is a shortage of technological advancements on existing ships. Research on the temperature of cylinder liners has been conducted as part of the efforts to enhance the performance of traditional ship engines. This study investigated the heat transfer characteristics, lubrication properties, and engine performance.

      Numerous studies have been conducted on the influence of cylinder wall temperature variations on the heat transfer characteristics between the wall and combustion gases. Research predicting the cylinder wall temperature based on the cylinder pressure changes per cycle has been conducted through heat transfer analysis. The predicted data from this analysis were used for engine control. The accuracy of the thermodynamic cycle analysis was enhanced by applying a wall temperature heat transfer model and interpreting the gas temperature changes at the boundary surface [6]-[7]. Research has been conducted on the instantaneous heat transfer to the cylinder wall. Studies have been conducted by measuring the phenomenon of instantaneous heat transfer in a four-stroke experimental engine and calculating the effects of the temperature profiles [8]-[10]. A study was conducted on the vibration of the wall temperature in diesel engines to determine the impact of periodic temperature changes on wall materials [11]. This study demonstrated that in an indirect-injection diesel engine, the heat transfer characteristics between the cylinder wall and gas are significantly dependent on the engine speed and load with respect to the crank angle [12]-[13].

      Research has been conducted on the impact of the wall temperature on the lubrication performance and cylinder wear. The cylinder wall temperature is a crucial factor for the efficiency and engine lifetime. Excessively high temperatures can damage the lubricating film, reducing the engine lifespan and efficiency, while excessively low temperatures can also adversely affect the engine performance. Therefore, to enhance the engine lifespan and performance, it is essential to appropriately control the temperature of the cylinder wall [14]-[15]. Research has been conducted on the effect of the wall temperature on engine oil consumption. Oil consumption is primarily caused by oil evaporation from the cylinder wall, which is closely related to the wall temperature [16]. The cylinder wall temperatures were measured using a single-cylinder engine. This study specifically focused on cold-running conditions, highlighting that rapid wear occurs when the temperature drops below a certain threshold [17]-[19]. The influence of the cylinder wall temperature on the engine performance was investigated. In homogeneous charge compression ignition (HCCI) engines, the cylinder wall temperature was studied as a critical factor in determining the combustion timing. The variations in the wall temperature significantly affected the combustion duration, heat transfer, and combustion efficiency. Research has been conducted to control the amount of residual gas to maintain an appropriate wall temperature [20]-[21]. The impact of the cylinder wall temperature on the combustion in diesel engines has also been evaluated. The highest heat transfer occurred during the main combustion period when high-temperature flames were present, which significantly affected the engine efficiency and energy discharge [22]. Studies have been conducted on the effect of the wall temperature on the performance of Atkinson engines. The impact on the output was measured by varying the compression ratio. Increasing the cylinder temperature at all compression ratios resulted in an increased output [23]. The influence of the wall temperature on the engine performance during the transition region in diesel engines was investigated. It was confirmed that the increase in the engine speed with increasing load is a function of the wall temperature [24].

      With the increasing stringency of fuel efficiency regulations for ships, there has been a growing interest in maritime operational technologies. Ships reduce their speeds to enhance fuel efficiency. However, a decrease in the ship speed significantly lowers the temperature of the cylinder liner, leading to increased heat loss owing to enhanced heat transfer to the cooling water. To address this issue, research has been conducted on the impact of the temperature control of the cylinder liner on energy efficiency improvement [25]. However, studies analyzing the influence of the cylinder wall temperature on the combustion process and combustion products in marine engines are currently limited.

      This study presents a detailed analysis of the effect of the surface temperature of a cylindrical liner in long-stroke marine engines on fuel injection and combustion. The analysis covers parameters such as the fuel spray distance and distribution, variations in the combustion speed and pressure, distribution of OH radicals representing the combustion boundary layer, and generation and elimination processes of combustion products such as NO and CO.

    

    

  
    
      2.Mathematical Model and Calculation Conditions
      The objective of this study was to analyze the combustion behavior inside a cylinder to improve the performance of ship engines. To achieve this, the KIVA code, which is a widely used commercial code for internal combustion engine simulations, was employed. The code was validated by comparing its models for engine combustion, spray, and turbulence with experimental results [26],[27]. Additionally, the influence of the grid was evaluated [28]. The code was applied to engine combustion by comparing the computed results with experimental data for swirl and turbulent flow, spray and combustion, cylinder pressure variations, heat release rate, soot, and nitrogen oxide generation. The results were validated and demonstrated good agreement with the experimental data [29]-[30]. This validated code has been utilized for the development and improvement of numerous diesel engines [31]-[32].

      
        2.1 Mathematical Model
        The transport equations used in this analysis are as follows [33].

        The continuity equation for the chemical species m is given by Equation (1).
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        where ρm is the mass density of the species m, ρ is the overall mass density, u is the flow velocity, and D is the diffusivity.

        The continuity equation for the entire fluid encompassing all the chemical species is given by Equation (2).
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        The momentum equation is given by Equation (3).
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        where, the viscous stress tensor is given by Equation (4).

        
          
            
              	
                
                  
                    σ
                    =
                    μ
                    
                      
                        ∇
                        u
                        +
                        
                          
                            
                              
                                ∇
                                u
                              
                            
                          
                          
                            ∧
                          
                        
                        T
                      
                    
                    +
                    λ
                    ∇
                    ⋅
                    u
                     
                    I
                  
                
              
              	
                (4) 
				
              
            

          

        

        where μ and λ are the 1st and 2nd viscosity coefficients, respectively.

        The internal energy equation is given by Equation (5).
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        Here, the heat flux J is given as follows.
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        The turbulent kinetic energy and its dissipation rate are expressed by Equations (7) and (8), respectively.
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        2.2 Calculation Conditions
        Figure 1 shows the grid configuration at a crank angle of 30°. This grid was generated by inputting the combustion chamber geometry data of the target engine into K3VPREP, with a total of 28, 300 grids.

        
          
          

          Figure 1: 
				
          

          
            Calculation grids at ATDC 30
          
          

          

        

        Table 1 lists the engine specifications and computational conditions. The target engine is a long-stroke diesel engine with a stroke-to-bore ratio of 3.2. The engine load was set at 70% of the Maximum Continuous Rating (MCR), corresponding to 500 kW/cylinder, considering typical operating loads for marine engines. The analysis focused on the influence of the cylinder wall temperature on the combustion behavior to improve the engine performance through cooling water control. The wall temperatures used in the calculations vary from 90 to 210 °C at intervals of 30 °C. For more detailed information, please refer to Table 1.

        
          Table 1: 
				
          

          
            Engine specifications and calculation conditions
          
          

        

        
          
            
              	Cases
              	Parameter
              	Value
              	Unit
            

          
          
            	Target engine & conditions
            	Type of target engine
            	2-stroke cycle
            	-
          

          
            	Operating output
            	500
            	kW/cyl
          

          
            	Engine speed
            	180
            	rpm
          

          
            	Bore ⅹ Stroke
            	42ⅹ136
            	cm
          

          
            	Crank angle at compression start
            	ATDC 120
            	CA
          

          
            	Crank angle at exhaust valve open
            	BTDC 120
            	CA
          

          
            	Number of nozzle hole
            	1
            	EA
          

          
            	Mass flow of fuel injection per stroke
            	8
            	g/stroke
          

          
            	Fuel injection pressure
            	40
            	MPa
          

          
            	Fuel spray angle
            	30
            	deg
          

          
            	Injection duration
            	10
            	CA
          

          
            	Wall temperature
            	150
            	℃
          

          
            	Initial air temperature
            	60
            	℃
          

          
            	Initial air pressure
            	0.15
            	MPa
          

          
            	Length of connecting rod
            	182
            	cm
          

          
            	Compression ratio
            	28.6
            	-
          

          
            	Cylinder liner wall temperature
            	Temperature
            	90
            	℃
          

          
            	120
            	℃
          

          
            	150
            	℃
          

          
            	180
            	℃
          

          
            	210
            	℃
          

        

        

      

    

    

  
    
      3. Results and Discussion
      
        3.1 Fuel Spray Behavior
        Figure 2 shows the fuel distribution at various crank angles as the cylinder liner wall temperature varies from 90 to 210 °C. The injected fuel propagates towards the center of the combustion chamber until the end of the injection, simultaneously undergoing evaporation and combustion at the spray boundary. When the wall temperature is 90 °C, the fuel propagates the farthest, and at 150 and 180 °C, the propagation distance decreases, resulting in a wider dispersion vertically. However, when the wall temperature increases to 210 ℃, the propagation distance increases again. This phenomenon is more pronounced when the crank angle is 10°. In all cases, except for the wall temperature of 180 ℃, the fuel reaches the piston crown, exhibiting behavior where it adheres to the upper piston wall. The fuel distributed on the piston wall at lower temperatures resulted in a slower combustion rate as the piston descended. The amount of residual fuel until the exhaust valve opens at an ATDC of 120° depends on the fuel formed near the piston wall. A wall temperature of 180 °C, which forms a fuel distribution in the cylindrical space above the piston crown, results in less residual fuel.

        
          
          

          Figure 2: 
				
          

          
            Fuel (C16H34) distribution on the center section
          
          

          

        

        Figure 3 depicts the variation in the residual fuel mass with the crank angle as the cylinder wall temperature ranges from 90 to 210 ℃. For wall temperatures below 120 ℃, where rapid combustion occurs during the fuel injection period, the reduction rate of the residual fuel slows down as the piston expands, and the combustion rate sharply decreases. However, for a wall temperature of 180 °C, there was a significant reduction in the residual fuel. However, when the wall temperature increases to 210 ℃, the reduction rate of residual fuel slows down again. As observed in the mentioned phenomena, the amount of burned fuel at an ATDC of 120°, the moment when the exhaust valve opens, is highest at a wall temperature of 180 °C. If the wall temperature was either higher or lower than 180 °C, the amount of burned fuel decreased (Figure 4).

        
          
          

          Figure 3: 
				
          

          
            Residual fuel mass with wall temperature variation
          
          

          

        

        
          
          

          Figure 4: 
				
          

          
            Fuel mass fraction burned at the exhaust valve open with wall temperature variation
          
          

          

        

      

      
        3.2 Flame Propagation and Behavior
        Figure 5 illustrates the distribution of the OH radicals forming the flame front. During fuel injection, the slow evaporation of the injected fuel spray extends the flame to a greater distance at lower wall temperatures of 90 °C. As the wall temperature increases to 180 °C, the flame propagation slows down. However, after the main combustion starting at ATDC 10, the most vigorous combustion patterns are observed at 150 °C and 180 °C, showing extensive combustion across a wide area. When the wall temperature was lower than 120 °C or higher than 210 °C, the combustion area moved closer to the piston wall, resulting in a reduced combustion area. The residual amount of OH radicals after combustion, occurring after the exhaust valve opening at ATDC 120°, was also the lowest at a wall temperature of 150 °C, followed by a lower value at 180 °C. (Figure 6).

        
          
          

          Figure 5: 
				
          

          
            OH radical distributions on the center section
          
          

          

        

        
          
          

          Figure 6: 
				
          

          
            OH radical volume fraction at exhaust valve open with wall temperature variation
          
          

          

        

      

      
        3.3 Carbon Monoxide Generation Behavior
        Figure 7 shows the behavior of the intermediate combustion product, carbon monoxide (CO), in terms of its generation and extinction. A significant amount of CO is generated up to ATDC 10° when combustion is most active, and it is extinguished as it undergoes complete combustion to carbon dioxide after ATDC 30°. In regions with wall temperatures of 150 ℃ and 180 ℃, the high-concentration zone of CO is significantly reduced. However, in the low-temperature region below 120 ℃ and the high-temperature region of 210 ℃, a high-concentration zone is observed, especially near the piston crown. This pattern persists until ATDC 120°.

        
          
          

          Figure 7: 
				
          

          
            CO distribution at the center section of combustion chamber
          
          

          

        

        As shown in Figure 8, at the exhaust valve opening (ATDC 120), the lowest carbon monoxide levels are observed at a wall temperature of 180 ℃.

        
          
          

          Figure 8: 
				
          

          
            CO volume fraction at the exhaust valve open with wall temperature variation
          
          

          

        

      

      
        3.4 Nitrogen Oxides Generation Behavior
        Figure 9 shows the distribution of nitrogen oxides up to 30° ATDC, where nitrogen monoxide was the most actively generated. Nitrogen monoxide is produced in the high-temperature region downstream of the flame front, and the generated NO rapidly freezes and persists. When the wall temperature is between 150 ℃ and 180 ℃, fuel is widely distributed in the cylinder space, leading to a localized decrease in the flame temperature. Consequently, the rate of nitrogen monoxide generation decreased. At ATDC 120° when the exhaust valve opens, the case with a wall temperature of 180 ℃ shows the lowest concentration of nitrogen monoxide (Figure 10).

        
          
          

          Figure 9: 
				
          

          
            NO distribution at the center section of combustion chamber
          
          

          

        

        
          
          

          Figure 10: 
				
          

          
            NO volume fraction at the exhaust valve open with wall temperature variation
          
          

          

        

      

    

    

  
    
      4. Conclusion
      This paper summarized an analysis conducted to enhance the efficiency and reduce exhaust emissions of an operational marine diesel engine by investigating the impact of the cylinder wall temperature on the combustion behavior.

      
        	1) The fuel distribution was significant on the lower surface of the combustion chamber under conditions where the wall temperature was below 150 ℃ or above 180 ℃. Consequently, the amount of unburned fuel that was expelled increased, reaching up to 1.5% at wall temperatures below 120 ℃, while remaining below 0.5% at a wall temperature of 180 ℃.


        	2) The OH radical, indicating the flame's intensity, exhibited the most vigorous combustion behavior between 150 ℃ and 180 ℃, with combustion progressing over a wide area. When the wall temperature was below 120 ℃ or above 210 ℃, the combustion area shifted near the piston wall, resulting in a reduction in the combustion area. At the moment of the exhaust valve opening, the residual OH radicals, indicative of incomplete combustion, are also at the lowest when the wall temperature is 150 ℃.


        	3) When the wall temperature was between 150 ℃ and 180 ℃, the fuel was widely distributed in the cylinder space, resulting in a localized reduction in the flame temperature and hence a decrease in the rate of nitrogen monoxide formation. At the exhaust time, the case with a wall temperature of 180 ℃ exhibited the lowest concentration of nitrogen oxides.


        	4) Considering the overall combustion efficiency and exhaust emissions, it is desirable to maintain the combustion chamber wall temperature between 150 ℃ and 180 ℃.
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