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Abstract

:

The most important technical issue in the shipbuilding industry regarding liquefied natural gas (LNG) carrier cargo containment systems (CCS) is securing the structural reliability of the primary barrier, which is in direct contact with the LNG. Fracture of the primary barrier by the hydrodynamic load of the LNG CCS may lead to disasters because it is difficult to implement immediate safety measures in the marine environment, unlike on land. Hence, structural reliability of the LNG membrane is the most critical issue in LNG carrier CCSs, where thin and corrugated 304L stainless steel is often used as the primary barrier to prevent repeated thermal deformation from the temperature difference during loading (−163 °C) and unloading (20 °C) of the LNG. However, plastic deformation of the 1.2 mm-thick corrugated membrane of the LNG CCS has been reported continuously owing to its vulnerability to cryogenic hydrodynamic loads. In the present study, we conducted a parametric analysis to investigate the effects of the corrugation shape as a preliminary study of the primary barrier. Finite element analysis was conducted with a simplified plate to focus on the effects of corrugation. Furthermore, a two-step validation was conducted using the above experimental results to ensure reliability of the structural analysis. The results show that optimizing the corrugation shape could ensure better structural safety than the conventional design.
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1. Introduction


Natural gas combustion emits relatively few pollutants, such as sulfur and nitrogen oxides, and hence is widely preferred in many industries to ensure compliance with environmental regulations [1,2,3]. The steady increase in demand for natural gas has generated considerable interest in liquefied natural gas (LNG) carriers for bulk transport [4]. Natural gas is transported in a liquid state using LNG carriers for improved storage efficiency under a special cargo containment system (CCS). The LNG CCS is exposed to extremely low temperature (−163 °C) owing to the liquefaction point of natural gas [5]. Therefore, it is constructed using two barriers to improve its structural reliability and insulation performance at cryogenic temperature. As shown in Figure 1a, the primary barrier is in direct contact with LNG. It comprises a corrugated sheet to control the thermal deformation owing to temperature variation during the loading (−163 °C) and unloading (20 °C) procedures [6]. The corrugated form of the primary barrier reduces the in-plane stiffness, thus relieving the thermal stress induced by the temperature gradient [7]. However, the low in-plane stiffness makes the primary barrier vulnerable under hydrodynamic pressures, such as that caused by sloshing, which is one of the major load components [8]. If the hydrodynamic load were to exceed the strength of the primary barrier, the failure of the LNG CCS could threaten human life and the environment. Therefore, several studies have been performed to analyze the structural behavior of the primary barrier under external load conditions.



Lee et al. evaluated the deformation of the primary barrier knot area and determined the direction of maximum deformation under uniform-pressure conditions [10]. Similarly, Jeong et al. conducted a uniform pressure test with a custom-built facility and numerically analyzed the deformation characteristics of the corrugated sheet via finite element analysis (FEA) [10]. Kim et al. investigated the plastic structural behavior of the primary barrier under repeated impact conditions at a large-scale weight drop facility [11]. Brossel et al. conducted a full-scale wave test on a corrugated membrane used in an LNG CCS and analyzed the structural characteristics of the primary barrier [12]. Likewise, Wang et al. performed FEA with a corrugated sheet under sloshing conditions and confirmed the structural integrity of the LNG CCS [13]. Kwon et al. used FEA to evaluate the fatigue life of the primary barrier and calculated the location of the maximum principal stress [14]. Although many studies have focused on the primary barrier, the effect of the corrugation radius has rarely been analyzed.



In previous studies, significant deformation was observed under hydrodynamic pressure in the corrugation area rather than the knot area [9,12,13]. However, it is necessary to minimize deformation in the corrugated area because severe plastic deformation decreases its structural strength. There are many ways of minimizing deformation, such as by controlling the corrugation radius [15]. Therefore, this study was conducted to investigate the effect of corrugation on structural behavior as a preliminary study of the primary barrier by parametric analysis. In addition, a simplified model was used to analyze one factor in more detail; otherwise, there would be too many geometric variables to evaluate simultaneously. As shown in Figure 1b, a plate with only one corrugation was used, with only the two most important variables being included: the radius of corrugation, which is related to the plastic deformation, and the central angle of the fillet, which is related to the stress concentration [9].



Furthermore, we used a numerical analysis to evaluate these effects under cryogenic conditions, which are unfavorable to experimentation. Notably, most previous experiments were conducted at room temperature. Moreover, the FEA was conducted for the corrugated sheet only, thus excluding other LNG CCS composite materials such as plywood. The boundary conditions of the LNG CCS primary barrier were applied to improve the structural behavior under LNG vessel operating conditions. Likewise, the load conditions were set by considering LNG CCS operating conditions. As shown in Figure 1c, LNG waves are generated by the ship’s motion against the flat plate of the primary barrier in the LNG CCS. A jet stream created by the collision of the breaking wave applies two types of load to the primary barrier [16]. The first is symmetric hydrodynamic pressure, which is applied over many areas, such as the bottom of the LNG CCS. The other is asymmetric hydrodynamic pressure, which induces more severe deformation [17]. Accordingly, the numerical analysis considered two types of hydrodynamic loads at −163 °C to evaluate the pressure resistance of the corrugation in the impact direction. Furthermore, we considered thermal contraction owing to the temperature differences during loading and unloading in the FEA. The reliability of the analysis was established via two-step validation with experimentation. The simulations revealed the effect of corrugation on the structural behavior of the corrugated sheet under hydrodynamic load at cryogenic temperature.




2. Finite Element Analysis


2.1. Scenario and Material Properties


In the present study, three types of FEAs were conducted with a simplified primary barrier (SPB) and considering realistic LNG CCS operation conditions: symmetric hydrodynamic pressure, asymmetric hydrodynamic pressure, and thermal contraction. Furthermore, FEA was performed using ABAQUS software [18]. Figure 2a,b show the details of the corrugated shape with regard to the radius and the fillet angle. The length and width of the SPB model are both 340 mm, which is the same as the conventional primary barrier pitch in LNG CCSs [19]. In addition, the flat plate of SPB is at a tangent to the fillet, and the fillet and corrugation are in contact tangentially in Figure 2b. As the length and width of the SPB were fixed, two parameters were herein considered: the corrugation radius © and central angle of the fillet (θ). Table 1 presents the FEA scenario of the SPB model according to corrugation radius and fillet angle. To account for the conventional shape of the corrugated membrane, we set one model (R is 0.1 L and θ 82.4°). After that, we changed the corrugation radius by 0.01 L to observe the effect of R on the structural behavior. In addition, the central angle was adjusted by 0.04°, which induced a change of 8% in the fillet radius. To reduce the computation time for the numerical analysis, two different FEA models were adopted. As shown in Figure 2c,d, the half-length SPB model was used to perform the asymmetric hydrodynamic pressure, whereas a quarter SPB model was used to perform the symmetric hydrodynamic pressure and thermal shrinkage analysis [20].



The SPB was made of AISI 304L austenitic stainless steel, which is widely used as the primary barrier in LNG CCSs owing to its high strength and ductility at a low temperature [21,22]. Figure 3a shows the stress–strain relationship of AISI 304L considering quasi-static loading conditions and cryogenic test temperature [23]. From it, we adopted an elastic modulus of 203 888 MPa and a yield stress of 421 MPa, which was determined with a 0.2% offset for the FEA [24]. A true stress–true strain curve for the FEA was obtained from the plastic region. Figure 3b shows the measured thermal expansion coefficient of AISI 304L between room and cryogenic temperatures. Herein, the thermal expansion coefficient of AISI 304L was determined using a thermomechanical analyzer in accordance with ASTM E831. The thermal expansion coefficients at room temperature (20 °C) and cryogenic temperature (−163 °C) are 15.2 and 12.3 K−1, respectively.




2.2. Loading and Boundary Conditions


Figure 4 shows the loading and boundary conditions of each scenario. For the shell element, the 1.2 mm thickness of the SPB was adopted, which is extremely small compared to the length and width of 340 mm [25]. The element type adopted depended on the target structure type. The symmetric and asymmetric hydrodynamic pressure analysis adopted the 4-node shell element (S4R), and the thermal shrinkage analysis adopted a 4-node shell element with coupled temperature–displacement (S4RT). The symmetric hydrodynamic pressure was set to 2.2 MPa because plastic deformation occurs at 2.2–2.6 MPa [9]. In the asymmetric hydrodynamic pressure analysis, the external pressure was set to 1.8 MPa because the jet stream load is 82% [12]. The pressure only affected half the SPB in the width direction inside the pressure limit line, as shown in Figure 4c. Finally, a temperature change (from 20 °C to −163 °C), rather than external pressure, was applied in the thermal shrinkage analysis.



The specific boundary conditions were set considering the actual contact condition of the primary barrier. The LNG CCS comprises an assembly of continuous primary barriers, which are called “primary membranes.” The two primary membranes overlap each other at the end and are welded to an anchoring strip screwed to the fixed plywood panel [26]. It was assumed that the target primary barrier was located in the middle of the primary membrane to exclude other variables, such as LNG CCS composite materials. Thus, the sides of the SPB were restricted in all directions in each analysis; the end of the primary barrier was connected as an intact plate with other sheets at the end-fixed primary membrane. Similarly, the flat bottom of the SPB was restricted in the negative y-direction considering the contact condition of the primary barrier on the fixed plywood [27]. In addition, one or two symmetric boundary conditions were applied to realize a whole-shape SPB condition from the quarter and half model, respectively.




2.3. Mesh Convergence Study


A suitable mesh size must be determined to ensure the best FEA results [28]. In general, an accurate result can be achieved with a fine mesh; however, this is time-consuming [29]. Thus, the optimal number of elements was obtained by finding the convergence point of maximum deformation according to the mesh size. The mesh study was conducted for case No. 32, which best matches the primary barrier. First, preliminary simulations were performed in each test with a square mesh to approximate the structural behavior. The results indicate negligible stress and deformation in the flat bottom of the SPB in both the symmetric and asymmetric hydrodynamic pressure analysis. However, in the thermal shrinkage analysis, the flat bottom of the SPB was more vulnerable. Hence, the mesh size of the flat bottom was set to twice that of the fine mesh in the thermal shrinkage analysis, as shown in Figure 5b. By contrast, there were three complex mesh regions in the symmetric and asymmetric hydrodynamic pressure analysis, as shown in Figure 5a. The fine-mesh region consisted of the corrugation, fillet, and short interval, whose length was 10 times that of the tiny mesh. This space acted as a special cushion and prevented drastic stress variations in the critical regions, which results from the size differences between the fine and rough meshes. The remaining region of the flat bottom was divided in half to create a rough mesh and double-length mesh. This large mesh was arbitrarily adjusted to reduce unnecessary calculations in unimportant parts, thus lowering computation costs.



Figure 6 shows the maximum deformation according to the number of elements in each test on a log scale. The maximum deformation noticeably increased and converged with an increasing number of elements in the hydrodynamic pressure analysis. At the onset of convergence, the size of the rough mesh was 4 mm in the two tests. In contrast, the fine-mesh size was 0.4 mm in the symmetric pressure analysis, but convergence seemingly corresponded to a 0.5 mm fine mesh in the asymmetric test. However, the maximum dwindling deformation was not significantly affected by the number of elements. Therefore, the fine-mesh size was set to 1.25 mm; the maximum deformation was less than 0.2% compared to those of the smaller lengths.





3. Result and Discussion


3.1. Validation


To verify the effectiveness of the proposed numerical procedure, a comparative study was conducted based on the strain history of the primary barrier. Notably, performing experiments at cryogenic temperature while considering hydrodynamic factors affecting the corrugated membrane involves difficulties such as data measurement and preparation of experimental apparatus. Therefore, a comparative study between the experiment and numerical analysis was performed at room temperature on a conventional primary barrier [9]. The cited experiment was conducted with a specially custom-built chamber to evaluate the pressure resistance performance of the primary barrier under the hydrodynamic pressure conditions. The experimental specimen is very similar to Figure 1a. The width and length are each 340 mm, and the corrugation radius and central angle of the fillet differ less than 1% from the experimental specimen. Figure 7a shows the experimental apparatus. The first step of the experiment involved fixing the specimen in the chamber as per the boundary conditions in Figure 4a (both sides of the primary barrier are fixed, and the bottom is fixed in the y-direction). Thereafter, oil was sprayed over the LNG primary barrier placed on the floor, and the primary barrier was subjected to oil pressure. The temperature was maintained at ambient conditions (20 °C). In addition, the pressure, which was originally at 0, increased up to 2.2 MPa, which is equal to that considered in this study. After remaining at the maximum value for about 3 min, the pressure decreased gradually; this process was recorded in the time history using a three-axis rosette-type strain gage. Figure 7b shows the strain measurement points on the corrugated sheet. The strain history was measured five times at two points near the small pressing, whose shape was similar to that of the SPB.



Figure 7c shows the material properties of the AISI 304L stainless steel at room temperature that were used in the numerical analysis [30]. We also conducted elastic–plastic FE analyses for this validation as plastic deformation was observed during the experimental analysis of the SPB. For the plastic region of the stress–strain relationship, the Ramberg–Osgood equation was adopted to evaluate the plastic behavior of ductile material [31]. The plastic strain (    ε ˜  p   ) is given in Equation (1) by the Ramberg–Osgood equation [32].


    ε ˜  p  =    (    σ ˜  H   )     1 n         (   σ ˜  ≥   σ ˜  y   )   



(1)




where   σ ˜   is the true stress,     σ ˜  y    is the yield stress, H is the strength coefficient, and n is the strain-hardening exponent. Table 2 shows the tensile properties of AISI 304L at room temperature. Notably, H and n were calculated using the method of least squares from the true stress–strain curve.



Figure 7d shows the results of the numerical simulation and experiment. The FEA strain was calculated at the same point, i.e., the top of the corrugation, 45 mm away from the center. Although it is difficult to obtain identical results for the strain–time relationship of the experiment and simulation results, the overall strain history of FEA performed at room temperature agreed with the experimental results [21,30,33]. Even though the overall strain history of FEA results agreed with the experimental findings, exactly accurate results could not be obtained. Possible causes include phase transformation and initial imperfections in the austenitic stainless steel. Additionally, similar strain histories were obtained for the results of two different temperatures of FEA. Hence, the FEA is a suitable substitute for cryogenic hydrodynamic pressure experimentation.




3.2. Overall Structural Behavior


The three FEA tests on 16 model cases indicated similarities in structural characteristics in the numerical simulations. Therefore, we selected just one case (No. 32) for further investigation to analyze the general trend in the structural response of the SPB models and explain the results conveniently. Figure 8 shows the stress distribution for case No. 32 in each test. To study the behavior of the SPB intuitively, it was modeled as a whole shape (i.e., not as a quarter or half shape) via symmetric pressure analysis. In addition, the asymmetric structural behavior is shown in the side views in Figure 8c. The stress in each element was calculated from the von Mises stress based on the plastic deformation model.



As shown in Figure 8a,c, the maximum stress in the symmetric and asymmetric hydrodynamic pressure analysis occurred at the SPB fillet, as found in a previous study [34]. Moreover, low stress occurred at the flat bottom of the SPB. In the symmetric pressure analysis, the lower part of the corrugation was more vulnerable to pressure than the top, in agreement with the asymmetric pressure analysis. However, there was a wide high-stress region on the top of the corrugation. By contrast, the thermal shrinkage analysis yielded different results. The maximum stress occurred on a fillet near the fixed side boundary (not in the central length of the SPB). Furthermore, there was a wide stress distribution with more than half the maximum stress in the overall SPB, including in the flat bottom.



Figure 9 shows the deformed shape for case No. 32 in each simulation. Under the von Mises criterion (which is known as the maximum distortion energy criterion), the plastic deformation occurred when the equivalent stress exceeded the material yield strength [35,36]. The maximum deformation occurred in the center of the corrugation despite the different heights in all tests. Moreover, the deformation shape of the SPB under pressure was similar to that involving the actual primary barrier in the previous experiment, as shown in Figure 9a,c [17].



In the thermal shrinkage analysis, the deformation propagated gradually from the center outward. In addition, unlike in the pressure analysis, severe deformation was observed on the fillet near the center along the length. Figure 10 shows the deformation direction of the SPB on the x–y plane from the length–middle section view. In the thermal shrinkage analysis, the upper corrugation sagged, and the lower side stretched horizontally. By contrast, the top of the corrugation stretched in the symmetric pressure analysis. Moreover, the side became concave, as shown in Figure 10a. In the asymmetric test, the corrugation under pressure was similarly bent, and the opposite side became convex. Despite the similar structural characteristics under asymmetric pressure conditions, there was a difference in the severity of the deformation at the convex side, which depended on the corrugation diameter. As shown in Figure 11, which represents a constant θ, the deformation of the nonpressure side was more severe than the maximum deformation with decreasing R.




3.3. Effect of Corrugation Shape under Pressure


3.3.1. Effect of Corrugation Radius


We investigated the effect of the two variables in each numerical analysis. As shown in Figure 2b, R, the corrugation radius, determines the margin of the corrugated sheet for mitigating drastic thermal deformation [6]. θ, the central angle of the fillet, is related to the fillet curvature radius; it tended to decrease by approximately 6% for each case with increasing θ. The maximum stress and deformation were investigated to analyze the effect of R and θ under two types of pressure, as shown in Figure 12. The effect of the corrugation radius is determined by comparing the y-axis differences in the graph. Overall, the maximum stress increased with the corrugation diameter. This could have been due to the effect of corrugation radius on surface area. The maximum stress occurred at the fillet (not the corrugation), as shown in Figure 9. The fillet acted as a fixing support for the corrugation against external forces, similar to the boundary under severe stress. Thus, high stress occurred at the SPB fillet with a large corrugation radius because the external force was proportional to the corrugation surface area. This contradicts the notion of the maximum deformation increasing with corrugation diameter. Presumably, corrugations with a bigger radius are more sensitive to the deformation [37]. This resulted in a relatively large change in the maximum deformation due to the maximum stress. For example, there was a 1.7-fold difference in the maximum stresses between 0.08 R/L and 0.11 R/L in the symmetric pressure analysis when θ was 82.4. Similarly, there was a 1.5-fold difference in the asymmetric pressure analysis. Nevertheless, there was a 2.5-fold difference in the maximum deformation in the asymmetric analysis. Specifically, this gap soared by 16 times in the symmetric test. Hence, it is necessary to minimize the corrugation radius against the hydrodynamic pressure for small plastic deformation. Additionally, it is essential to reduce the corrugation radius at the lower part of the primary membrane, where the symmetric load is applied. If the primary barrier is exposed to asymmetric pressure, it is possible to use a corrugated sheet with a large corrugation because the difference in radius is relatively small. However, there was a sharp increase in the difference between 0.10 R/L and 0.11 R/L in all fillet central angles compared to that in other cases. Seemingly, the corrugation radius should be less than 0.1 L under hydrodynamic pressure conditions. Alternatively, a large fillet angle could be used for a big corrugation because there was a small increase in stress relative to that of a small fillet angle (see Figure 12).




3.3.2. Effect of Fillet Angle


The effect of the central angle on the structural behavior is evidenced by the change in horizontal direction in Figure 12. The maximum stress and deformation decreased noticeably with increasing θ in the symmetric and asymmetric hydrodynamic pressure analysis except in the 0.09 R/L case in Figure 12b. In this case, the gap between the peak and lowest point was only approximately 1%. Presumably, the stress decrease is attributable to the cylinder stress under inner pressure conditions. Thin-walled cylinder stress occurs in three directions in the cylindrical coordinate system; two of the stress components tend to be proportional to the diameter [38]. Hence, low maximum stress occurred in the SPB at a large θ because the curvature radius of the fillet was inversely proportional to the central angle. Additionally, it is inefficient to adjust the central angle of the fillet when stress at the fillet is low. By contrast, there was a relatively larger difference in the maximum deformation at a constant corrugation radius. Presumably, the small fillet corresponding to a large θ acted as a strong fixing support for the SPB against pressure because the maximum deformation occurred in the corrugation (see Figure 9). Furthermore, the maximum deformation became more sensitive to the symmetric pressure as θ increased; there was a 15% to 25% decrease in the maximum deformation in the symmetric test and a 5% to 15% decrease in the asymmetric test. Hence, the central angle of the fillet needs to be larger for a lower corrugation deformation.





3.4. Effect of Corrugated Dimension under Temperature Gradient


3.4.1. Effect of Corrugation Radius


The structural characteristics under a temperature gradient, with regard to the corrugation radius and fillet central angle, are shown in Figure 13. The effect of the corrugation radius was characterized by the horizontal direction in Figure 13. Overall, the characteristics were relatively unaffected by R and θ in the same graph scale of the symmetric and asymmetric hydrodynamic pressure analysis. Hence, the y-axis of the graph was enlarged 25 times so the thermal contraction characteristics could be observed in more detail. In Figure 13a, there is no noticeable change in the maximum stress even in the enlarged region; for the same θ, the difference between the highest and lowest value was less than 1%. In addition, the difference in the maximum deformation (6%) was significantly less than that in the pressure analysis. Furthermore, the reason for the maximum stress seems to be the fixed boundary condition of FEA; this makes it impossible to analyze the effect of the radius. Therefore, we chose one node, the top of the corrugation in the middle, to observe the difference as per radius. It seems that thermal stress decreases with a larger corrugation radius. Additionally, the maximum deformation tended to increase and decrease with R; the inflection point was 0.09 R/L, as shown in Figure 13b. Seemingly, the 0.08 L corrugation radius was too small to produce a significant deformation in the y-direction due to the thermal contraction of the SPB. The thermal contraction in the flat bottom was accompanied by the expansion of the corrugation with decreasing temperature. By contrast, the top of the corrugation sagged owing to the expansion in the width direction, as shown in Figure 10c. Furthermore, the thermal contraction length was roughly constant in all cases owing to the fixed 340 mm width. Hence, the partial deformation of the corrugation decreased when R increased to 0.09 L because the overall corrugation compensated for the decrease in length. However, the corrugation with a small radius (such as 0.08 L) became tighter following the small y-direction deformation, which was attributed to the limited perimeter of the corrugation. Thus, the residual stress in the corrugation with the small radius increased, as demonstrated in the numerical analysis. Hence, it feasible to increase the corrugation radius to address the drastic variation in temperature. However, the corrugation radius can be reduced, considering deformation under hydrodynamic load, if the residual pressure is acceptably lower than standard pressure.




3.4.2. Effect of Fillet Angle


Figure 13 shows the effect of θ on the maximum stress and deformation under temperature change based on a constant R (from top to bottom of the graph for the same R). Apparently, the maximum stress remained relatively constant irrespective of the parameters because the difference in stress was less than 0.5%. The maximum stress occurred at the intersection of the fillet and fixed side boundary, as shown in Figure 8b. Like the other parts, the fillet was deformed under thermal contraction; the corrugation did not offer fixing-support conditions. Moreover, the SPB fillet was only slightly deformed owing to its small size, although the increase in θ induced an approximate change of 6% in the fillet curvature radius. Hence, the maximum stress was not significantly affected by the fillet angle. Likewise, the maximum deformation decreased slightly, by less than 1%, for a large fillet angle. Therefore, we believe that the corrugation radius is more important than the fillet angle when designing the primary barrier to withstand cryogenic temperature variations. However, increasing the central angle of the fillet whenever possible is recommended because it reduces corrugation thermal deformation and has a positive effect under pressure conditions.






4. Conclusions


Herein, the effects of the corrugation radius and fillet angle on the structural characteristics of a simplified LNG primary barrier were investigated via FEA. We studied the response of the SPB under loading and boundary conditions corresponding to those of the LNG CCS operating conditions. Moreover, the FEA results were validated by comparing them to those of a previous experiment. The main results are as follows:




	
In the pressure analysis, the maximum stress occurs at the intersection of the fillet along the middle of the longitudinal direction. In addition, the maximum deformation occurs at the center of the corrugation for different heights based on the load conditions.



	
In the hydrodynamic pressure analysis, the maximum stress and deformation increase as the radius of the corrugation increases. In particular, the corrugation radius should not exceed 0.11 L because it would induce severe deformation compared to that of the 0.1 L corrugation radius.



	
In the pressure load condition, the maximum stress and deformation decrease with increasing fillet angle. The sensitivity is greater in the symmetric pressure analysis, where the maximum deformation decreases by 15% to 25% based on the fillet angle.



	
In the thermal contraction condition, the effect of the fillet angle on the structural behavior is less than 1%. However, there exists an inflection point at which the maximum deformation increases or decreases depending on the corrugation radius. Furthermore, a short corrugation radius induces more residual stress in the corrugation.



	
From the analysis results, the optimum corrugation radius and fillet angle were determined as 0.09 L and 82.4°, respectively. The fillet angle is a more important factor under hydrodynamic loading than thermal contraction conditions. Therefore, a larger fillet angle is recommended for reducing corrugation deformation.








The authors believe that a design incorporating the new optimal corrugation shape would result in an LNG primary barrier with better structural characteristics than the conventional design under hydrodynamic pressure and cryogenic thermal contraction.
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Figure 1. (a) Photograph of the primary barrier. (b) Simplified primary barrier without knot area for FEA. (c) Schematic of hydrodynamic loading caused by ship motion. The black arrow represents the flow direction. (d) Schematic of the membrane-type LNG CCS [9]. 
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Figure 2. (a) Detailed SPB drawing: (b) front view of SPB, (c) half-length model, and (d) quarter model. 
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Figure 3. (a) Stress–strain curve of AISI 304L tensile test at −163 °C; (b) thermal expansion coefficient of AISI 304L at room and cryogenic temperature. 
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Figure 4. Loading and boundary conditions in (a) symmetric hydrodynamic pressure, (b) thermal shrinkage, and (c) asymmetric hydrodynamic pressure analysis. The red rectangles represent the flat bottom of the SPB, and each line represents a side of the SPB. Furthermore, the gray arrows indicating the pressure direction do not cross the yellow pressure limit line. 
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Figure 5. Schematic of mesh size distribution in (a) symmetric and asymmetric hydrodynamic pressure analysis and (b) thermal shrinkage analysis. 
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Figure 6. Maximum deformation according to the number of elements in (a) pressure tests and (b) thermal shrinkage analysis. The red dashed line connotes deformation convergence. 
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Figure 7. Photographs of the (a) experimental apparatus and (b) strain measurement points at the primary barrier; graphs depicting the (c) tensile properties of AISI 304L at room temperature and (d) experimental and FEA time–strain histories [9]. 






Figure 7. Photographs of the (a) experimental apparatus and (b) strain measurement points at the primary barrier; graphs depicting the (c) tensile properties of AISI 304L at room temperature and (d) experimental and FEA time–strain histories [9].



[image: Metals 12 00521 g007]







[image: Metals 12 00521 g008 550] 





Figure 8. Stress distribution for case No. 32 in (a) symmetric pressure analysis, (b) thermal shrinkage analysis, and (c) asymmetric pressure analysis. The black dashed rectangle and purple dot represent the points under maximum stress. Side view 1 (pressure) represents the pressure side, and side view 2 (nonpressure) represents the opposite case. 
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Figure 9. Deformed shapes for case No. 32 in (a) symmetric pressure analysis, (b) thermal shrinkage analysis, and (c) asymmetric pressure analysis. The black dashed rectangle represents the area of maximum deformation; side view 1 (pressure) shows the face exposed to pressure, and side view 2 (nonpressure) represents the opposite case. 
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[image: Metals 12 00521 g009]







[image: Metals 12 00521 g010 550] 





Figure 10. Deformation direction of the SPB on the length–middle section in the (a) symmetric pressure analysis, (b) asymmetric pressure analysis, and (c) thermal shrinkage analysis. The black arrows represent the deformation direction of the node from the red line to the blue dashed line. 
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Figure 11. Deformed SPB shapes of 82.8° fillet angle under asymmetric pressure in (a) case No. 12, (b) case No. 22, (c) case No. 32, and (d) case No. 42. 
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Figure 12. Maximum SPB stress and deformation according to the fillet angle in each test (a,c) symmetric pressure analysis and (b,d) asymmetric pressure analysis. 
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Figure 13. Maximum (a) stress, stress on the center corrugation, and (b) deformation of SPB according to the fillet angle in thermal shrinkage analysis. The dashed line represents the enlarged region of the graphs. 
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Table 1. FEA scenario according to corrugation radius and fillet angle.
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R/L

	
Case No.

	
θ (°)






	
0.08

	
11

	
82.4




	
12

	
82.8




	
13

	
83.2




	
14

	
83.6




	
0.09

	
21

	
82.4




	
22

	
82.8




	
23

	
83.2




	
24

	
83.6




	
0.10

	
31

	
82.4




	
32

	
82.8




	
33

	
83.2




	
34

	
83.6




	
0.11

	
41

	
82.4




	
42

	
82.8




	
43

	
83.2




	
44

	
83.6
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Table 2. The tensile properties of AISI 304L at room temperature [30].






Table 2. The tensile properties of AISI 304L at room temperature [30].





	Yield Stress

   (  σ y  ,   MPa )   
	Young’s Modulus

(E, MPa)
	Strength Coefficient

(H, MPa)
	Strain Hardening Exponent

(n)





	331.3
	206,387
	1678.8
	0.46
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