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            Abstract
          
        

        
          Natural gas (NG) is a potential alternative fuel for a carbon-free transition. Currently, NG combustion in marine two-stroke engines is achieved using two dual fuel concepts namely, the high-pressure injection (HPDF) and low-pressure injection (LPDF). The LPDF engine concept can meet the Tier III emission regulations without any after-treatment devices. However, under low load conditions, it exhibits poor combustion characteristics and higher CO and HC emissions. The quality of the in-cylinder NG/air mixture is crucial for the premixed combustion nature of the LPDF concept. This study numerically evaluates the influence of adjustable-sized scavenge ports on the NG stratification in a large-bore marine two-stroke NG/diesel, dual-fuel engine. Originally, the engine port height was 211mm; the size was reduced to various port heights to analyze its influence on the NG/air stratification. The results showed a significant improvement in the in-cylinder dynamic, mixing, and turbulence properties. The swirl ratio, turbulence kinetic energy, and vorticity magnitudes were increased to a maximum of 16.56, 37.027, and 17.04%, respectively. However, owing to the reduced scavenge port size, the trapped air mass in the cylinder was reduced slightly by 2.05%. This study provides a reasonable approach to improve the cylinder mixture formation to improve combustion efficiency in marine low-pressure gas dual-fuel engines.
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      1. Introduction
      Usage of fossil fuels leads to various issues, such as the greenhouse effect, respiratory diseases, and rise in sea levels [1][2]. The shipping activities and marine global trade, which mainly depend on fossil fueled propulsion systems, are also increasing [3]. Therefore, the International Maritime Organization (IMO) has tightened the emissions regulations by introducing the Tier III for NOx emissions, Sulfur cap for SOx, and implementation of the greenhouse gas (GHG) strategy, which aims to attain netzero GHG emissions from international shipping by 2050, and the uptake of zero and near zero GHG fuels by 2030 [4]. In the same GHG strategy, the IMO targets to reduce the carbon emission intensity by 40% by 2030.

      Natural gas (NG) is one of the best candidate fuels to lower emissions in internal combustion engines (ICE). It is a cleaner energy source with relatively low price. Furthermore, the NG reserves are vast, which solves the availability uncertainties. However, it is a low-reactive fuel, hence its combustion in IC engines can be achieved using spark ignition or dual-fuel approach, especially in the marine engines [5]. With large-bore marine two-stroke engines, there are two main NG supply modes, the high-pressure injection (HPDF) and low-pressure injection (LPDF). This study is limited to the LPDF concept. Combustion in an LPDF engine is largely pre-mixed and hence has a low combustion temperature, which leads to a substantial reduction in the NOx emissions [6]-[8]. Under low load conditions, the quality of the gas–air mixture becomes poor owing to the reduced airflow and in-cylinder swirl, which leads to poor combustion characteristics, flame extinction in lean regions, and accelerated CO and HC emissions [9]-[11].

      Notably, with fixed engine dimensions and parameters, it is challenging to achieve high engine performance over a wide load range. Recently, variable engine parameters approach has been studied extensively to enhance engine performance across various engine loads.

      Variable exhaust valve timing has been found to have a significant effect on the fuel efficiency and pumping losses [12][13]. Variable fuel injection has become a common approach to improve engine performance and reduce exhaust gas emissions at various engine loads [14][15]. Furthermore, variable compression ratio has been suggested as a potential approach to improve the fuel economy of engines, especially at part load conditions [16][17]. Variable nozzle turbochargers and turbocharger cut-out approaches have been used in recent years to improve the scavenge air, especially under low load conditions [18]. The scavenging process plays a key role in the in-cylinder mixture formation of an ICE. Reducing the scavenge port size increases the fluid flow velocity across that port region, resulting in higher kinetic energy and improved mixture formation in the engine cylinder. Studies on adjustable scavenge ports approach are rare. Thus, this study aims to investigate the effects of adjustable-size scavenge ports on the in-cylinder NG-air stratification in a marine LPDF engine under low load conditions. 3D cold flow simulations were conducted from the exhaust valve opening (EVO) position to near the top dead center (just before pilot fuel injection) to analyze the in-cylinder fluid flow characteristics in terms of swirl ratio, turbulence kinetic energy, methane distribution, velocity, and vorticity magnitude.

    

    

  
    
      2. Model Description
      Cold flow simulations in this study were performed using the CONVERGE CFD software, and the WINGD 6X72DF engine was used to explore the effects of adjustable-size scavenge ports. The 3D computational geometry and changes made on the scavenge ports are shown in Figure 1; the principal dimensions of the engine are presented in Table 1.

      
        
        

        Figure 1: 
				
        

        
          3D computational geometry and investigated scavenge ports
        
        

        

      

      
        Table 1: 
				
        

        
          Investigated engine parameters at 25% load
        
        

      

      
        
          
            	Parameter
            	Value
          

        
        
          	Engine type
          	Two stroke 6X72DF
        

        
          	Bore (mm)
          	720
        

        
          	Stroke (mm)
          	3086
        

        
          	Connecting rod (mm)
          	3882
        

        
          	Compression ratio
          	11.17
        

        
          	Engine speed (rpm)
          	48.2
        

      

      

      The 3D computational domain is composed of five regions, namely the exhaust, cylinder, scavenge, pre-chamber, and gas admission regions. The exhaust region consists of the exhaust valve, exhaust manifold, and exhaust outlet. The cylinder region consists of the cylinder head, liner, piston, and the exhaust valve bottom part. The scavenge region consists of the scavenge box, scavenge ports, and scavenge air inlet. The pre-chamber region entails the PCC, while the gas admission region consists of the gas admission valve.

      The lowest engine load selected was 25% based on Annex VI test cycle Type 3 for propeller-law-operated main engine applications. Therefore, to simulate low engine load engine conditions, all the simulation setups and boundary conditions were obtained from the experimental data at 25% engine load. The boundary conditions used in this study are shown in Table 2.

      
        Table 2: 
				
        

        
          Simulation boundary conditions
        
        

      

      
        
          
            	Initial parameters at 110CA
            	Value
          

        
        
          	In-cylinder pressure (Pa)
          	425000
        

        
          	In-cylinder temp (K)
          	900
        

        
          	Intake pressure (Pa)
          	162000
        

        
          	Intake temp (K)
          	309
        

        
          	Exhaust pressure (Pa)
          	153996
        

        
          	Exhaust temp (K)
          	548
        

      

      

      The meshing of the computational domain is critical to achieve accurate results. Engine dimensions used in this study are significantly large, therefore strategic meshing at critical fluid flow regions and relatively larger mesh in the rest of the domain was employed. A base mesh, which is a mesh of the entire 3D domain, was set to 40 mm. However, special mesh refinement known as the fixed embedding of the size range of 5–10 mm was applied at the scavenging region, gas admission region, top cylinder region, and pre-combustion chambers (PCC) to ensure high accuracy.

      Additionally, an adaptive mesh refinement approach of size 5 mm was applied to the cylinder and intake region for temperature and velocity, i.e., if the temperature and velocity in the selected region exceeds the set limit, the mesh will automatically be reduced to 5 mm to capture the fluid flow accurately, as shown in Figure 2. The maximum number of mesh attained was 1.5 million cells during the scavenging period and 1.2 million cells during the methane injection.

      
        
        

        Figure 2: 
				
        

        
          3D meshing configuration
        
        

        

      

      The simulation model set-up for fluid flow processes inside the combustion chamber involved the Re-Normalized (RNG) k-epsilon based on Reynolds Averaged Navier Stokes (RANS). On the contrary, the wall heat transfer was modeled using the O’Rourke and Amsden models [19]. A preliminary simulation study to validate the 3D computational model was performed from the EVO to 10 crank angle degrees before the top dead center (BTDC). Figure 3 represents the in-cylinder pressure history graph during the scavenging and compression stages.

      
        
        

        Figure 3: 
				
        

        
          Comparison between experimental and simulation incylinder pressure history results
        
        

        

      

    

    

  
    
      3. Results
      
        3.1 Effect of Various Port Sizes on In-Cylinder Velocity and Vorticity Magnitude
        Figures 4 and 5 show the results of the velocity and vorticity magnitude with different port heights. Reducing the port size at low load leads to increased velocity and vorticity magnitude. Compared to the original case, the velocity magnitude increased especially near the upper cylinder walls, indicating improved fluid flow processes. The vorticity magnitude graphs shown in Figure 5 also indicate a significant improvement, especially at the BDC for various scavenge port heights. Adjusting the port heights to 196, 181, and 166 mm increased the resultant vorticity magnitude by 1.36, 7.54, and 17.040%, respectively. Vorticity is the measure of the fluid circulation inside the engine cylinder. High fluid circulation facilitates the fuel air mixing processes hence, application of adjustable size ports can help to improve fluid flow velocity and vorticity.

        
          
          

          Figure 4: 
				
          

          
            In-cylinder velocity magnitude in z-axis
          
          

          

        

        
          
          

          Figure 5: 
				
          

          
            In-cylinder vorticity magnitude at different port heights
          
          

          

        

      

      
        3.2 Turbulence Kinetic Energy and Swirl Ratio
        Figure 6 represents the in-cylinder swirl ratio for various scavenge port sizes. The swirl ratio is an important fluid mixing parameter. A higher swirl ratio is desired in the IC engines to ensure maximum fuel–air mixing and to assist in flame propagation. Previous research works have confirmed that increasing the swirl ratio resulted an improved thermal and combustion efficiency and lower exhaust gas emissions [21]-[23].

        
          
          

          Figure 6: 
				
          

          
            In-cylinder swirl ratio
          
          

          

        

        By reducing the size of the scavenge port, the capability to significantly improve the in-cylinder swirl is demonstrated. In the investigated case, the swirl ratio was improved by 4.47, 9.57, and 16.56% at port heights of 196, 181, and 166 mm, respectively.

        Similarly, the turbulence kinetic energy (TKE) was improved by applying various scavenge port heights, as shown in Figure 7. The TKE can be used to indicate the measure of the vigor of the fluid particles moving in any fluid domain. Reducing the scavenge port height reduces the overall port area. Therefore, with reference to mass conservation, the velocity through the reduced port size is increased to maintain the continuity equation.

        
          
          

          Figure 7: 
				
          

          
            Turbulence kinetic energy
          
          

          

        

      

      
        3.3 Effect of Adjustable-Size Scavenge Ports on Methane Distribution
        Figure 8 illustrates the methane mass fractions at different crank angles using varying port sizes. At 76 crank angle BTDC, a large region of low methane concentration is observed in the upper region near the exhaust valve. The in-cylinder methane–air mixture becomes more uniform as the scavenge port size is reduced, which reduces the region of low methane concentration. As previously mentioned, the LPDF engine exhibits largely premixed combustion, which is dependent on the nature of the gas/air mixture. Extremely low concentration regions lead to flame extinction, affecting the engine performance; this explains the large cycle-to-cycle variation experienced in the LPDF marine two-stroke engines.

        
          
          

          Figure 8: 
				
          

          
            In-cylinder Methane distribution contours
          
          

          

        

        A good NG-air stratification is important to reduce extremely lean regions that interfere with the combustion process, leading to increased levels of unburned methane (methane slip), carbon monoxide, and reduced engine thermal efficiency.

        The application of adjustable size ports in the marine LPDF engine shows improvements in cylinder fluid dynamic and mixing characteristics necessary to improve the combustion efficiency.

      

    

    

  
    
      4. Conclusion
      In this study, a numerical study was conducted on a marine LPDF NG-diesel marine two-stroke engine with the aim of enhancing the gas–air mixture characteristics using the adjustable-size scavenge ports strategy. A 25% engine load was employed to depict low-load engine operational conditions. Application of this scavenging strategy revealed a significant improvement in the quality of the in-cylinder gas–air mixture. The fluid dynamic, turbulence, and mixing parameters were improved when the scavenge port size was adjusted. The swirl ratio was improved by 4.47, 9.57, and 16.56%; TKE was improved by 2.15, 16.13, and 37.027% while the vorticity magnitude was increased by 1.36, 7.54, and 17.040% when the port sizes were reduced to 196, 181 and 166 mm, respectively. However, it should be noted that a slight decrease in the trapped air mass of less than 0.6% occurred when the scavenge port sizes were reduced. Thus, the selection of an appropriate port height is significant. These results are important in the development of LPDF gas engines with high combustion efficiency at a wide load range. Future research will incorporate combustion and exhaust gas emission simulations to further expand on the benefits and drawbacks of the proposed strategy.
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