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            Abstract
          
        

        
          This study entailed an analysis of the aerodynamic performance of wing sails with crescent-shaped airfoils by using computational fluid dynamics (CFD). Owing to recent International Maritime Organization environmental regulations, wind-assisted propulsion technologies have gained attention, with wing sails being particularly promising because of their simple structure and high propulsion efficiency. Although crescent-shaped designs generate strong lift, studies on the impact of geometric variations remain limited. Therefore, this study evaluated the thrust coefficients (Ct) for six configurations combining three thickness levels (T10, T20, and T30) and two camber values (C10 and C20) under omnidirectional wind conditions ranging from 0° to 360°. The results were visualized using polar plots. The T10_C20 and T30_C10 configurations yielded the highest and lowest thrusts, respectively. These findings offer valuable design guidance for optimizing crescent-shaped wing sails.
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      1. Introduction
      Given the global climate crisis, the International Maritime Organization (IMO) has implemented a series of environmental regulations aimed at reducing greenhouse gas (GHG) emissions from the shipping industry. As maritime transport accounts for approximately 90% of global trade volume, it plays a crucial role in international logistics. However, the environmental impact of the sector has become increasingly significant, prompting strong calls for enhanced regulatory frameworks. In response, the IMO has set ambitious targets—improving ship energy efficiency by at least 40% by 2030 compared with 2008 levels and reducing total GHG emissions by 50% by 2050 [1][2]. To achieve these goals, it has introduced quantitative measures such as the Energy Efficiency Existing Ship Index and the Carbon Intensity Indicator, which monitor and manage ship fuel consumption and carbon emissions annually [3][4]. These regulatory efforts have driven major technological innovations and operational shifts across ship design, propulsion systems, and voyage planning [5].

      Among the various technologies, wind-assisted propulsion systems have emerged as promising and eco-friendly [6]. These systems harness wind power to simultaneously reduce fuel consumption and carbon emissions, thereby supporting regulatory compliance and promoting environmental sustainability. Technologies such as rotor sails and wing sails are notable examples, as they can be used in conjunction with traditional engine-driven propulsion to enhance overall efficiency [7][8][9].

      Wing sails offer significant aerodynamic advantages owing to their fixed wing structure, simplified mechanical design, and high lift-generation capacity [10]. Additionally, when combined with autonomous control systems, they can be optimized in real time based on wind direction, wind speed, and vessel routing, enabling adaptability across a wide range of ship types and operational conditions [11].

      Recent studies have focused on refining wing sail geometries to maximize performance under diverse maritime conditions [12]. Innovative shapes, including symmetric and asymmetric profiles, compound curves, and multi-element designs, have been proposed to improve aerodynamic behavior. Among these, crescent-shaped wing sails have shown promising results owing to their ability to generate high lift coefficients and delay flow separation. Its asymmetric curvature and streamlined tip design suppress vortex formation and broaden the effective angle of attack, ultimately enhancing the propulsion performance [13].

      However, current research on crescent-shaped wing sails is still in the early stages. Computational fluid dynamics (CFD)-based simulations and experimental validations are limited, and systematic design standards and empirical data to support commercialization are lacking. Furthermore, the dynamic nature of marine environments necessitates a thorough analysis of aerodynamic sensitivity and operational stability under varying conditions.

      Therefore, this study aimed to investigate the aerodynamic performance of crescent-shaped wing sails using CFD. By examining different geometric configurations, this study sought to quantify the relationship between design parameters and propulsion efficiency. The findings are expected to provide foundational data for shape optimization, contribute to the technological advancement of wind-assisted propulsion systems, and support their broader application in real-world maritime operations in alignment with the IMO decarbonization goals.

    

    

  
    
      2. Numerical Analysis
      
        2.1 Computational Conditions
        This study adopted a crescent-shaped airfoil model based on the baseline geometry commonly used in conventional wing sail designs. Numerical simulations were performed by systematically varying the camber and thickness to investigate their effects on the aerodynamic performance. In particular, this study aimed to quantitatively evaluate the influence of these geometric variations on the lift and thrust characteristics, thereby providing foundational data for improving wing sail system performance.

        The computational domain was configured with the distance from the inlet boundary to the leading edge of the airfoil set to 20 times the chord length, ensuring stable inflow conditions and minimizing the influence of the boundary on the simulation results. In the downstream direction, the domain was extended to 24 times the chord length to accurately capture the wake structures and flow separation behind the airfoil.

        
          
          

          Figure 1: 
				
          

          
            Force components acting on wing sail
          
          

          

        

        This domain setup plays a crucial role in ensuring the accuracy and convergence stability of the numerical analysis. The detailed computational setup and boundary conditions used in this study are shown in Figure 2. Velocity inlet, pressure outlet, and no-slip conditions were applied to the solid walls. These conditions were meticulously designed to realistically reproduce flow characteristics under actual marine conditions.
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            Computational domain and boundary conditions
          
          

          

        

        Figure 3 shows the various crescent-shaped airfoil geometries used in the simulations, showing the configurations generated by systematically varying the thickness and camber length. The thickness was set in the range of 10%–30% of the chord length (1000 mm), and the camber was varied between 10% and 20%. These configurations were specifically designed to assess the effects of thickness and camber variations on the lift and thrust characteristics.
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            Crescent-shaped airfoil geometry with variations in thickness and camber
          
          

          

        

        Domain configuration is crucial in ensuring the accuracy and convergence stability of numerical analysis. The detailed numerical setup and boundary conditions used in this study are presented in Figure 2. These include the velocity inlet, pressure outlet, and no-slip boundary conditions applied to the solid walls. Such settings were carefully chosen to realistically replicate the flow behavior under real sea conditions, thereby enabling the precise characterization of the flow field around the airfoil.

      

      
        2.2 Computational Grid
        To evaluate the thrust generated by the crescent-shaped airfoil, CFD analysis was conducted using the commercial software Ansys Fluent V2022R2.

        For turbulence modeling, the k–ω shear stress transport (SST) model was employed, as it is well-suited for accurately capturing viscous flow behavior within the boundary layer near the wall [14]. This model is particularly effective for predicting complex boundary layer phenomena, such as flow separation and reattachment, making it appropriate for achieving the objectives of this study.

        The mesh was generated with consideration for both numerical accuracy and computational efficiency. It was created using Ansys Mesh, an automated meshing tool that is robust and reliable for preprocessing complex geometries. To represent the curved surface of the crescent-shaped airfoil accurately, a tetrahedral mesh structure composed of triangular elements was adopted, ensuring high mesh quality suitable for resolving intricate geometries.

        To enhance the convergence and simulation accuracy, local mesh refinement was applied near the airfoil surface, particularly in regions that directly interact with wall-bounded flow. In these near-wall regions, high-resolution meshes were used to capture the boundary-layer development, flow separation, and vortex formation. The dimensionless wall distance (y⁺) was maintained below 1 to enable direct resolution of the boundary layer without relying on wall functions. The total number of mesh elements was approximately 300,000, with slight variations depending on the y⁺ condition. The final mesh distribution, as shown in Figure 4, demonstrated an overall uniform structure and acceptable aspect ratios. The mesh quality was thoroughly assessed to minimize skewed or distorted elements that could lead to numerical instability.
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            Computational grid around the crescent-shaped airfoil
          
          

          

        

      

    

    

  
    
      3. Results and Discussion
      To ensure the reliability of the CFD analysis, this study validated the numerical results obtained from Fluent against the aerodynamic experimental data obtained by Abbott at NASA [15]. The validation focused on the variations in the lift coefficient (CL) and drag coefficient (CD), with respect to the angle of attack, as shown in Figure 5. The Fluent results demonstrated an overall good agreement with the experimental data, with negligible discrepancies observed before stall onset. The general trend was accurately reproduced even beyond the stall angle, confirming the reliability of the Fluent-based simulation environment used in this study. Based on the validated setup, a full-scale numerical analysis of a crescent-shaped wing sail was conducted.

      
        
        

        Figure 5: 
				
        

        
          Cross-validation of CFD and experimental data
        
        

        

      

      Figure 6 shows the thrust coefficient (Ct) distribution in polar coordinates for different camber values under fixed thickness conditions. Under the 10% thickness condition (T10), Ct increased significantly as the camber changed from C10 to C20, and the sensitivity to the wind direction also became more pronounced. This result is interpreted as the effect of the increased curvature in thin airfoils, which leads to closer adherence of the flow along the surface and improved pressure distribution, thereby enhancing thrust. Under the 20% thickness configuration (T20), a generally stable Ct distribution was observed, although the improvement owing to the increased camber was slightly less pronounced compared to T10. This indicates that the combination of thickness and camber plays a key role in optimizing wing sail performance.

      
        
        

        Figure 6: 
				
        

        
          Variation of thrust coefficient with camber change
        
        

        

      

      In contrast, under the 30% thickness configuration (T30), the variation in Ct with respect to wind direction was less significant than that in T10 and T20, and all three cases showed similar overall patterns. This can be attributed to the increased boundary layer development, flow separation, and vortex formation caused by the increased thickness, which degrades the aerodynamic performance. In other words, as the thickness increased, the effect of the camber diminished, and the aerodynamic benefits of the increased curvature were offset by the increase in drag. These results demonstrate that the effect of camber variation is more pronounced in thinner airfoils and that maintaining a thin profile with a higher camber is advantageous for maximizing thrust performance. This finding highlights an important geometric design criterion for crescent-shaped wing sails.

      Figure 7 shows how Ct varies with changes in thickness while camber is kept constant. Two cases were examined: camber fixed at 10% and 20%, with thicknesses varying from 10%, 20%, and 30% across wind directions ranging from 0° to 180°. Under the 10% camber condition (C10), all the thickness combinations exhibited a generally circular distribution. The maximum Ct values were observed at approximately 90° and 270°, whereas the minimum values were observed at 0° and 180°. As the thickness increased, the absolute Ct values tended to decrease, with T10 generally exhibiting higher thrust coefficients than T30 across most wind directions. However, for wind directions above 120°, thicker airfoils began to generate higher Ct values, indicating a reverse trend under certain conditions.

      
        
        

        Figure 7: 
				
        

        
          Variation in thrust coefficient with thickness change
        
        

        

      

      Figure 8 compares the overall Ct distributions across the six geometric combinations (three thickness levels × two camber levels). The results showed that the T10_C20 configuration achieved the highest Ct across all wind directions, indicating the best aerodynamic performance, whereas T30_C10 consistently showed the lowest performance. These findings indicate that a thin, highly cambered profile is most effective for improving thrust, demonstrating that the combination of thickness and camber is a critical parameter in wing sail design.

      
        
        

        Figure: 8 
				
        

        
          Variation in thrust coefficient with change in camber and thickness
        
        

        

      

      Figure 9 illustrates the pressure distribution patterns resulting from different camber and thickness combinations. The simulations were conducted under the same angle of attack, and the resulting pressure contours served as key indicators for evaluating aerodynamic performance. As the thickness decreased and camber increased, a broader and stronger low-pressure region formed on the upper surface of the airfoil, resulting in improved lift and thrust. This observation was consistent with the Ct distribution analysis.

      
        
        

        Figure 9: 
				
        

        
          Distribution of pressure around wing sail
        
        

        

      

      Figure 10 shows the effects of camber and thickness on the lift coefficient (CL) and drag coefficient (CD). The first graph clearly shows that both CL and CD increase with the camber. Specifically, for the same thickness, a larger camber produces a greater pressure difference between the upper and lower surfaces, leading to a higher lift but also an increase in drag, reflecting typical aerodynamic behavior. The second graph reveals that as the thickness increases, CL tends to decrease, whereas CD increases. This is attributed to earlier flow separation and greater form drag in the thicker profiles. In the third graph, the stall angle increases progressively with increasing thickness and camber, with the T30_C20 configuration exhibiting the highest stall angle.

      
        
        

        Figure 10: 
				
        

        
          Lift, drag, and stall angle distribution according to thickness and camber
        
        

        

      

    

    

  
    
      4. Conclusion
      This study entailed a CFD-based numerical analysis of crescent-shaped airfoils to enhance the performance of wing sails, a representative eco-friendly marine propulsion technology in response to IMO environmental regulations. The effects of camber and thickness combinations on the thrust coefficient (Ct) were quantitatively analyzed to provide foundational data for optimizing the wing sail design.

      The thrust performance was evaluated under omnidirectional wind conditions (0°–360°) for six geometric configurations (T10_C10–T30_C20). The configuration with the thinnest profile and largest camber (T10_C20) demonstrated the highest overall Ct values. This is attributed to the favorable pressure distributions generated by the close adherence of the flow along the curved surface, which significantly contributes to thrust enhancement.

      In contrast, as the airfoil thickness increased, the performance difference owing to camber variation gradually diminished. Specifically, under the 30% thickness configuration, the effect of the camber became less significant. This phenomenon is attributed to the increased boundary layer development and flow separation in thicker profiles, which leads to greater flow instability and drag.

      The pressure distribution analysis further supports these findings. Thin, highly cambered airfoils form wider and stronger low-pressure regions on the upper surface, resulting in superior aerodynamic performance, whereas thicker profiles exhibit relatively weaker pressure differentials and degraded performance. In addition, as the number of cameras increased, both the lift and drag coefficients increased. With increasing thickness, the lift decreased and the drag increased, in alignment with typical aerodynamic behavior. The stall angle was also found to increase progressively with the camber and thickness.

      In conclusion, the combination of a thin airfoil and a large camber was shown to be the most effective design condition for improving the propulsion performance of crescent-shaped wing sails. The T10_C20 configuration, in particular, emerged as an optimal design candidate, offering both high thrust efficiency and operational stability.

      These results may contribute to fuel savings and GHG reduction and can serve as a foundational reference for the design of wing sails applicable to various ship types and routes. Future research should include integrated design approaches that encompass structural stability, manufacturability, and full-scale sea trials.
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