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Fully-transparent deep-sea pressure hulls have been attracted attention in recent years with the increasing demand for underwater observation. So far, public researches on design rule and failure modes for fully-transparent deep-sea pressure hulls are limited and the relevant experience cannot meet the requirements of new cabin design. In this study, the compression test is carried on, in which the material samples are subjected to quasi-static compressive load until failure in tests at different loading rates, and the hyperelastic finite element model is established in LS-DYNA software to simulate the failure process. Simulation results of material properties in finite element analysis on the cylindrical samples are compared with the experimental data, including the characteristic points of the mechanical properties in elastic stage and hardening stage, the ultimate load and failure mode of the samples. Mesh convergence analysis is conducted, and the appropriate mesh quality is accordingly selected in simulation of fully-transparent deep-sea pressure hulls. An equation for prediction of instability-type failure is described, which is derivation based on the classical analytical expression of elastic instability, thus, when 5 times of safety factor is taken, the wall thickness of the pressure hull is calculated to be t/R0 = 0.0685 at 2,500 m depth. Ultimate strength and failure mode of a typical fully-transparent deep-sea pressure hull are simulated. First, the first-order linear buckling modal analysis is carried out to simulate initial geometric imperfections. Then, simulations for the loading and collapse process of two fully-transparent pressure hulls respectively with one opening and two openings are conducted, and the ultimate load of 126 MPa and 128 MPa for the two kinds of hulls are obtained. Finally, simulation of a scaled pressure hull is carried out and simulation results are compared with the experimental data in reference, which are basically consistent. The calculated failure strength shows that the spherical hulls satisfy the safety factor requirement of 5 times. The provided simulation procedure can be referred for failure analysis of fully-transparent pressure hulls.
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1 INTRODUCTION
In recent years, more attention has been paid to deep ocean exploration, especially the research of manned submersible as an important tool. Pressure hulls made of titanium alloy or high-strength steel with transparent observation windows have been used as main parts of manned cabin. But the visual field of observation window is limited. To overcome the limitation, fully-transparent deep-sea pressure hulls were developed. Polymethylmethacrylate (PMMA) is a competitive plastic material for underwater engineering with its excellent optical clarity, superb colorability and color retention (Stachiw, 1986). In 1970, American Navy developed a submersible a with a fully-transparent spherical hull named NEMO (Snoey and Briggs, 1970; Stachiw, 1970), which proved the possibility of PMMA manned submersible. In Recent years, many fully-transparent acrylic manned cabins are manufactured and used in manned submersibles for panoramic visibility, such as Ocean Pearl and Triumph produced by SEA Magine Hydrospace, C-Quester made by U-Boat Worx (UBM), Handao Jiaolong developed by China Ship Scientific Research Center (Xu et al., 2022).
Safety is the first and essential concern for the underwater vehicles. Strength and deformation of the pressure hull under high pressure are quite important for integrated safety of the manned submersible. Thus, theoretical and numerical simulation studies have been conducted to study the ultimate strength and deformation:
In 1915, Zoelly et al. proposed theoretical calculation formula of buckling critical loads for ideal spherical hull under external pressure (Zoelly, 1915). Then Donnell et al. (Donnell and Wan, 1950), Koiter et al. (Koiter, 1945), Manuel et al. (Stein, 1964), Karman et al. (Karman and Tsien, 1941) and other scholars proposed non-linear large deflection theory, pre-buckling consistent theory, initial post buckling theory, which are main components of modern stability theory. Cui et al. (Pan and Cui, 2010; Pan et al., 2010) compared the design specifications of pressure spherical hull of submersible in different classification societies, and proposed an empirical formula for the critical load of titanium alloy pressure hull. In addition, observation window (Liu et al., 2010), manhole (Liu et al., 2016), welding effect (Yu et al., 2017) and initial deflection (Wang and Wan, 2014) of pressure hulls were studied. Based on these researches, a complete and mature metal pressure hull design standard has been formed (Rotter, 2011; Standard and GB 150, 2011). However, researches on design and failure form are rarely found for fully-transparent deep-sea pressure hulls, therefore new analysis procedures are needed. With the rapid development of computer science and finite element method (FEM), the failure behavior of structures can be predicted by finite element software. Walter performed a non-linear buckling analysis of spherical shell with initial defect, non-linearity material and non-linearity geometric model by numerical simulation (Walter and Ursula, 2002). George considered the non-linear effects of transverse shear deformation, initial curvature, stresses on the radial and thickness directions, and corrected the errors in the classical theory (George and Voyiadjis, 2004). Zhang et al. proposed buckling analysis of special shaped pressure hull (Zhang et al., 2018a; Zhang et al., 2019; Zhang et al., 2022), and the non-linear buckling of hulls geometrical defects were evaluated by developing modified Riks Method for modeling simulation (Zhang et al., 2018b). The creep and damage of PMMA viewport windows in the deep-sea manned submersible were also investigated by simulation approaches. Li et al. predicted the cyclic creep behaviors and lifetime of conical/spherical viewport windows by FEM simulation, in considerations of velocity, time, depth and sequence for diving (Li et al., 2021). Liu et al. developed characterization method on PMMA material properties by employed the ABAQUS-UMAT package (Liu et al., 2020). Wang et al. proposed an explicit formula to calculate the axial displacement of PMMA frustums with different ratios of thickness to diameter under different holding-time and pressures, to provide guidelines on the preliminary design of deep-sea window (Wang et al., 2021).
In this study, the compression test is carried on, material samples are subjected to quasi-static compressive load in failure tests at different loading rates, and the hyperelastic finite element analysis model is established in LS-DYNA software. Mesh convergence analysis is conducted, the appropriate mesh quality is selected in simulation of fully-transparent deep-sea pressure hulls. A equation for prediction of instability-type failure is described, which is derivation based on the classical analytical expression of elastic instability, and the wall thickness of the pressure hull is calculated. Ultimate strength and failure mode of a typical fully-transparent deep-sea pressure hull are simulated. Initial geometric imperfections, ultimate load and failure mode are obtained. The provided simulation procedure can be referred for failure analysis of fully-transparent pressure hulls.
2 COMPRESSION EXPERIMENT
The material test was carried out in accordance with ASTM D695-15 Standard test Method for Compressive Properties of Rigid Plastics and GB-T1041-2008 Determination of Compressive Properties of Plastics. PMMA samples with diameter of 12.7 mm and length of 25.4 mm were subjected to quasi-static compressive load in failure tests at different loading rates (0.5 mm/min, 5 mm/min, 10 mm/min, 50 mm/min and 100 mm/min for the samples Z01, Z02, Z03, Z04, Z05 respectively). The test pressurization process, with the recorded stress-strain curve and photo of the sample after destruction is shown in Figure 1. The compression failure test is carried on the testing machine TSE105D, compression force is set. The compression force and displacement are recorded as shown in Figure 2. The corresponding stress and strain curve are calculated according to σ = F/A0, ε = Δl/l0, where, F is compression force, A0 is minimum cross-sectional area of the sample, Δl is compression displacement of the sample, and l0 is original length of the sample. Details of material properties obtained by the compressive tests are listed in Table 1. It is shown that (1) the elastic stage of PMMA material quickly turns into the non-linear stage at the second half of the period before the yield point. Therefore, the properties of material cannot be described by the traditional linear elastic analysis method; 2) the elastic modulus and yield strength increase with the loading rate; 3) the fracture strength and fracture strain increase with the loading rate.
[image: Figure 1]FIGURE 1 | Experimental test process.
[image: Figure 2]FIGURE 2 | Compressive force-displacement curves at different loading rates.
TABLE 1 | The results of compression test.
[image: Table 1]The plastic deformation of PMMA after yielding was measured at the condition of loading rate V = 0.5 mm/min, and the samples were loaded to the upper yield, intermediate yield and lower yield respectively and then unloaded. The strain of samples with time is shown in Figure 3. It is shown that the deformation can be completely recovered after loading to the upper yield point, while certain permanent deformation is produced at the intermediate yield point and lower yield point. It shows that the process from upper yield to lower yield is a process from elasticity to plasticity.
[image: Figure 3]FIGURE 3 | Strain curves of PMMA specimens after elastic unloading.
3 FINITE ELEMENT ANALYSIS OF COMPRESSED SPECIMEN
The hyperelastic finite element analysis model is established in LS-DYNA software by fitting the relevant parameters with the test data. The loading rate of 0.5 mm/min is set. The geometric parameters and the boundary conditions are the same as the test conditions. Mesh convergence analysis is conducted by comparing the finite element analysis results with the experimental data. The stresses of samples at 0.049898 m, 0.44998 m, 0.75 m, 0.79995 m, 0.84995 m and 1.6 m are shown in Figure 4. It can be seen that the fracture occurs when the maximum stress of the sample reaches 145 MPa. The trend of stress-strain curve is related to mesh size. The stress-strain curves at different mesh sizes are shown in Figure 4, in which the curves represent the conditions of the mesh sizes that are equal to 0.2 mm, 0.5 mm and 0.9 mm. When the meshing becomes denser, the calculation results of stress-strain curves also tend to experiment result. But their values differences are very small, the grid strains at fracture are 1.56, 1.57 and 1.60 respectively. Mesh size 0.2 mm is determined for compression simulation of sample. A huge number of elements will lead to a large amount of computer resource requirements. Therefore, mesh size 0.9 mm is determined for simulation of fully-transparent deep-sea pressure hulls.
[image: Figure 4]FIGURE 4 | Stress curve in finite element analysis.
Conclusions drawn by Figure 4 include 1) the elastic stage of PMMA material quickly turns into the non-linear stage; 2) the elastic modulus and yield strength increase with the loading rate; 3) the fracture strength and fracture strain increase with the loading rate. The finite element analysis results are compared with the experimental data. In the elastic stage, the yield of the material in the experiment and finite element analysis occur respectively at (2 mm, 17 kN) and (1.8 mm, 16.5 kN); And in the hardening stage, the result from finite element anlaysis ends at the point (1.6 mm, 48 kN) comparing to that of experimental result at the point (1.6 mm, 45 kN).
Figure 5 depicted the stress nephogram of sample. As can be seen, the cylinder sample bulges in the middle under pressure, and then breaks under the action of tension, which conforms to the experiment.
[image: Figure 5]FIGURE 5 | Stress nephogram of sample. (A) 0.049898 ms (B) 0.44998 ms, (C) 0.75 ms (D) 0.79995 ms, (E) 0.84995 ms (F) 1.6 ms.
4 SIMULATION OF THE PRESSURE HULL
The classical analytical expression for elastic instability developed by Zoelly, can be written as below (Krenzke and Kiernan, 1741)
[image: image]
Where, Pcr is critical pressure at which elastic instability occurs; E is Young’s modulus; t is shell thickness; μ is Poisson’s ratio; K is buckling coefficient; Rm is radius to midsurface of shell.
The pressure structure cannot be perfectly spherical hull. It is found that the critical pressure predicted by the classical small deflection theory of elastic instability is 20%–30% higher than the experimental collapse pressure of spherical hull.
As subsequent research has shown that the deviation of experimental collapse pressure from the calculated critical pressure for perfect spheres is a function of deviations from nominal sphericity and nominal wall thickness, attempts were made to modify the classical formula. The resulting semiempirical expression (Krenzke and Kiernan, 1741):
[image: image]
R0 is inner diameter of pressure hull.
To make this equation applicable to acrylic material one further modification is necessary. In place of Young’s modulus E based on the linear relationship between stress and strain, new terms must be substituted that reflect the non-linear relationship between stress and strain in acrylic material. The new term for E may be the tangent modulus of elasticity (Et), secant modulus of elasticity (Es), or a hybrid expression of [image: image], that takes both moduli into consideration. The new term for μ, may be μv, a variable that also reflects the non-linear relation ship between stress and Poisson’s ratio in acrylic.
The secant modulus, tangent modulus, and variable Poisson’s ratio are generally derived from typical uniaxial-compression stress-strain curves of acrylic test specimens. In order to arrive at the stress level in the sphere so that the proper Es, Et and μv can be substituted into Equation (2) the following simplified equation is use [image: image] = [image: image]/[image: image], that for the purposes intended is of sufficient accuracy.
A new equation for prediction of instability-type failure in PMMA shells can be expressed as
[image: image]
It is assumed that the water depth is 2,500 m, the water pressure is 25 MPa, 5 times of safety factor is taken, the wall thickness of the pressure hull is calculated to be t/R0 = 0.0685. Thus, the dimensions of the pressure hull with a depth of 2,500 m are determined as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Structural diagram of fully transparent pressure hull.
Geometric model in finite element software is shown in Figure 7. The inner diameter of the pressure hull is 1,470.66 mm, the outer diameter is 1,676.4 mm. The upper hole is manhole, and the lower hole is installation and wiring hole. The finite element model is established using LsDyna software. The pressure hull is made of PMMA. The hole cover is made of steel. The elastic modulus is set as 210,000 MPa, and the density is set as 7.8 g/cm³. The three-points constraint specified by China Classification Society is selected: Uy = Uz = 0, Ux = Uz = 0 and Uy = Uz = 0.
[image: Figure 7]FIGURE 7 | Geometric model and constraint in finite element software.
The pressure of 1.0 MPa is applied to the outer surface of pressure hull. The buckling analysis is based on the static analysis, therefore the static analysis is carried out first, and the first-order modal analysis is implemented based on the static result. The buckling of fully-transparent pressure hull with double holes is obtained as shown in Figure 8.
[image: Figure 8]FIGURE 8 | First order linear buckling analysis of pressure hull.
The collapse process is simulated. The load is applied to the surface of spherical hull with the loading rate in sample simulation. According to the fracture strain in experiment and mesh parameters in sample simulation, the collapse process of fully-transparent pressure hull with one and two holes are shown in Figure 9 and Figure 10.
[image: Figure 9]FIGURE 9 | Fully-penetration pressure hull with two holes. (A) Effective stress at 3.1998 ms (B) Plastic strain at 3.1998 ms.
[image: Figure 10]FIGURE 10 | Fully-transparent pressure hull with one hole. (A) Effective stress at 3.1498 ms (B) Plastic strain at 3.1498 ms.
The effective stress and plastic strain of fully-transparent pressure hull with two holes at loading time 3.1998 m are shown in Figure 9. When the spherical hull is subjected to an external load, stress concentration occurs in the local reinforced part. When the pressure increases to 127.992 MPa, it begins to damage until the upper and lower hemispheres are completely broken.
The effective stress and plastic strain of fully-transperent pressure hull with one hole at loading time 3.1498 m are shown in Figure 10. When the spherical hull is subjected to an external load, stress concentration occurs in the local reinforced part. When the pressure increases to 125.992 MPa, it begins to damage until the upper hemisphere is completely broken.
When the water pressure is 25 MPa, for spherical hull with double holes, the ultimate load is 127.992 MPa. And for spherical hull with one hole, the ultimate load is 125.992 MPa. They all meet the design requirement of 5 times safety factor. Therefore, ratio of thickness to radius of pressure hull t/R0 = 0.0685 meets the design requirements of the pressure hull operation at 2,500 m depth.
5 SIMULATION OF SCALED PRESSURE HULL AND EXPERIMENTAL VALIDATION
It is difficult to verify the accuracy of finite element analysis through large-sized pressure hull in laboratory. Therefore, simulation of scaled pressure hull is carried out. The inner diameter of the sample pressure hull is 220 mm, and the outer diameter is 250.14 mm in present study.
The effective stress and plastic strain of scaled pressure hull at loading time 1.54 m are shown in Figure 11. When the spherical hull is subjected to an external load, stress concentration occurs in the local reinforced part. When the pressure increases to 31.2 MPa, it begins to damage until the upper hemisphere is completely broken. The simulation results are compared with the experimental results in reference (Xu et al., 2022). Pressure hull at the same size is crushed when the load increases to 27.5 MPa, and the relative error between the finite element analysis result and the experimental result is 13.45%, which is basically consistent.
[image: Figure 11]FIGURE 11 | Fully-transparent sample pressure hull. (A) Effective stress at 1.54 ms (B) Plastic strain at 1.54 ms.
6 CONCLUSION
In this paper, the failure mode and buckling behavior of fully-transparent pressure hull are studied. The finite element model is established in LS-DYNA software by fitting the relevant parameters with the data from compressive tests of PMMA sample. The failure mode is consistent with experiment data, and mesh size in finite element model is determined based on convergence analysis. It is assumed that the water depth is 2,500 m and the water pressure is 25 MPa, taking 5 times of safety factor, the wall thickness of the hull is calculated to be t/R0 = 0.0685. The first-order modal analysis is carried out on the static result, and the buckling of the fully-transparent pressure hull is obtained. The collapse process is simulated. The load is applied to the outer surface of the spherical hull according to the loading rate of sample simulation. According to the fracture strain in experiment and mesh parameters in sample simulation, the collapse process of fully-transparent pressure hull with two and one holes are obtained. When the pressure increases to 128 MPa and 126 MPa respectively, the hulls begin to damage until they are completely broken. When the water pressure is 25 MPa, they all meet 5 times safety factor. At the same time, simulation of scaled pressure hull is carried out. The simulation results are compared with the experimental results in reference, which is basically consistent. Therefore, ratio of thickness to radius t/R0 = 0.0685 meets the design requirements of the pressure hulls operation at 2,500 m depth (Stachiw, 1971).
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