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            Abstract
          
        

        
          Sloshing occurs in the partially filled tank under external acceleration. The sloshing dynamics in the liquid hydrogen tank are influenced by the frequency and amplitude of loading conditions, hydrogen filling level, the geometry of the tank, and wave motion. The 30 %, 50 %, and 90 % hydrogen filling levels are selected to evaluate the sloshing dynamics. The pure surge motion is exerted to visualize the free surface movement. Finally, the rib structure is applied in the liquid hydrogen tank to reduce sloshing dynamics. Rib structures of various lengths are employed in the tank to minimize violent oscillation. The long rib structure is more effective in preventing violent free surface fluctuation than the shorter one. Furthermore, FSI analysis showed that the liquid hydrogen tank is structurally safe even with the addition of a rib structure.
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      1. Introduction
      Sloshing is a violent and complex motion phenomenon between two or more fluids in a closed vessel. Liquid sloshing occurs in the transportation system, especially ocean transportation, large crude carriers, liquefied petroleum gas (LPG), liquefied natural gas (LNG), and liquid hydrogen(1). The sloshing motion arises due to various factors, such as the frequency and amplitude of load conditions, the natural frequency of the tank, the geometry of the tank, and filling levels(2). Sloshing can exert fluid pressures and impact load in the transportation tanks, which might cause joint failure and compromise the structural integrity(3). Sloshing affects motion stability and causes disastrous accidents for liquid cargo ships(4).

      The sloshing motion can be solved using numerical analysis. It can be achieved by potential flow theory and the viscous Navier-Stokes equation. The non-linear wave potential theory was applied to analyze the 3D tank(5). The potential flow theory predicts the 3D sloshing response in a rectangular LNG tank under force excitation and artificial damping model(6). Navier strokes and free surface equations are applied to evaluate the sloshing dynamics in the rectangular road container(7). A finite-element model was applied to encounter the effect of fluid properties and tank flexibility on the coupled sloshing analysis(8). The boundary element method is used to understand the non-linear sloshing dynamics for pure sway and three degrees of freedom motions(9). Khezzar et al. compared the sloshing dynamics with the volume of fluid method(10). Salem concluded that the partially filled tanker with trammel pendulums reduces the sloshing excitation frequency(11). Liu and Lin studied the effect of horizontal and vertical baffles on the suppression of sloshing dynamics. They concluded that the vertical baffle is more effective than the horizontal baffle in suppressing the impact of sloshing dynamics(12). Multiple vertical baffles mitigate the sloshing force more effectively than a single one(13). The high excitation amplitude increased the pressure response in both unbaffled and baffled cases(14). The baffle’s width shows less significance in suppressing the sloshing wave and amplitude in the partially filled tank under seismic and vertical excitation(15). The vertical baffles are effective for lower filling levels and cases where the baffle is located close to the free surface(16). Single and double vertical baffles of different heights were installed in the tank to suppress the amplitude of the sloshing wave(17). The non-linear baffle shapes were superior in suppressing sloshing pressure than traditional straight baffle shapes(18). Lei et al. optimized the T-shape baffle to reduce the fluid movement in the tank(19).

      Sloshing can create dynamic pressure on the tank wall. This dynamic pressure has an impact on the structural stability of the tank. Fluid-structure interaction helps to understand the sloshing dynamics’ impact. The sloshing dynamic for liquid hydrogen is studied with liquid hydrogen level, wave amplitude, and wave movement. The rib structure is installed in the tank to prevent violent free surface movement. The various lengths were used to evaluate the influence of rib structure on suppressing violent oscillation in the liquid hydrogen tank.

    

    

  
    
      2. Design and Numerical Methodology
      
        2.1 Tank Geometry Model
        A liquid hydrogen tank is designed based on the design of cryogenic vessels. The minimum wall thickness must be 3mm and 4mm when the vessel diameter is less and more than 1800mm, respectively(20). While designing the pressure vessel, the minimum shell thickness must be 4.76mm(21). Fig. 1 shows the schematic view of the tank geometry. The cylindrical tank shape is selected because it is cheap and easy to manufacture with high packing efficiency for storage and transportation(22).

        
          
          

          Fig. 1 
				
          

          
            Schematic view of storage tank with rib structure
          
          

          

        

        The diameter and length of the tank are 1550mm and 3589mm, respectively. Considering the safety factor, a 6mm wall thickness is selected.

        Fig. 1 shows the installation of the rib structure in the sloshing tank. The main design parameters of rib structure are length (l) and width (w). The various rib structures were selected for the parametric study. The increase in the length and width of the rib structure can cause structural instability in the sloshing tank. The constant width (w) of 40mm is selected to withstand the sloshing dynamic pressure and the cost-effective manufacturing with lengths (l) of 75mm, 250mm, and 400mm.

      

      
        2.2 Numerical Methodology
        ANSYS CFX 2022R2(23) solver is used to analyze the sloshing phenomena in the storage tank. The two-phase flow is encountered for CFD analysis. The volume of fluid model is used to track the velocity, location, and free surface between two phases of fluids. The gas-liquid two-phase flow is considered for CFD analysis, in which the liquid phase is liquid hydrogen, and the gas phase is air. Transient CFD analysis is conducted to evaluate the sloshing dynamics. The boundary condition is explained in Table 1. The numerical analysis methodology was adapted from the previous studies(24-26). CFD analysis for the sloshing effect is achieved at various liquid hydrogen filling levels. The surge motion is implied on the tank, which follows a sinusoidal function.

        
          Table 1 
				
          

          
            Boundary conditions for sloshing CFD analysis
          
          

        

        
          
            
              	Parameter/Boundary
              	Condition/Value
            

          
          
            	Analysis type
            	Transient
          

          
            	Total time
            	20 sec
          

          
            	Time step
            	0.01 sec
          

          
            	Working fluid
            	Liquid hydrogen and air
          

          
            	Turbulence model
            	SAS-SST
          

          
            	Liquid hydrogen level, h
            	30 %, 50 %, 90 %
          

          
            	Wave amplitude, a
            	0.02 m and 0.20 m
          

          
            	Wave movement
            	Surge
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        where, xt is the sinusoidal function of the surge motion. a and wt are wave amplitude and frequency, respectively.

        CFD analysis is carried out with pure surge motion. The sloshing dynamics are changed according to the liquid hydrogen level, wave amplitude, and tank motion. Fig. 2 indicates the initial conditions for CFD analysis. Furthermore, the structural analysis was carried out to evaluate stress and deformation within the tank walls. The tank is manufactured using the material ASTM A240. The yield stress and ultimate tensile stress of ASTM A240 are 205MPa and 515MPa, respectively. Fig. 3 shows the boundary condition for the FSI analysis. The discretized grids are necessary for the CFD and FSI analysis. ANSYS ICEM 2022R2(22) is used to prepare the structured grid for CFD analysis.

        
          
          

          Fig. 2 
				
          

          
            Boundary condition for FSI analysis
          
          

          

        

        
          
          

          Fig. 3 
				
          

          
            Initial conditions for the tank sloshing CFD analysis
          
          

          

        

        Fig. 4 shows numerical grids used for CFD analysis. The mesh dependency is conducted to show the effect of numerical grids on the CFD analysis. The information on the numerical grids is shown in Table 2. Fig. 5 indicates the pressure distribution at point A with various grid numbers. The pressure distribution is consistent with the numerical grids. The maximum pressure amplitude for very coarse, medium, and very fine mesh are 0.31kPa, 0.33kPa, and 0.34kPa, respectively. The difference in maximum pressure amplitude is comparatively low between various mesh sizes. Fig. 6 elaborates on the volume fraction of liquid hydrogen in the tank with various grid types. The volume fraction distribution in the tank is identical to various grid distributions. The increase in mesh number does not influence the accuracy of CFD analysis. Hence, 1.52million nodes are used for further numerical analysis.

        
          
          

          Fig. 4 
				
          

          
            Numerical grid for CFD analysis
          
          

          

        

        
          Table 2 
				
          

          
            Numerical grids information
          
          

        

        
          
            
              	Grid type
              	Grids number
            

          
          
            	Very Coarse
            	0.35 million
          

          
            	Coarse
            	0.65 million
          

          
            	Medium
            	1.01 million
          

          
            	Fine
            	1.52 million
          

          
            	Very Fine
            	2.01 million
          

        

        

        
          
          

          Fig. 5 
				
          

          
            Mesh dependency test with h=30 %, a=0.2 m and surge motion at point A
          
          

          

        

        
          
          

          Fig. 6 
				
          

          
            Mesh dependency test at h=30 % with surge motion a=0.2 m and a=20 sec a) very coarse b) coarse c) medium d) fine and e) very fine
          
          

          

        

      

    

    

  
    
      3. Results and Discussion
      Sloshing dynamics in the cylindrical tank are affected by various parameters, such as liquid level, wave amplitude, liquid properties, and tank geometry(27).

      
        3.1 Sloshing characteristics by liquid hydrogen level
        The liquid hydrogen level determines the sloshing dynamics in the storage tank. The liquid filling level from 15 % to 60 % is a partial filling level, and 70 % to 98 % is a standard filling level(28). Therefore, the hydrogen liquid filling of 30 %, 50 %, and 90 % were selected to investigate the sloshing dynamics in partial and standard filling levels. Figs. 7 and 8 show the sloshing dynamics in the tank with filling levels of 30 % and 90 %, respectively. The pure surge motion at a=0.2m is used to evaluate the hydrogen filling level effect in the tank. At h=30 %, the movement of liquid hydrogen is comparatively higher than at h=90 %. Fig. 9 shows the velocity vectors and hydrogen volume movement in the sloshing tank. The liquid hydrogen movement is observed with a 30 % hydrogen volume fraction.

        
          
          

          Fig. 7 
				
          

          
            Sloshing with h=30 %, a=0.2m and surge motion
          
          

          

        

        
          
          

          Fig. 8 
				
          

          
            Sloshing with h=90 %, a=0.2 m and surge motion
          
          

          

        

        
          
          

          Fig. 9 
				
          

          
            Velocity vectors of liquid hydrogen in sloshing tank with h=30 %, a=0.2 m and surge motion
          
          

          

        

        Fig. 10 shows the pressure fluctuation with various hydrogen filling levels. With a=0.2m, a significant pressure fluctuation is observed with hydrogen filling h=30 % and 50 % than in the 90 %.

        
          
          

          Fig. 10 
				
          

          
            Pressure distribution at point A with surge motion and various hydrogen filling level and wave amplitude
          
          

          

        

      

      
        3.2 Sloshing characteristics by wave amplitude
        The wave amplitude determines the excitation force in the tank. Generally, the excitation amplitude is expected to be less than 15 % of the tank height for the proper sloshing dynamics(29). Hence, the wave amplitudes are 0.02m and 0.2m selected for the sloshing dynamics.

        Fig. 10 indicates the pressure distribution at various filling levels and wave amplitudes. The pressure fluctuation is higher when the wave amplitude is higher. At h=30 % and 50 %, a drastic rise in the pressure amplitude occurs when wave amplitude increases from 0.02m to 0.2m. However, at h=90 %, the peak pressure rise occurs at the beginning of the sloshing movement, and the pressure distribution becomes stable very soon compared to the lower filling level. Fig. 11 shows the sloshing motion in the tank with a wave amplitude of 0.02m and 0.2m, respectively. The sloshing movement is negligible in the tank with a=0.02m, but when a=0.2m, the violent movement of the liquid hydrogen is observed in the tank.

        
          
          

          Fig. 11 
				
          

          
            Sloshing with h=50 %, a=10 sec and surge motion a) a=0.02 m and b) a=0.2 m
          
          

          

        

        The maximum pressure difference between crest and trough is increased from 0.03kPa to 0.31kPa, 0.02kPa to 0.28kPa, and 0.01kPa to 0.03kPa when wave amplitude is increased from 0.02m to 0.2m, at h=30 %, 50 %, and 90 %, respectively. The rise in pressure amplitude is proportional to the wave amplitude at the lower filling level. At h=90 %, the pressure difference is negligible with the increase in wave amplitude.

      

      
        3.3 Effect of rib structure in sloshing dynamics
        The rib structure is installed in the tank to suppress the sloshing dynamics. Fig. 12 compares the pressure distribution comparison in the tank without and with the rib structure at point A. The pressure distribution comparison indicates that rib structure suppresses pressure fluctuation in the tank. The rib structure helps to reduce the pressure fluctuation in the sloshing tank. The maximum pressure difference between crest and trough are 0.31kPa, 0.29kPa, 0.20kPa, and 0.10kPa in the tank without rib structure, with rib structure l=75mm, 250mm, and 400mm, respectively. The rib structure with l=400mm suppresses the pressure fluctuation effectively compared to the shorter rib structures.

        
          
          

          Fig. 12 
				
          

          
            Comparison of pressure distribution with surge motion, h=30 % and a=0.2 m at point A in tank
          
          

          

        

        Fig. 13 shows the sloshing dynamics behavior in the tank. The sloshing dynamics show the violent flow behavior in the tank without rib structure. The rib structure with l=400mm reduces the vigorous hydrogen movement efficiently compared to others. Hence, the long rib structure effectively suppresses the vigorous hydrogen movement and pressure fluctuation. Fig. 14 indicates the comparison between sloshing dynamics without and with rib structure. The sloshing movement of hydrogen volume fraction showed that the hydrogen movement is violent in the sloshing tank without rib structure. The installation of a rib structure suppresses the violent hydrogen movement in the sloshing tank. The hydrogen volume fraction is more stable in the sloshing tank with a rib structure than without.

        
          
          

          Fig. 13 
				
          

          
            Comparison of sloshing dynamics with surge motion a) without rib b) with rib a=75 mm c) with rib a= 250 mm and d) with rib a=400 mm at h=30 %, a=0.2 m and a=4.5 sec
          
          

          

        

        
          
          

          Fig. 14 
				
          

          
            Comparison of velocity vectors in sloshing tank with surge motion a) without rib and b) with rib a=400 mm at h=50 %, a=0.2 m and a=4.0 sec
          
          

          

        

        However, considering the economy of the material cost, a proper length should be determined by optimum design methodology(30-31).

      

      
        3.4 Structural analysis in the sloshing tank
        The structural stability of the tank is necessary for the safe transportation of liquid hydrogen. At h=30 %, a=0.2m, and surge motion are selected for FSI analysis of the tank. Fig. 15 shows the total deformation in the sloshing tank. It indicates that the maximum deformation of 0.042mm occurred at the bottom of the tank. Fig. 16 shows the stress distribution on the tank without rib structure. The maximum stress of 7.8MPa is observed at the joint between the stand and the tank. Figs. 17 and 18 show the total deformation and equivalent stress in the sloshing tank with rib structure, respectively. Fig. 17 indicates that a deformation of 0.17mm is observed in the sloshing tank. The maximum equivalent stress of 14MPa is observed at the stand joint and rib structure location.

        
          
          

          Fig. 15 
				
          

          
            Total deformation in the tank without rib structure at h=30 %, a=0.2 m and surge motion
          
          

          

        

        
          
          

          Fig. 16 
				
          

          
            Equivalent stress in the tank without rib structure at h=30 %, a=0.2 m and surge motion
          
          

          

        

        
          
          

          Fig. 17 
				
          

          
            Total deformation in the tank with rib structure l=400mm at h=30 %, a=0.2m and surge motion
          
          

          

        

        
          
          

          Fig. 18 
				
          

          
            Equivalent stress in the tank with rib structure l=400 mm at h=30 %, a=0.2 m and surge motion
          
          

          

        

        Fig. 19 shows the FSI analysis comparison in the sloshing tank without and with various rib structures. The rib structure compromises the structural stability of the sloshing tank. The maximum equivalent stress and deformation in the tank increases with an increase in the rib structure length. The maximum equivalent stresses are 7.8MPa, 9.3MPa, 12.9MPa, and 14.2MPa for without rib, with rib l=75mm, 250mm and 400mm, respectively. The maximum equivalent stress is considerably below the ultimate tensile stress of the ASTM A240. The deformation in the sloshing tank is less than 0.20mm in all cases. It concludes that the sloshing tank is structurally stable without and with rib structure.

        
          
          

          Fig. 19 
				
          

          
            Comparison of FSI analysis of sloshing tank at h=30 %, a=0.2 m and surge motion
          
          

          

        

      

    

    

  
    
      4. Conclusion
      The sloshing dynamics in the hydrogen storage tank with various hydrogen levels, wave amplitude, and wave direction are explained in this study. Wave amplitude has a significant role in sloshing dynamics. The increase in wave amplitude from a=0.02m to 0.2m a maximum pressure amplitude is increased by 88 % and 54 % for h=30 % and 50 % hydrogen filling level, respectively. When h=90 %, there is approximately no change in pressure fluctuation with an increase in wave amplitude from a=0.02m to 0.2m. The pressure amplitude in the sloshing tank wall is comparatively higher, with high wave amplitude at the low filling level. The rib structure is installed in the sloshing tank to suppress the vigorous sloshing movement. The pressure fluctuation is reduced drastically in the tank with a rib structure. The maximum pressure amplitude is suppressed by 15 %, 32 %, and 38 % with rib structure lengths 75mm, 250mm, and 400mm, respectively, with a surge motion, h=30 %, and a=0.2m. The rib structure with l=400mm is significantly better at suppressing violent sloshing movement compared to l=75mm. FSI analysis is conducted to evaluate the equivalent stress and maximum deformation without and with rib structure in the sloshing tank. The equivalent stress in the sloshing tank without rib, with rib l=75mm, 250mm, and 400mm are 7.8MPa, 9.3MPa, 12.9MPa, and 14.2MPa, respectively, with surge motion, h=30 % and a=0.2m. The equivalent stress in the sloshing tank is remarkably below the ultimate stress without and with rib structures. The maximum deformation in the sloshing tank is less than 0.2mm without and with a rib structure. Therefore, the sloshing tank is structurally stable without and with a rib structure. The rib structure is promising to mitigate sloshing in the liquid hydrogen tank.

      The optimal design of the rib structure would be performed to reduce the material and manufacturing costs for future works.
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