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Abstract

:

Under high sea conditions, liquefied natural gas (LNG) ships undergo significant shaking, which can affect the deformation and stress levels in the membrane tank walls. In this work, the structural characteristics of the corrugated steel inner wall in LNG ship membrane tanks were examined, different finite element models were established, and the structural characteristics under normal conditions, high sea conditions, and defective conditions were evaluated. The results revealed that corrugated steel exhibited high stress and strain under high sea conditions, with early signs of initial yield. In the presence of defects, the corrugated steel strip experienced higher stress and strain under the same load. Particularly, at a pressure of 10 bar, the defective corrugated steel exhibited a 2.3% increase in maximum stress than the defect-free corrugated steel. Additionally, the incorporation of reinforcement into the corrugated plate significantly reduced its stress and strain. Under a pressure of 10 bar, the reinforced corrugated plate exhibited a maximum stress of 503 MPa, which was 5.1% lower than that of the non-reinforced corrugated plate. This study provides theoretical support and guidance for designing and optimizing the inner wall structure of LNG ship membrane tanks.
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1. Introduction


The global liquefied natural gas (LNG) trade is expanding rapidly; meanwhile, the demand for carbon reduction is growing, which has increased the market demand for LNG ships. The liquid cargo containment system is one of the three core systems of LNG ships, specifically designed to protect liquid cargo. This system consists of primary and secondary barriers, an insulation layer, a space between the barriers, and key adjacent structures that support these components [1,2,3,4]. The liquid tank enclosure system has evolved into various forms, and traditional LNG cargo tanks typically utilize membrane-type, MOSS-spherical type, and independent designs. Compared with other membrane containment systems, the MARK-III membrane containment system provides a shorter construction cycle, lower production costs, superior structural performance, enhanced low-temperature resistance, and reduced cargo evaporation rate. These advantages make this membrane system a crucial component of LNG ship liquid cargo containment systems. The maintenance of membrane-type enclosure systems is more complex and costly compared with other systems used on ship hulls. The sea conditions are divided into 10 levels, and sea conditions above level 5 are called high sea conditions. Under high sea conditions, the waves are very high and the ship will sway violently. LNG tank oscillation will generate significant oscillation pressure on the inner wall of the membrane tank, causing uneven pressure on the corrugated steel. Moreover, defects such as damage or cracks in the containment system pose significant risks to both the ship hull and the safety of the crew. Therefore, investigating the structural characteristics of the MARK-III membrane enclosure system is crucial [5,6,7,8,9,10,11,12,13,14,15].



Numerous scholars have investigated LNG containment systems [16,17,18,19,20,21]. Ju et al. [22] examined the effect of water elasticity on the safety of the liquid tank enclosure system in the LNG ship. The results revealed that water elasticity significantly affected the sloshing load of the liquid tank. Additionally, the study introduced correction coefficients and empirical formulas to account for the effects of water elasticity on the containment system. Wu et al. [23] compared the pressure differences in the cargo hold of a 220,000 m3 membrane-type LNG ship through the two-dimensional and three-dimensional acceleration ellipse methods. The effect of the transverse stability center height of the ship on the pressure within the cargo hold was analyzed. Fu et al. [24] investigated the relationship between the pressure acting on ship cargo tanks and various parameters such as ship length and width. By calculating the internal pressure of LNG cargo tanks, these authors developed a dimensionless pressure distribution map for the internal pressure along the tank boundaries. Kim et al. [25] investigated the pressure resistance of thin film cabin stainless steel molds through experimental simulations and finite element modeling and proposed methods to enhance their performance. Sohn et al. [26] used a finite element model to determine the yield strength of stainless steel film and analyze its structural response under oscillatory loading. Park et al. [27] used artificial intelligence to predict the ultimate buckling strength of the liquid cargo containment system in the LNG ship under sloshing loads. Moreover, the ANN method was effectively used to identify the relationship between complex inputs and outputs related to the cargo system. This analysis was applied to simulate and calculate the ultimate buckling strength of the GTT NO96 liquid cargo containment system under sloshing loads. Graczyk et al. [28] performed pressure measurements while accounting for temporal and spatial distribution. They presented an experimental approach applied by MARINTEK for analyzing sloshing phenomenon. The local pressure effects were discussed based on low filling level tests with different wall surfaces. Yan et al. [29] calculated the SIF of a crack in a ship detail by combining a PATRAN finite element model for the whole ship with the advantages of ANSYS for SIF calculation, incorporating a macrocode written to achieve the transformation. The method was validated by comparison with existing empirical formulas. Dong et al. [30] presented a probabilistic framework for fatigue risk and updating assessments through inspection events. The computation associated with fatigue damage was performed using fracture mechanics and uncertainties are considered within this process.



Although scholars have conducted many studies on LNG membrane compartments, there are still limited studies on the structural characteristics of corrugated steel under high sea conditions, and there are few reports on how to improve the safety of membrane storage structures. Currently, no research has been conducted on the structural safety of MARK-III membrane cabin walls with specific defects under high sea conditions.



In this work, corrugated steel inner walls of MARK-III membrane compartments were examined and the response of the corrugated steel inner wall structure under normal conditions, high sea conditions, and defective conditions was analyzed. This work provides theoretical support and guidance for designing and optimizing the inner wall structure of LNG ship membrane compartments.




2. Model Description


The main shielding film of the MARK III liquid cargo enclosure system consists of 304 L stainless steel corrugated plates. Therefore, this paper utilizes 1.2 mm thick 304 L stainless steel corrugated plates as the research object and establishes a flat plate model with dimensions matching those of the corrugated plate model. This flat plate is attached to the bottom of the corrugated plate for analysis. The steel plate exhibits a symmetrical structure composed of a flat plate and a circular arc. The transitions between the flat plate and the slope surface and the top are designed with arcs of different curvatures (Figure 1a). In this model, uniform pressure and non-uniform pressure are applied to simulate the normal condition and high sea condition.



In practical applications, corrugated steel may develop defects due to collisions. To simulate the effect of these defects on the response of corrugated steel structures, a cylinder with the same length as the corrugated steel is constructed. The surface of this cylinder is positioned tangentially to the middle of the corrugated plate. The defect in corrugated steel is simulated through the normal displacement of the cylinder (Figure 1b).



To improve the structural stability of corrugated steel, a reinforcement component is designed in contact with the inner surface along the length of the corrugated steel (Figure 1c).



2.1. Control Equation


The Johnson–Cook constitutive model is used to characterize the stress–strain characteristics of 304L stainless steel. The Johnson–Cook constitutive model uses a continuous multiplication relationship to describe the effects of strain, strain rate, and temperature on the constitutive stress and failure strain of materials during deformation. At present, scholars have described the mechanical behavior of various materials such as copper, steel, and titanium using the Johnson–Cook constitutive model, which has been widely applied in engineering practice. The Johnson–Cook constitutive model is expressed by the following formula:


  σ =   A + B   ε   n       1 + C l n (      ε  ˙        ε  ˙    0      )     1 −        T −   T   r       T   m   −   T   r          m      



(1)




where A represents the initial yield strength, B denotes the strain strengthening index, n indicates the strain rate sensitivity index, and m signifies the temperature softening index. Based on the dynamic data of 304L stainless steel at room temperature and high temperatures, the material parameters of the Johnson–Cook constitutive model were fitted using the least squares method [31].




2.2. Boundary Conditions


(1) In the three models, the flat plate is treated as a rigid body and is connected to the bottom surface of the corrugated plate. The bottom plate is set as the primary surface, while the corrugated plate is designated as the secondary surface. The interaction between these two plates is modeled as a rigid connection in the normal direction. The augmented Lagrangian algorithm is selected as the contact algorithm to avoid infiltration between the corrugated steel and flat plate.



(2) Owing to the negligible displacement in the thickness direction of the corrugated steel, fixed constraints are applied to the cross-sectional edges on both sides of the model and the bottom plate.



(3) Non-uniform pressure and uniform pressure are applied to the normal corrugated plate model, respectively, as shown in Figure 2. Under high sea conditions, the swaying of LNG tanks can cause the corrugated steel to bear unilateral pressure. Therefore, non-uniform pressure on one side is used to simulate the stress state of corrugated steel under high sea conditions, as shown in Figure 2a.



(4) In the defect model, a contact pair is established between the corrugated plate and the cylindrical surface. The cylinder is treated as rigid, and normal displacement is applied in the direction of the corrugated steel to simulate a manufacturing defect. The augmented Lagrangian algorithm is selected as the contact algorithm.



(5) In the reinforcement model, the reinforcement is defined as the primary surface, while the corrugated steel is the secondary surface. For interactions between the reinforcement and the base plate, the base plate is considered the primary surface, while the reinforcement is the secondary surface. These interactions are modeled as rigid contacts in the normal direction.



If the contact algorithm is not set, there will be a result of mutual infiltration between the flat plate and the corrugated steel in the calculation, resulting in an underestimated stress result, especially in high sea conditions with high pressure. If the fixed constraints are not applied to the cross-sectional edges on both sides of the model and the bottom plate, it will make the calculated stress value smaller. So, appropriate boundary conditions are important.



The dimensions of the model are shown in Figure 3. The calculation parameters are listed in Table 1.



The mesh convergence analysis is shown in Table 2; when the grid node is greater than 458,942, the deviation of maximum stress is very small, so it can be regarded that the number of grids has no impact on the simulation results.





3. Results and Discussion


3.1. Structural Response of Corrugated Steel Under Uniform Loading


Figure 4 shows the stress cloud map of corrugated steel under a uniform pressure of 3 bar. Under this pressure, the corrugated steel gradually undergoes deformation at the top and transition regions of the corrugated plate.



Figure 5 shows the stress distribution map of the corrugated steel under a uniform pressure of 6 bar. Under this pressure, the stress on the corrugated plate further increases. However, the overall stability of the structure remains unchanged, with no plastic deformation or structural alterations.



Figure 6 and Figure 7 show the stress and strain cloud maps of the corrugated plate under a uniform pressure of 10 bar, respectively. At this pressure, the overall stress and strain of the corrugated plate significantly increase, leading to plastic deformation in most of the compressed areas. Consequently, the overall structure becomes unstable, collapses, and is destroyed.



Figure 8 shows the strain of the corrugated plate under different uniform loads. Under a uniform load, deformation mainly occurs in the central arc section of the corrugated plate. With increasing pressure, the curvature radius of the arc also increases. Moreover, the top of the corrugated plate undergoes minimal strain before reaching instability, with the overall strain in the model being insignificant. Upon reaching instability, the model undergoes severe deformation.




3.2. Structural Response of Corrugated Steel Under High Sea Conditions


Under high sea conditions, corrugated steel will bear uneven pressure, so unilateral pressure is used to simulate the stress situation of corrugated steel under high sea conditions. Figure 9 shows the stress cloud map of the corrugated steel under non-uniform unilateral pressure of 3 bar. The corrugated steel exhibits significantly greater overall stress under unilateral pressure compared with uniform pressure. Moreover, under high sea conditions, the stress concentration in the corrugated plate is mainly observed in the middle of the stressed side, the lower transition area of the stressed side, and the upper area of the non-stressed side. The entire corrugated plate exhibits an asymmetric stress distribution pattern. Additionally, some areas with high-stress concentration gradually deform, leading to a slight tilt of the entire model.



Figure 10 shows the stress distribution of corrugated steel under a non-uniform pressure of 6 bar. Under this uneven pressure, the stress in the corrugated steel further increases, leading to localized plastic deformation. The corrugated plate exhibits significantly higher stress under this uneven pressure compared with a uniform pressure of the same magnitude.



Figure 11 and Figure 12 show the stress and strain in the corrugated steel under a non-uniform pressure of 10 bar. Under this uneven pressure, the strain in the corrugated plate further increases, causing the model to tilt significantly toward the non-stressed side. Consequently, the entire structure becomes unstable, collapses, and loses its original form under high sea conditions.



Figure 13 shows the strain distribution of the corrugated plate under different non-uniform loads. Under high sea conditions, deformation mainly occurs in the middle, top, and transition areas below the stressed side of the corrugated plate. At loads of 1 and 3 bar, the corrugated plate exhibits minimal overall strain. However, under a load of 6 bar, the corrugated plate undergoes significant deformation, causing the model to tilt significantly toward the non-stressed side. Under a load of 10 bar, the model loses all stability. Corrugated plates under high sea conditions exhibit significantly higher strain and earlier initial yield than those under uniform loads.




3.3. Structural Response of Defective Corrugated Steel Under High Sea Conditions


By creating defects through cylindrical surfaces and applying unilateral pressure, the structural response of defective corrugated steel under high sea conditions can be simulated. Figure 14 shows the stress cloud map of the corrugated steel under uneven pressure of 1 bar. At this pressure, the defective corrugated steel exhibits significantly higher stress and strain than the defect-free steel. However, the defective steel still functions effectively.



Figure 15 shows the stress cloud map of the corrugated steel under a non-uniform pressure of 3 bar. Under this pressure, the defective corrugated steel exhibits higher stress and strain than the defect-free steel. Although the maximum stress at 3 bar is lower than at 1 bar, the stress is more evenly distributed across the corrugated plate.



Figure 16 shows the stress cloud map of the corrugated steel under a non-uniform pressure of 6 bar. Under this pressure, the stress and strain of corrugated steel further increase. Although the maximum increase in stress is relatively minimal, the overall stress in the corrugated plate significantly increases, leading to an expanded area of plastic deformation.



Figure 17 illustrates the stress cloud map of the corrugated steel under a non-uniform pressure of 10 bar. Under this pressure, the defective corrugated steel exhibits significantly higher stress and strain and a wider stress distribution than the defect-free steel. Consequently, the overall model fails and becomes non-operational.



Previous results reveal that under the same load, the defective corrugated steel exhibits greater stress and strain and is more prone to instability than the defect-free corrugated steel. The impact of defects on the strength of corrugated steel is significant and cannot be ignored. So it is necessary to inspect the corrugated steel in a timely manner and avoid reducing the structural strength of the corrugated steel due to defect problems.




3.4. Structural Response of Corrugated Steel with Reinforcement Under High Sea Conditions


By installing reinforcement components and applying unilateral pressure, the structural response of corrugated steel with reinforcement under high sea conditions can be simulated. Figure 18 shows the stress cloud map of the reinforced corrugated steel under uneven unilateral pressure of 1 bar. Under this pressure, the corrugated steel exhibits minimal strain and does not interact with the reinforcement. The overall stress distribution and magnitude of the reinforced corrugated steel are similar to those of the non-reinforced steel under the same uneven pressure.



Figure 19 shows the stress cloud map of the reinforced corrugated steel under non-uniform unilateral pressure of 3 bar. Under this pressure, the corrugated steel interacts with the reinforcement. Consequently, the reinforced steel model exhibits slightly lower stress than the non-reinforced steel under the same uneven pressure.



Figure 20 shows the stress cloud map of the reinforced corrugated steel under a non-uniform unilateral pressure of 6 bar. Under this pressure, the stress in the corrugated steel increases, leading to stronger interactions between the corrugated steel and the reinforcement. Moreover, as the pressure increases, the reinforcement undergoes a more rapid increase in stress than the corrugated steel. Overall, the reinforced model exhibits slightly lower stress than the non-reinforced model under the same uneven pressure.



Figure 21 shows the stress cloud map of the reinforced corrugated steel under a non-uniform unilateral pressure of 10 bar. Under this pressure, both the corrugated plate and reinforcement on the stressed side undergo significant deformation. The entire structure tilts toward the non-stressed side of the plate, and the curvature in the middle section of the corrugated plate on the stressed side decreases. Moreover, the reinforced model exhibits lower stress than the non-reinforced model under the same uneven pressure.



Figure 22 shows the strain of the reinforced corrugated plate under different non-uniform loads. Under uneven loads, deformation mainly occurs in the middle, top, and transition areas below the stressed side of the reinforced corrugated plate. Consequently, the overall model tilts toward the non-stressed side of the plate. Additionally, the middle circular arc area of the reinforced corrugated plate decreases compared with the non-reinforced plate.



The structural reinforcement can enhance stability and reduce stress and strain. Under a pressure of 10 bar, the maximum stress of the corrugated plate with added reinforcement is 503 MPa, which is 5.1% lower than that of the corrugated plate without reinforcement (530.1 Mpa). Under a pressure of 10 bar, the corrugated steel without reinforcement components showed significant deformation, especially in the curved part, with signs of collapse. After installing the reinforcement, the deformation of the circular arc area in the middle of the corrugated steel is significantly reduced. It is worth noting that the reinforcement may not be able to completely resist the collapse of corrugated steel, but it can improve the compressive strength to a certain extent.



Different materials of reinforcement are compared. The maximum stress of the corrugated plate with added aluminum alloy reinforcement is 516 MPa, which is larger than that of the corrugated plate with stainless steel reinforcement, as listed in Table 3. Furthermore, from the perspective of corrosion, stainless steel is a more suitable material for reinforcement components, because if other different materials are selected, the electrode potentials of other materials are different from those of corrugated stainless steel, which can easily cause electrochemical corrosion.



Because the reinforcement is closely attached to the corrugated steel, the outline is fixed but the wall thickness can be changed. As the wall thickness increases, the maximum stress decreases, but the decrease is not significant, as shown in Table 4. When the wall thickness increases, the cost increases and the weight also increases. So, concerning the wall thickness, it is not necessarily the thicker the better; it needs to be considered comprehensively from the perspectives of economy and practicality.





4. Conclusions


In this work, the response behavior of the stainless steel inner wall structure in LNG ship membrane tanks was examined under high sea conditions. The characteristics of the inner wall structure were simulated under normal conditions, with defects, and with fasteners. The following conclusions were drawn:



(1) Under uniform loads, the corrugated steel exhibits relatively low stress and strains and maintains symmetry around the central axis. Conversely, under uneven loads, the corrugated steel features greater stress and strain, with early signs of initial yield. During high sea state conditions with liquid tank oscillation, the tank wall becomes more prone to yielding and deformation, thereby increasing the risk of accidents.



(2) In the presence of defects, the corrugated steel strip exhibits higher stress and strain under the same load. At a pressure of 10 bar, the defective corrugated steel exhibits a 2.3% increase in maximum stress and features an earlier, more pronounced initial yield than the defect-free steel.



(3) The incorporation of reinforcement into the corrugated plate reduces its stress and strain. Under a pressure of 10 bar, the reinforced corrugated plate features a maximum stress of 503 Mpa, which is 5.1% lower than that of the non-reinforced corrugated plate. Therefore, the addition of reinforcement to the back of the corrugated plate can improve its ability to resist uneven pressure.



In this work, a simple defect is analyzed by simulating damage as cylindrical displacements. In fact, there are various types of defects, such as lateral cracks, longitudinal cracks, non-uniform wear, pores, bulges, compositional defects, and so on. In the following research, we will consider various types of defects and research in detail the impact of different types of defects on the structure characteristics.
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Figure 1. (a) Normal corrugated plate model; (b) defect model; (c) enhancement model. 
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Figure 2. Diagram of (a) non-uniform pressure and (b) uniform pressure. 
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Figure 3. Dimensions of the model. 
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Figure 4. Stress cloud map of the model under uniform pressure of 3 bar. 
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Figure 5. Stress cloud map of the model under uniform pressure of 6 bar. 
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Figure 6. Stress cloud map of the model under uniform pressure of 10 bar. 
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Figure 7. Strain cloud map of the model under uniform pressure of 10 bar. 
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Figure 8. Strain distribution of the model under different uniform pressures. 
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Figure 9. Stress cloud map of the model under non-uniform pressure of 3 bar. 
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Figure 10. Stress cloud map of the model under non-uniform pressure of 6 bar. 
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Figure 11. Stress cloud map of the model under non-uniform pressure of 10 bar. 
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Figure 12. Plastic deformation of the model under non-uniform pressure of 10 bar. 
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Figure 13. Strain of the model under different non-uniform pressures. 
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Figure 14. Stress cloud map of the defective model under non-uniform pressure of 1 bar. 
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Figure 15. Stress cloud map of the defective model under non-uniform pressure of 3 bar. 
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Figure 16. Stress cloud map of the defective model under non-uniform pressure of 6 bar. 






Figure 16. Stress cloud map of the defective model under non-uniform pressure of 6 bar.
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Figure 17. Stress cloud map of the defective model under non-uniform pressure of 10 bar. 






Figure 17. Stress cloud map of the defective model under non-uniform pressure of 10 bar.
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Figure 18. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 1 bar. 






Figure 18. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 1 bar.
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Figure 19. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 3 bar. 






Figure 19. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 3 bar.
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Figure 20. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 6 bar. 






Figure 20. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 6 bar.
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Figure 21. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 10 bar. 






Figure 21. Stress cloud map of the reinforced model under non-uniform unilateral pressure of 10 bar.
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Figure 22. Strain of the reinforced model under different non-uniform unilateral pressures. 
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Table 1. Calculation parameters.






Table 1. Calculation parameters.





	Item
	Value





	Thickness
	1.2 mm



	Height
	54.5 mm



	Length
	340 mm



	Yield strength
	215 MPa



	Tensile strength
	520 MPa



	Elastic modulus
	193 GPa



	Poisson’s ratio
	0.3



	Pressure
	1, 3, 6, 10 bar



	A
	454



	B
	1962



	n
	0.752



	C
	0.1732



	m
	0.699










 





Table 2. Mesh convergence analysis.






Table 2. Mesh convergence analysis.





	Number of Grid
	Maximum Stress (MPa)
	Deviation





	77,845
	474.3
	-



	196,987
	511.4
	37.1



	379,845
	534.6
	23.2



	458,942
	542.4
	7.8



	501,246
	544.1
	1.7










 





Table 3. Comparison of different materials.






Table 3. Comparison of different materials.





	Materials
	Maximum Stress (MPa)





	Stainless steel
	503



	Aluminum alloy
	516










 





Table 4. Comparison of different wall thickness.






Table 4. Comparison of different wall thickness.





	Wall Thickness (mm)
	Maximum Stress (MPa)





	1.2
	503



	2
	490



	2.8
	479
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