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Abstract

:

Hydrogen storage is a crucial factor that limits the development of hydrogen energy. This paper proposes using a split liner for the inner structure of a hydrogen storage cylinder. A self-tightening seal is employed to address the sealing problem between the head and the barrel. The feasibility of this structure is demonstrated through hydraulic pressure experiments. The influence laws of the O-ring compression rate, the distance from the straight edge section of the head to the sealing groove, and the thickness of the head on the sealing performance of gas cylinders in this sealing structure are revealed using finite elements analysis. The results show that when the gas cylinder is subjected to medium internal pressure, the maximum contact stress on the O-ring extrusion deformation sealing surface is greater than the medium pressure. There is sufficient contact width, that is, the arc length of the part where the stress on the O-ring contact surface is greater than the medium pressure, so that it can form a good sealing condition. At the same time, increasing the compression ratio of the O-ring and the head’s thickness will help improve the sealing performance, and reducing the distance from the straight edge section of the head to the sealing groove will also improve the sealing performance.
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1. Introduction


The energy crisis and environmental issues are two significant problems today. Hydrogen energy, as a kind of secondary energy with a wide range of sources, clean and carbon-free nature, and rich application scenarios, is regarded as one of the most promising clean energy sources in the 21st century [1,2]. The utilization of hydrogen mainly includes three aspects: manufacture, storage, and transportation [3,4]. The storage of hydrogen is the most critical factor among them.



Hydrogen storage pressure vessels are classified into four types: I, II, III, and IV. Type I hydrogen storage pressure vessels [5], typically made of all-metal steel, were used for industrial hydrogen storage in the late 19th century. However, due to their high structural density and weak corrosion resistance, they are not very practical for hydrogen storage, with an approximate mass hydrogen storage density of only 1 wt%. Subsequently, type II hydrogen storage pressure vessels [6] were fabricated. These vessels have a metallic inner liner and circumferentially wound fibers in the cylinder segments. The structural loads are shared by both the metallic inner liner and the composite material. Type II hydrogen storage pressure vessels are approximately 50% more expensive to fabricate than type I but weigh 30–40% less. However, type I and II hydrogen storage pressure vessels are not ideal due to their sizeable capacity-to-weight ratio, low hydrogen storage efficiency, and the hydrogen embrittlement phenomenon. Developing and popularizing composite materials have led to the creation of III and IV hydrogen storage pressure vessels. These vessels consist of a metallic inner liner and a fiber outer structure, resulting in a vessel with good airtightness, strong load-bearing capacity, and high hydrogen storage density. The only difference between III and IV types is the material used for the inner liner. The inner liner for type III is made of metal materials.



In contrast, the inner liner for type IV is made of polymer materials using injection molding, blow molding, extrusion, or roto molding. However, the valve seat is typically metal and integrated with the liner through bonding, heat fusion, threading, or sealing elements. The inner liner of type III and IV primarily serves as a seal, while the outer structure, fully wound with carbon fiber or glass fiber, is the primary load-bearing structure. Under the premise that the hydrogen storage pressure vessel meets the requirements of use, hydrogen storage pressure vessels are targeted towards lightweight, high strength, good fatigue resistance, and long service life. The inner liner of the type III hydrogen storage pressure vessel is typically made of metal materials such as aluminum, titanium, or stainless steel. Based on years of engineering experience and actual use, aluminum alloy has been shown to exhibit superior material properties when used as the inner liner material for thoroughly wound pressure vessels. There are two types of metal inner liners: one involves one-piece inner liners formed through spinning, molding, and welding. Q.X. Xia et al. [7,8] optimized the spinning technology without mandrel closure and provided the basis for manufacturing weldless hydrogen storage pressure vessel linings. Due to the high manufacturing cost and equipment investment required for an aluminum alloy seamless hydrogen storage pressure vessel, the metal inner liner must be thick enough to ensure proper forming quality. Using the plug welding technique, R. Pramod [9] achieved effective continuity between the metal head and the barrel. Moreover, the sealing joints are used in fillet welding technology to prevent gas leakage. Another type of split inner liner is formed by gluing and sealing elements. General Motors developed a new composite pressure gas cylinder that connected the barrel and head through plastic deformation and used a sealant to solve the sealing problem. The head and barrel are fixed with a clamp to create a metal liner without weld connections. However, this design has the disadvantages of low-pressure bearing and unreliable sealing. Chilou Zhou [10] designed a new sealing structure for hydrogen storage. The structure consists of a wedge ring and an O-ring. The wedge ring prevents the O-ring from being extruded from the gap between the head and barrel. The effects of the wedge ring, hydrogen pressure, and hydrogen expansion of the O-ring on the performance of the combined seal were analyzed. This analysis will be helpful for future cylinder sealing.



The structure of the inner liner of a Type IV hydrogen storage pressure vessel was developed. E.S. Barboza Neto [11] investigated the minimum inner liner thickness re-quired to meet load requirements in a polyethylene-lined pressure vessel using hydro-static experiments and finite element simulation methods based on the Tsai-Wu and von Mises theories. Their findings provide a foundation for the pre-selection and design of the inner liner. Sung-Min Cho [12] carried out an experimental study on the structure of the liner of a Type IV hydrogen storage cylinder. Finite element analysis was performed on three types of head forms. The head forms included an equal stress head, a long head (with a longer longitudinal axis than the equal stress head), and a flat head (with a shorter longitudinal axis than the equal stress head). The hydraulic burst test was performed on all three cylinders, and the results showed that the cylinders with the equal stress head structure experienced burst failure of the barrel. In contrast, the long-head and flat-head cylinders experienced burst failure between the head and barrel. The study found that type IV composite cylinders designed with equal stress head structures are considered safer regarding damage mode. Gun Young Park [13] designed the head form of the liner to have an equal ellipsoidal design, which has an equal ellipsoidal curve and a spherical shape. It can avoid slipping in the dome region when the filament is wound. Moreover, the Response Variation Method optimizes the liner’s shape. The connection between the metal valve seat and the inner liner is also vital; gas leakage in the liner can affect the safety of a Type IV hydrogen storage cylinder. In 2020, Toyota introduced an improved 70 MPa onboard type IV hydrogen storage cylinder with a boss structure that utilizes double seals. This structure is commercially available. Ji qi Zhu [14] optimized the BOSS structure with a 65° inclination stop rotating platform and two sealing grooves. This structure meets the industrial requirements for strength, fatigue, and sealing performance, and allows the polymer liner, BOSS structure, and composite material to be tightly connected under high pressure. This is of great significance for producing Type IV hydrogen storage cylinders.



Numerous scholars have launched research on polymer liners to replace metal liners with polymer liners, but polymer liners have many drawbacks. First of all, with the cycle of pressure and pressure relief, the temperature field varies greatly, which can easily lead to the aging of plastics, and the mechanical properties of the liner decline, making it difficult to solve the airtightness between the metal seat and the inner liner; moreover, the inner liner made of plastic and rubber becomes brittle and unstable and ruptures. Secondly, hydrogen cylinders with plastic or rubber liners are more sensitive to impact damage than metal liners, and severe impacts can lead to fiber breakage and failure. Last but not least, the polymer liner cannot meet the demanding conditions for gas tightness of composite hydrogen storage cylinders. Therefore, the metal liner of type III hydrogen storage cylinders is still the mainstream application. The optimization of the structural design of the liner can also further reduce the weight of the cylinder and improve its strength to meet the requirements of safe use. In the existing process, the metal liner of the type III hydrogen storage cylinder is usually obtained through spin molding. However, molding is more complicated and prone to defects such as local folds and concentric ripples in the head. This process has specific requirements for the liner size, wall thickness, and volume, and it cannot be adapted to the production of all specifications of the metal liner. The thin-walled inner liner is usually made by welding, and the defects caused by welding will seriously reduce the fatigue life of cylinders. Therefore, manufacturing metal liners limits the promotion and application of type III hydrogen storage cylinders. A split liner avoids the above drawbacks and can be applied to the connection between the head and barrel of different materials. The liner is easy and convenient to manufacture, the size of the manufactured hydrogen storage cylinders is not limited, the head can be designed, the liner defects can be controlled, and it has a wide range of applicability. However, the split liner adds a connection structure that creates sealing problems for the hydrogen storage cylinder.



The self-tightening sealing principle is that when the pressure of the medium inside the container rises, the sealing element is pressed tighter, and the seal is more effective. The higher the pressure, the better the sealing effect. The O-ring is the most commonly used sealing structure because of its simple structure, easy processing, and reliable sealing. Yiran Zheng and Chilou Zhou [15,16] investigated the material properties of rubber O-rings under the action of high-pressure hydrogen, including their chemical structure, mechanical properties, and expansion properties. Subsequently, the sealing performance of rubber O-rings under the action of high-pressure hydrogen was discussed, including static sealing characteristics and dynamic sealing characteristics. Hong Zhang and Zhen Li [17,18] established a structural simulation model to analyze the influence of different structural parameters on the sealing performance of O-rings to achieve the best sealing effect of the structure.



In this paper, a new sealing structure for the head is designed to solve the sealing problem of the hydrogen storage cylinder’s split inner liner and meet the sealing requirements of the split inner liner by self-tightening sealing. Moreover, the specimen preparation, hydraulic pressure experiment, and finite element simulation are carried out for this structure to verify its feasibility of the structure. This paper reveals its sealing mechanism and the influence of critical geometric parameters on sealing.




2. Experimental and Simulation Methods


2.1. Designing the Structure


The structure of a Type III hydrogen storage cylinder consists of composite material winding layers and a metal inner liner. In a one-piece inner liner, due to the discontinuity of the head and barrel, under the action of internal pressure, the local area near the connection of the head and barrel will appear to experience a stress increase with rapid decay. Fatigue damage may occur in one-piece liners under alternating loads when the gas is repeatedly filled with hydrogen storage cylinders. Therefore, a split inner liner is used, divided into left and right heads and barrels. Each structure in the inner liner is independent, and the joints are not subjected to axial load fatigue, significantly improving its fatigue resistance. The head and cylinder are connected by sealing elements, as shown in Figure 1. In order to realize a reliable seal between the head and the barrel under internal pressure, the straight edge section of the head has a sealing groove for mounting the sealing element, and the initial seal is formed between the barrel and the sealing element using an interference fit. Figure 2 shows the schematic structure of the head. In order to avoid the uneven force caused by the accumulation of fibers at the head, which reduces the performance of the hydrogen storage cylinder, this hydrogen storage cylinder chooses the ellipsoidal head with a relatively simple production process and reasonable force uniformity, and the ellipsoidal ratio is    2    (the ratio of the long and short axes of the rotating ellipsoidal spherical bus). The head includes an elliptical section and a straight side section. A sealing groove is provided on the straight side section for placing the sealing element. There is a transition section in the middle of the elliptical section and the straight side section. The end of the transition section of the head contains a groove, which is matched with the end of the barrel. This groove can limit the end of the barrel to a more considerable circumferential deformation under internal pressure conditions, so it can control the premature leakage failure of the seal, improve the reliability of the seal, and make the head and barrel a single unit in the connection of the deformation of the same to avoid stress concentration and improve its anti-fatigue performance. Without compromising the strength of the hydrogen storage cylinder, wrapping the composite material around the outside of the liner can reduce the weight of the liner and solve the problem of effective continuity between the head and the barrel. Circumferential winding is used to increase the circumferential strength of the cylinder, and spiral winding provides axial restraint for the head and the barrel. Spiral winding is used as the central load-bearing unit in the axial direction of the vessel under internal pressure conditions.




2.2. Preparation of Hydrogen Storage Cylinders


The preparation of hydrogen storage cylinders was mainly divided into four steps. The first was the assembly between the head and the barrel. The sealing elements (rubber O-rings and gaskets) were mounted into the sealing groove of the head. Then, the end of the barrel was pressed into the end groove of the head by axial force so that the head and the barrel become an integral whole, and the initial sealing was completed. The inner wall surface of the barrel and sealing element was an interference sealing fit, as shown in Figure 3a. Then, to check whether the liner can be sealed, the liner was loaded with water pressure using a 4DY-18/130 electric test pump from Taizhou Huixin Pump Manufacturing Company (Taizhou, China), and the experimental pressure was 5 MPa. Since the liner is split, a steel frame was used to provide axial force, and the device is shown in Figure 3b. After loading to 5 MPa, the pressure was held for half an hour, and there was no drop in the pressure. It was considered that the liner was sealed well and could be used for subsequent steps. Followed by fiber winding, the thicknesses of helical and circumferential winding layers were determined through lattice theory, and the layup order was as follows: {[(±12)2/904]4/(±12)4/904}sym. The outer fiber winding layer of the hydrogen storage cylinder was made using a CNC winding machine model 5FW1000×6000 from Harbin Institute of Technology (Harbin, China), as shown in Figure 3c. The resin used in the experiment was an AF-4206A/B epoxy resin combination from Huibai New Material Technology (Shanghai) Corporation (Shanghai, China). The carbon fiber was the carbon fiber of TG7012KB22A from Jilin Carbon Valley Carbon Fiber Corporation (Jilin, China). Finally, the wrapped hydrogen storage cylinders were placed in the oven and heated at 90 °C × 3 h + 130 °C × 3 h to cure the carbon fibers into shape, as shown in Figure 3d.




2.3. Experimental Methods


After the curing of the hydrogen storage cylinder was completed, its surface was polished smooth, and strain gauges were applied at the junction of the head and the barrel and in the middle of the barrel to measure the circumferential and longitudinal deformation of the cylinder, as shown in Figure 4a. In order to improve the fatigue performance of hydrogen storage cylinders and increase their service life, self-tensioning pressure experiments are carried out on the cylinders before they leave the factory for use [19,20]. On the one hand, this can reduce the internal stress of the composite layer due to the winding process, thus improving the performance of the composite cylinders. On the other hand, it can put the metal liner in a compressive stress state after the self-tightening pressure, reducing the stress amplitude of the metal liner under the working pressure and improving its fatigue performance. Hydrogen storage cylinders were used to carry out hydraulic experiments with an electric test pump, and water pressure was used to the self-tightening pressure of 55 MPa, holding pressure for half an hour, as shown in Figure 4b. Then, the hydrogen storage cylinder drain pressure was set to 0 MPa, the hydrogen storage cylinder hydraulic experiment was carried out again, water pressure was set to the working pressure of 35 MPa, the pressure was held for half an hour, and the pressure did not drop, proving that the seal was good.




2.4. Finite Element Simulation


Hydrogen storage cylinders made of composite materials were simulated and analyzed, focusing on the forces and deformation of the O-rings in their sealing structure. The simulation was modeled according to the real size, and the liner is shown in Figure 5. In order to simplify the computational model, the hydrogen storage cylinder was a 1/36 model, as shown in Figure 6, which includes a metal liner, sealing elements (O-rings and two flat gaskets), and a fiber winding layer. A cylindrical coordinate system was established, the boundary condition was circular symmetry, and the pole hole of one end head was fixed. The mesh type was a three-dimensional cubic linear reduced integral cell (C3D8R). Because the material was nonlinear, the structure was nonhomogeneous and discontinuous, and the deformation, stress, and contact state were complex. The simulated procedure type was Dynamic, Explicit. In the model, hard contact was used between the head, cylinder and sealing element.



In order to accurately simulate the behavior of the sealing elements during the process of assembly of the hydrogen storage cylinder and the process of internal pressure loading, the finite element loading analysis step is divided into four steps. Step 1: The pre-installation process of the inner was simulated. In the simulation, the barrel was fixed, and axial displacements toward the cylinder were applied to the left and right heads to make the heads and the barrel a single unit and establish the initial seal assembly state. Step 2: The metal liner was bound to the fiber layer [21], and the head end was restrained for axial displacement; then, a self-tightening pressure of 55 MPa was applied to the interior of the hydrogen storage cylinder. Step 3: Pressure relief. Step 4: A working pressure of 35 MPa was applied to the interior of the hydrogen storage cylinder.



In the simulation, the model involves a variety of materials. The inner liner is aluminum alloy, and the true stress–true strain principal relationship is used. Its plasticity parameters are shown in Table 1. E = 70 GPa, u = 0.3. The O-ring is made of rubber. To simulate the geometric nonlinear behavior under large deformation accurately, this paper adopts the two-parameter Mooney–Rivlin model to describe its intrinsic relationship, and its simplified model is shown in Equation:


W = C10(I1 − 3) + C01(I2 − 3) + (J − 1)2/D1








where W is the strain potential energy; I1 and I2 are the first and second strain bias invariants; J is the volume ratio; C10 and C01 are the material coefficients; and D1 is the material incompressibility coefficient. C10 = 1.25 MPa, C01 = 5.1 MPa, and D1 = 0.003.



The fiber winding layer material is a carbon fiber material, the material properties of the carbon fibers are defined using a user subroutine, and the failure criterion uses the three-dimensional Chang–Chang damage initiation criterion [22,23], which takes into account the possible fiber stretching, fiber compression, matrix stretching, and matrix compression of the fibers. The material property parameters of carbon fibers are shown in Table 2.





3. Results and Discussion


3.1. Accuracy of Finite Element Methods


The O-ring cells were refined to minimize calculation errors caused by differences in the number of cells and to ensure the accuracy and efficiency of the calculations, as shown in Figure 7. Maximum contact stress and contact width of the O-ring were used as evaluation indexes. As shown in Figure 8, when the number of O-ring cells reached 275,690, the results of the maximum contact stress and contact width tended to be stable, and the resulting error was less than 1%, so the number of O-ring cells was selected to be 275,690.



This paper focuses on the reliability of the sealing structure. Composite fibers provide axial and circumferential strength to the liner, and fiber strength affects the sealing effect of the split liner, so the strain gauge data of the fiber at the junction of the head and cylinder were selected for comparison with the finite element simulation. In the experiment, the strain gauge recorded the change in strain value with time, and the digital pressure gauge recorded the change in pressure with time. Finally, the change of strain value with pressure was obtained through data processing. As shown in Figure 9a, the experimental results of axial strain are consistent with those of the finite element method. As shown in Figure 9b, the trend of the experimental and simulated results of the circumferential strain is relatively close. They verify the accuracy of the fiber parameters in the model and the grid of the gas cylinder model.




3.2. Influence Analysis of Gas Cylinder Sealing Structure Parameters


To analyze the sealing performance of the O-ring [24], two evaluation indexes were used: contact stress and contact width. The condition that the O-ring can achieve sealing is that when the O-ring is squeezed, the maximum contact stress on the contact surface is greater than the medium pressure, and there is sufficient contact width, that is, the arc length of the part where the stress on the O-ring contact surface is greater than the medium pressure. In this paper, the contact stress and contact width on the main contact surface, that is, the contact surface between the O-ring and the cylinder, were used to determine the seal reliability. The influences of the O-ring compression rate ε, the distance l from the straight edge section of the head to the sealing groove, and the thickness d of the head on the sealing performance of the gas cylinder were explored, as shown in Figure 10.



The O-ring can be divided into two stages of sliding seal and extrusion seal in the process of bearing the internal pressure of the medium, as shown in Figure 11. When the pressure is low, the O-ring slides to the side without the internal pressure of the medium, and the contact width of the O-ring increases with the increase in the internal pressure of the medium, and the growth rate is faster. When the medium pressure reaches a certain level, the O-ring cannot slide, and one side of the O-ring is tightly attached to the sealing groove wall. With the increase in the internal pressure of the medium, the O-ring is squeezed and deformed to complete the seal. At this time, the contact width of the O-ring increases with the increase in the internal pressure of the medium, but the growth rate is slow, as shown in Figure 12a. When the O-ring is subjected to the internal pressure of the medium, whether it is a sliding seal or an extrusion seal, the contact stress increases approximately linearly with the internal pressure of the medium, as shown in Figure 12b. In general, the contact stress does not increase linearly with the contact width, and the growth rate shows a trend of first busy and then fast, as shown in Figure 12c.



3.2.1. Sealing of O-Rings at Different Compression Rates


The compression rate of the O-ring should generally be between 15% and 25%. It is important to select the appropriate compression rate based on specific conditions to ensure the equipment’s normal use and service life. Under fixed conditions of a sealing groove height of 8.2 mm, we selected rubber O-rings with compression rates of 16%, 18%, 20%, and 22% to simulate and calculate their performance under a 55 MPa self-tightening pressure condition and a 35 MPa working pressure condition after self-tightening pressure.



The contact stress and contact width on the O-ring were extracted from the main sealing surface, and the contact stress distribution and contact width size were analyzed from the part of the contact surface where the contact stress was greater than the medium pressure. As shown in Figure 13a and Figure 14a, under the self-tightening pressure condition and the working pressure condition after self-tightening, the contact stress on the contact surface of the O-ring was greater than the medium pressure, and the width of the sealing surface was more than 50% of the O-ring wire diameter so that it could form a good sealing condition. Under self-tightening pressure conditions, the O-ring’s contact stress increased with the compression ratio. This increase showed a slow-fast trend, as Figure 13b depicts. Similarly, the contact width increased with the compression rate increase, showing a slow-fast-slow trend, as shown in Figure 13c. Under working pressure conditions after self-tightening, the trends of contact stress and contact width with compression rate were consistent with those under self-tightening pressure conditions, as shown in Figure 14b,c. Under the same internal pressure, increasing the O-ring compression rate also increased the deformation amount, resulting in a closer fit between the O-ring surface and the seal construct, thereby improving the sealing effect. Increasing the O-ring compression rate can improve its effectiveness. However, a compression rate that is too high can lead to high Mises stress on the O-ring, resulting in stress relaxation and plastic deformation over time. This can cause a loss of elasticity, leading to leakage and sealing failure, ultimately shortening the O-ring’s service life [25,26,27].




3.2.2. Sealing of Different Distances from the Straight Edge Section to the Sealing Groove of the Head


The sealing performance of the cylinder is affected by the distance from the straight edge section to the sealing groove of the head. Therefore, we selected the distance from the straight edge section of the head to the sealing groove as 13.5 mm, 17.5 mm, 21.5 mm, and 25 mm to simulate and calculate their performance under a 55 MPa self-tightening pressure condition and a 35 MPa working pressure condition after self-tightening pressure. The distribution of contact stresses on the O-ring contacting surfaces is shown in Figure 15a and Figure 16a. Under the self-tightening pressure condition and the working pressure condition after self-tightening, the contact stress on the contact surface of the O-ring was greater than the medium pressure, and the width of the sealing surface was more than 45% of the O-ring wire diameter so that it could form a good sealing condition. Under self-tightening pressure conditions, the contact stress of the O-ring decreased with the increase in the distance from the straight edge section of the head to the sealing groove, as depicted in Figure 15b. Similarly, the contact width decreased with the increase in the distance from the straight edge section of the head to the sealing groove, as depicted in Figure 15c. Under working pressure conditions after self-tightening, contact stress and contact width also decreased with the increase in the distance from the straight edge section of the head to the sealing groove, as shown in Figure 16b,c.



The contact reason that the stress and contact width decrease with the increase in the distance from the straight edge section of the head to the sealing groove is that, under internal pressure, the head is more rigid than the cylinder and can be considered a rigid body relative to the cylinder. The cylinder will deform under the internal pressure, slightly arching from the middle to the sides, enlarging the gap between the cylinder and the sealing structure. At this point, the further away the sealing structure is from the straight edge portion of the head, the more significant the gap will be, resulting in a worse sealing effect. Hence, the sealing effect decreases as the distance from the straight edge section of the head to the sealing groove increases. However, it is essential to ensure that the distance from the straight edge of the head to the sealing groove is not too short, as this can result in unreliable sealing performance. The head and barrel are independent, and the composite fibers provide the axial force to hold them together. Suppose that the outer layer of fibers cannot provide sufficient axial pressure at high internal pressures due to material properties or the winding process. In that case, the cylinder and head may experience relative displacement. The cylinder will eventually disengage from the head, resulting in the inability to form a sealing surface with the O-ring. This will negatively impact the sealing performance.




3.2.3. Sealing of Different Head Thicknesses


The sealing performance of the cylinder is affected by the head thickness. Therefore, we chose head thicknesses of 3.5 mm, 6 mm, 8.5 mm, and 11 mm to simulate and calculate their performance under a 55 MPa self-tightening pressure condition and a 35 MPa working pressure condition after self-tightening pressure. The distribution of contact stresses on the O-ring contacting surfaces is shown in Figure 17a and Figure 18a. Under the self-tightening pressure condition and the working pressure condition after self-tightening, the contact stress on the contact surface of the O-ring was greater than the medium pressure, and the width of the sealing surface was more than 50% of the O-ring wire diameter so that it could form a good sealing condition. Under self-tightening pressure conditions, the contact stress of the O-ring increased with the increase in head thickness, as depicted in Figure 17b. Similarly, the contact width increased with head thickness, as shown in Figure 17c. Under working pressure conditions after self-tightening, contact stress and contact width increased with head thickness, as shown in Figure 18b,c. As shown in Figure 19, the head was subject to an internal pressure load of P1, P2, and P3, all equal in size. The O-ring was deformed under this pressure load and simultaneously exerted a downward force P4 on the head, completing the sealing process. To ensure effective sealing, the contact stress of the O-ring was greater than the internal pressure of the medium, so the downward force P4 given by the O-ring to the head was greater than the internal pressure load, and the sealing groove end of the head was deformed downward. Therefore, the greater the head thickness is, the smaller the downward deformation of the head sealing groove under pressure load is, the smaller the gap distance between the cylinder and sealing structure is, and the better the sealing performance is.






4. Conclusions


To address the limitations of the integral hydrogen storage cylinder liner, a split hydrogen storage cylinder liner was designed and tested for its sealing feasibility through experiments. Additionally, the influence of cylinder structural parameters on sealing performance was studied using finite element simulation and analysis methods. The conclusions are presented below:



(1) The finite element simulation and analysis method involves establishing an internal pressure model for a composite gas cylinder with multiple materials and complex contacts. The pre-installation process of the O-ring can be accurately simulated by applying a certain axial displacement to the left and right heads. The calculation results are consistent with the actual situation. The internal pressure loading sequence is 0~55~0~35 MPa, which simulates the O-ring sealing performance under the self-tightening pressure condition and the working pressure condition after self-tightening. It provides a reference for the design of the cylinder seal.



(2) In this paper, the effects of the O-ring compression rate, the distance from the straight edge section of the head to the sealing groove, and the thickness of the head on the sealing performance of gas cylinders are investigated using finite element simulation and analysis. The results indicate that increasing the compression rate of the sealing element improves the sealing performance. However, an excessive compression rate will lead to a greater compression deformation of the O-ring when subjected to large medium internal pressure, resulting in stress concentration and Von Mises stress increase, which may lead to stress relaxation and the plastic strain of the sealing element under long service time, shortening its service life. Reducing the distance between the straight edge of the head and the sealing groove will also improve the sealing performance. However, if the distance is too short, the head and the cylinder will slide relative to each other when subjected to high internal pressure, and the cylinder and the sealing element will not produce the sealing surface, resulting in seal failure. Increasing the thickness of the cylinder head can improve its sealing performance. The greater the thickness of the head, the smaller the downward deformation of the pressure of the sealing groove of the head, the smaller the change in the gap between the cylinder and the sealing structure, and the more effectively the O-ring can be compressed to produce greater deformation, improving the contact stress and contact width of the O-ring; therefore, increasing the thickness of the head can improve the sealing performance. However, if the head is too thick, it will cause the overall weight of the cylinder to be larger, reducing the economy of gas storage and transportation. The sealing performance of a hydrogen storage cylinder is influenced by multiple factors, including the compression rate of the O-ring, the distance from the straight edge of the head to the sealing groove, and the thickness of the head. This paper only explores the influence of a single factor on the sealing performance of hydrogen storage cylinders and the sealing mechanism. In future research, we will obtain the optimal structure parameters through a large number of simulations and mathematical algorithms.
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Figure 1. Schematic diagram of the structure of the split inner liner. 
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Figure 2. Schematic diagram of head. 






Figure 2. Schematic diagram of head.
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Figure 3. Preparation process of the hydrogen storage cylinder: (a) split metal liner; (b) installation for water pressure test; (c) fiber winding process; and (d) sample after curing. 
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Figure 4. Hydraulic experiment: (a) position of strain gauge; (b) self-tightening pressure experiment. 
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Figure 5. Schematic diagram of the parameters of the size of the liner. 
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Figure 6. Model of a hydrogen storage cylinder. 
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Figure 7. O-ring meshing. 
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Figure 8. Maximum contact stress and contact width results. 
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Figure 9. Experimental and simulated fiber strain result curves: (a) axial strain; (b) cyclic strain. 
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Figure 10. Geometric parameters of the seal structure. 
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Figure 11. Deformation process of O-ring under pressure. 
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Figure 12. Analysis of O-ring under pressure: (a) relationship between contact width and pressure; (b) relationship between contact stress and pressure; and (c) relationship between contact stress and contact width. 
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Figure 13. Sealing of O-rings at different compression rates under a 55 MPa self-tightening pressure condition: (a) division of contact stress under different parameters; (b) the trend of contact stress under different parameters; and (c) the trend of contact width under different parameters. 
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Figure 14. Sealing of O-rings at different compression rates under a 35 MPa working pressure condition after self-tightening pressure: (a) Division of contact stress under different parameters; (b) The trend of contact stress under different parameters; (c) The trend of contact width under different parameters. 
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Figure 15. Sealing of different distances from the straight edge section to the sealing groove of the head under a 55 MPa self-tightening pressure condition: (a) division of contact stress under different parameters; (b) the trend of contact stress under different parameters; and (c) the trend of contact width under different parameters. 
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Figure 16. Sealing of different distances from the straight edge section to the sealing groove of the head under a 35 MPa working pressure condition after self-tightening pressure: (a) division of contact stress under different parameters; (b) the trend of contact stress under different parameters; and (c) the trend of contact width under different parameters. 
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Figure 17. Sealing of different head thicknesses under a 55 MPa self-tightening pressure condition: (a) division of contact stress under different parameters; (b) the trend of contact stress under different parameters; and (c) the trend of contact width under different parameters. 
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Figure 18. Sealing of different head thicknesses under a 35 MPa working pressure condition after self-tightening pressure: (a) division of contact stress under different parameters; (b) the trend of contact stress under different parameters; and (c) the trend of contact width under different parameters. 
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Figure 19. Head force analysis. 
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Table 1. True stress–true strain intrinsic parameters used for the metal inner liner.
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	True Stress/MPa
	Real Plastic Deformation





	296
	0



	330
	0.0486










 





Table 2. Parameters of carbon fiber material properties.
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	Performance Parameters
	Explanation
	Numerical Value





	E1/GPa
	1-direction (fiber direction) elastic modulus
	229



	E2&E3/GPa
	2-direction, 3-direction elastic modulus
	7.5



	u12&u13
	12-direction, 13-direction Poisson’s ratio
	0.331



	u23
	23-direction Poisson’s ratio
	0.36



	G12&G13/GPa
	12-direction, 13-direction shear modulus
	3.71



	G23/GPa
	23-direction shear modulus
	4.7



	XT/MPa
	1-direction tensile strength
	1345



	XC/MPa
	1-direction compressive strength
	1188



	YT&ZT/MPa
	2-, 3-direction tensile strength
	80



	YC&ZC/MPa
	2-, 3-direction compressive strength
	202



	S12&S13/MPa
	12-direction, 13-direction shear strength
	98



	S23/MPa
	23-direction shear strength
	76
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