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Abstract

:

The seal and weight of the Type IV hydrogen storage vessel are the key problems restricting the safety and driving range of fuel cell vehicles. The boss, as a metal medium connecting the inner liner of the Type IV hydrogen storage vessel with the external pipeline, affects the sealing performance of the Type IV hydrogen storage vessel, and there is no academic research on the weight of the boss. Therefore, according to the force characteristics of the boss, this paper divides the upper and lower areas (valve column and plate). The valve column with seal optimization and light weight is manufactured with a 3D printing additive, while the plate bearing and transferring the internal pressure load is manufactured by forging. Firstly, a two-dimensional axisymmetric simulation model of the sealing ring was established, and the effects of different compression rates on its seal performance were analyzed. Then, the size and position of the sealing groove were sampled, simulated, and optimized based on the Latin Hypercube method, and the reliability of the optimal seal structure was verified by experiments. Finally, the Solid Isotropic Material with Penalization (SIMP) topology method was used to optimize the weight of the boss with optimal sealing structure, and the reconstructed model was checked and analyzed. The results show that the weight of the optimized boss is reduced by 9.6%.
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1. Introduction


As a key component of fuel cell vehicles, the safety and reliability of the Type IV hydrogen storage vessel are crucial [1,2,3]. As a key sealing component of the Type IV hydrogen storage vessel, the boss directly affects hydrogen leakage. Therefore, through the analysis and optimization of the material and structure of the boss, the sealing performance of the Type IV hydrogen storage vessel under high-pressure conditions can be improved, and the number of hydrogen filling and discharging times of the Type IV hydrogen storage vessel can be increased to extend the service life [4,5,6,7,8]. In addition, the mass of the boss can be reduced as much as possible to meet the design requirements. On the one hand, the boss can reduce the overall quality of the Type IV hydrogen storage vessel, increase the hydrogen storage density, and improve the mileage; on the other hand, it can reduce the inertia of the Type IV hydrogen storage vessel, reduce the impact force during collision, and improve the safety of the Type IV hydrogen storage vessel [9,10,11,12,13]. Therefore, under the background of the continuous development of hydrogen energy technology, the research on the sealing and lightweight design of the boss will provide a solid guarantee for the sustainable development and promotion of fuel cell vehicles.




2. Literature Review and Research Ideas


In order to ensure the safe and stable operation of the Type IV hydrogen storage vessel, scholars have performed many studies on the boss. Zhu [14] studied the effects of high-performance materials on the boss, the angle of the rotating platform, and the number of sealing slots on its strength, fatigue, and sealing performance and proposed an optimized boss structure to further ensure the safety of hydrogen storage vessels. Motaharinejad et al. [15,16] studied the influence of the surface treatment of the boss on its adhesion to the inner liner. A method of sandblasting combined with a PEG coating was proposed to improve the service life of hydrogen storage vessels. Li [17] studied the influence of the temperature field of the boss during the rapid hydrogenation process and proposed an optimal hydrogenation strategy to reduce the deformation and stress concentration of the hydrogen storage vessel. Although scholars have studied the mechanics, welding, and temperature field of the boss, there are few studies on the sealing performance of the boss, especially studies of high-pressure hydrogen being more likely to leak and lead to explosions, fire, and other serious consequences.



Under the condition of meeting the safety and reliability of Type IV hydrogen storage vessels, the weight of the vessel can be effectively reduced so as to improve the hydrogen storage density and increase the driving range, so a lightweight Type IV hydrogen storage vessel has attracted the attention of researchers. Wang et al. [18,19,20] studied the influence of the carbon fiber winding angle on the reinforcement layer thickness of hydrogen storage vessels and determined the optimal winding angle parameter through an optimization algorithm to achieve lightweight effects for hydrogen storage vessels. Ellul et al. [21,22,23] studied the effect of the reinforcement layer sequence on the surface deformation and fracture of the hydrogen storage vessel and achieved a strengthening effect by obtaining the global optimal result. Paknahad et al. [24,25,26] used the inertial weight particle swarm optimization algorithm to optimize the head profile of the filament-wound composite pressure vessel and obtained a dome head with high shape coefficient and light weight. Although a lot of research has been conducted on the reinforcement layer and liner weight optimization of the Type IV hydrogen storage vessel, there is no academic research on the weight of the boss.



In view of the above research deficiencies, this paper carries out the following work:



(1) In order to improve the reliability of the sealing structure, a two-dimensional axisymmetric model of the sealing structure was established, the compression ratio range of the sealing ring suitable for the sealing structure was determined by simulation, the influence of the size and position of the sealing groove on the mechanics of the boss was analyzed, and the sealing design parameters were optimized.



(2) In order to reduce the weight of the boss, the optimal sealing parameters were selected to design and analyze the mechanical response of the boss. The lightweight design was carried out based on SIMP topology optimization, and the model reconstruction and check analysis were carried out on the lightweight results of the boss.



As shown in Figure 1, the overall design flowchart of this study includes sealing structure design and simulation analysis of the boss, parameter optimization analysis, and topology optimization of the boss.




3. Optimization and Verification of the Boss Seal Structure


3.1. Working Principle of Sealing Structure


Due to its small molecular diameter, hydrogen easily passes through the tiny pores of many materials [27,28]. Therefore, the sealing of the boss is an important factor affecting the safety of the hydrogen storage system. The sealing structure can be divided into shaft sealing and cylinder sealing according to the location of the sealing groove. The shaft seal is a sealing structure where the sealing groove is located on the seat, also known as the type II seal. The shaft seal is usually compact in design, occupies a small space, and is suitable for equipment and machinery with limited space. On the other hand, the shaft seal can maintain stable sealing at high temperatures or in corrosive environments to prevent hydrogen leakage [29,30]. In this paper, due to the complex structure of the valve and limited space, blindly opening a sealing groove on the valve will easily lead to insufficient strength of the valve. Therefore, the sealing structure of the hydrogen storage vessel is designed on the simple structure of the boss.



The sealing structure is generally composed of sealing ring, gasket, sealing groove, etc., as shown in Figure 2a,b. Common sealing ring structures include the O-sealing ring, Y-sealing ring, square sealing ring, and so on. The O-sealing ring is widely used in mechanical sealing mechanisms because of its simple structure, reliable operation, and good sealing performance. However, under the action of medium pressure, the sealing ring may squeeze into the gap between the installation groove and the sealing part, causing damage to the sealing ring and medium leakage. Therefore, when the working pressure is greater than 9.8 Mpa, the sealing structure in the design should consider increasing gaskets to avoid the O-sealing ring squeezing into the gap. Medium pressure is 70 MPa, so the gaskets are added around the sealing ring to ensure uniform pressure of the sealing ring and improve the service life. In the actual work, the correct match between the sealing ring and the sealing groove size is the key factor affecting the sealing effect, among which the most important design parameters are the compression rate and the groove filling rate. The compression rate of the sealing ring is generally recommended to be E = 10 ~ 25%, and the compression rate is appropriately adjusted according to the pressure in the vessel during normal operation. The maximum groove filling rate of the sealing ring should not exceed 90%; if the filling rate is too large, the permanent deformation of the sealing ring increases, and there may even be extrusion and cutting phenomena, resulting in the failure of the sealing ring. When the filling rate is too small, the sealing ring will move in the sealing groove in response to pressure changes, affecting the sealing effect. The best filling rate n = 70 ~ 85%. In this paper, the ideal filling rate n = 75% is selected. The final sealing structure parameters are shown in Table 1.



The work of the sealing system can be divided into two processes: the pre-compression process of the sealing ring interference assembly and the sealing process of the hydrogen medium acting indirectly on the sealing ring, as shown in Figure 2c. The sealing ring can first be installed evenly and without distortion in the boss using appropriate lubricants to reduce friction. At this time, the sealing ring is in a natural state or subject to small external constraints or pressures. In this state, the shape and size of the sealing ring are basically in line with the elastic characteristics of its material. The valve is then slowly pushed into the boss, and the chamfer area at the front of the valve contacts the sealing ring to guide it to correct deformation until the overall compression. At this time, the shape and size of the sealing ring changes significantly; due to the elasticity of the sealing ring material, it will store a certain amount of elastic potential energy, which can also be called the energy storage process. Finally, the hydrogen medium in the vessel acts on the gasket and then compresses the sealing ring, increasing the contact pressure between the sealing ring and the valve. When the contact pressure is larger than the medium pressure, the whole system completes the efficient and reliable sealing task.




3.2. Seal Simulation Analysis


3.2.1. Establishment of Sealing Model


The traditional sealing structure design is generally based on previous project experience, and the design efficiency is low and the effectiveness cannot be guaranteed. In recent years, finite element simulation analysis has been widely used in the research of sealing structures, which has greatly reduced the number of samples and related tests and shortened the product development cycle [31,32]. The material of the sealing ring used in this paper is Ethylene Propylene Diene Monomer (EDPM), which has the characteristics of low density and heat resistance and is a super-elastic material. Since the loading and deformation behavior of EDPM is nonlinear, a special material model is required for accurate simulation and analysis of the rubber model [33], so this paper uses the Mooney–Rivlin model to simulate its material characteristics. The model can well describe the stress–strain and deformation behavior of rubber materials under different loading conditions and can provide practical simulation results. The formula of the two-parameter Mooney–Rivlin model is as follows:


  W =  C  10   (  I 1  − 3 ) +  C  01   (  I 2  − 3 )  



(1)




where W is the strain energy density function, I1 and I2 are the first and second strain invariants, respectively, and C10 and C01 are the mechanical property constants. The Mooney–Rivlin coefficients C10 and C01 of rubber materials directly affect the stress distribution of the sealing ring, and the parameters can be obtained by uniaxial tensile test of the rubber samples and curve fitting in MATLAB. The EDPM material parameters are shown in Table 2.



In this paper, ABAQUS finite element analysis software is used to establish a two-dimensional axisymmetric finite element model of the O-sealing ring. The basic assumptions are as follows: (1) The elastic modulus of the boss, valve, and gasket is tens of thousands of times that of rubber and can be regarded as a rigid body structure. (2) The rubber sealing ring material is regarded as an incompressible material, so the Poisson ratio of the rubber material is 0.5. (3) The sealing structure of the rubber sealing ring is handled according to the axisymmetric problem.



The simulation condition is divided into two analysis steps: the sealing ring assembly and the hydrogen medium action. In the assembly process, due to the use of lubricants to protect the sealing ring, the hard contact friction coefficient is less than the general rubber and metal friction coefficient, which is set at 0.25 for this paper. The boss is fully restrained during assembly, and the valve is shifted down the axis by 200 mm. When the sealing ring is working, it will withstand 70 MPa, so in the second analysis step, the medium pressure load is increased to act on the gasket.




3.2.2. Analysis of Sealing Simulation Results


As the compression rate of the sealing ring has a great impact on the sealing performance of the structure, the current sealing ring manufacturers generally recommend the range of the compression rate of the sealing ring, and the specific ideal value is affected by the contact material and media pressure, so this paper designs the control variable simulation according to the compression rate of the sealing ring. The size of the sealing ring is limited by the manufacturer’s mass production and is not easy to change. Therefore, this paper changes the compression rate of the sealing ring by changing the depth of the sealing groove (H) and selects the compression rate E = 10%, 15%, 18%, 20%, 22%, 25%, and the corresponding sealing groove depth H = 2.35, 2.22, 2.15, 2.10, 2.04, 1.97 mm, respectively. To analyze its sealing performance and failure risk during pre-compression and operation, the parameters related to the seal characteristics of the system are contact length during pre-compression and contact pressure and effective contact length after the application of medium pressure; contact pressure and rubber seal material failure can be judged according to the maximum shear stress strengthening theory.



As shown in Figure 3a, when the sealing ring is in the pre-compression process, the contact pressure of the sealing surface shows a trend that the value of the left side is lower than that of the right side, the pressure peak appears on the right side of the midpoint of the contact surface, and the pressure drop rate on the right side is higher than that on the left side. At the same time, as the compression rate of the sealing ring increases, the amplitude, average value, and contact length of the contact pressure also increase. During the pre-compression process, the minimum contact pressure amplitude and contact length of the sealing ring appear at the compression rate E = 10%, with 7.5 MPa, and 1.02 mm, respectively, while the maximum contact pressure amplitude and length appear at the compression rate E = 25%, with 18.5 MPa and 2.01 mm, respectively. As shown in Figure 3b, due to the large deformation of the sealing ring under medium pressure, the contact pressure of the sealing surface becomes constantly rising, and the amplitude appears on the far right of the contact surface. At the same time, as the compression rate of the sealing ring increases, the effective contact length evolves from a point to an increasingly longer straight line. During the sealing process, the minimum contact pressure amplitude and effective length appear at the compression rate E = 10%, which are 72.0 MPa and an effective point (point A), while the maximum contact pressure amplitude and effective length appear at the compression rate E = 25%, which are 89.2 MPa and 2.16 mm, respectively.



The simulation results of the sealing system show that with the increase in the compression rate of the sealing system, the contact pressure and length of the pre-compression process and the sealing process are increased, and the sealing performance is significantly improved. However, when the compression rate E = 10%, although the sealing stress is greater than the medium pressure, the effective length of the sealing contact is only one point, the reliability and stability of the sealing system are greatly reduced, and it is easy to cause hydrogen leakage and the scheme needs to be abandoned.



The sealing ring material used in this paper is EDPM, and the allowable shear strength of the sealing ring during the pre-compression process is 5.4 MPa. To ensure that the sealing material has sufficient strength, the safety factor of 1.5 is adopted, so the maximum working stress of the sealing material is 3.6 MPa. As shown in Figure 4, since the valve squeezes the sealing ring into one side of the sealing groove through friction during assembly, the bottom of the sealing ring contacts and deforms with the gasket, and with the increase in the compression rate, the bottom contact surface becomes larger, because the friction caused by the compression deformation of the valve and the boss on both sides will increase with the increase in the compression rate and then increase the clamping force to drive the sealing ring’s downward movement. The bottom contact surface of the sealing ring increases. The minimum shear stress of the sealing ring appears on the side of the boss, and the shear stress amplitude appears on the bottom of the valve contact and increases rapidly with the increase in the compression rate. The minimum and maximum stress amplitude are 1.73 MPa and 4.42 Mpa, respectively, and the corresponding compression rates are E = 10% and E = 25%.



The simulation analysis shows that with the increase in the compression rate of the sealing structure, the shear stress of the sealing ring increases rapidly, and when the compression rate E = 25%, the shear stress of the lower left part of the sealing ring is concentrated and the stress in some areas exceeds the maximum stress of the material, which may lead to serious damage to the sealing ring and further reduce the sealing performance. Therefore, the compression rate scheme needs to be abandoned. When the compression rate of the sealing ring is E = 22%, the shear stress amplitude of this scheme is 3.24 MPa, and the risk of material damage and failure is small. In summary, according to the sealing performance and material damage failure analysis, this paper believes that the compression ratio suitable for this sealing system is E = 15 ~ 22%.





3.3. Optimization of Sealing Parameters


3.3.1. Establishment of Optimization Framework


The effect of the compression rate of the sealing ring on the sealing performance has been studied above, and the size and position of the sealing groove have an important impact on the mechanical properties of the boss. On the one hand, the position of the sealing groove affects the distribution of the load pressure inside the Type IV hydrogen storage vessel, and on the other hand, the stress concentration easily occurs at the corner of the sealing groove, which will affect the stress distribution and amplitude of the boss and the reinforcement layer. In this paper, two important parameters affecting the mechanical properties of the boss are selected: sealing groove depth (H) and position distance (L). In this paper, the Latin Hypercube Sampling [34] method is adopted for multi-dimensional parameter sampling. Latin Hypercube Sampling is a statistical sampling method used to select representative sample points in a multidimensional parameter space. This method is widely used in design experiments and simulations and can improve sampling efficiency, reduce errors, and maintain the uniformity and diversity of sampling.



(1) Determination of the parameter space, as shown in Figure 5a. H is affected by the above reasonable sealing structure compression rate E = 15 ~ 22%, so the range of H is 2.04 ~ 2.22 mm. The length of L is constrained by the position of the body thread, so the range of L is 0 ~ 100 mm.



(2) Uniform sampling, as shown in Figure 5b. The parameter space is evenly divided into 20 segments, and a random value is extracted from each segment parameter space. Finally, the sampling point is mapped to the specified side range.



(3) Model construction, as shown in Figure 5c. Based on the sample data, the 3D model of the boss is built, and the boundary conditions of the simulation model are set. The volume of the Type IV hydrogen storage vessel is 150 L. The boss is made of AL_6061, the inner liner is made of high polymer HDPE, and the reinforcement layer is made of T800s carbon fiber and phenolic resin composite with 60% fiber content. The layering winding method is a mixture of helical and hoop winding [35]. The helical winding angle is 12.72°, the total thickness of the helical winding is 8.47 mm, and the total thickness of the annular winding is 9.47 mm. The material simulation mechanical parameters of the type IV hydrogen storage bottle are shown in Table 3.



(4) Analysis of the results is shown in Figure 5d. The simulation results of one of the sealing structures with a moderate position were selected for analysis. The boss can be roughly divided into the two areas of valve column A and plate B. Due to the large thickness of region B and the outer carbon fiber reinforcement layer overlay, the internal stress is transferred to the carbon fiber layer through plate B, so the overall deformation is small. For the boss stress, since plate B is not the main bearing part, the analysis amplitude is not of great significance, so the amplitude proportion is used in this paper to represent the influence of the design variables.




3.3.2. Analysis of Optimization Results


Shown in Figure 6a are the response surface of the maximum deformation and the design parameters. The maximum deformation will rise rapidly with the increase in the depth and position of the sealing groove, and the maximum deformation U = 2.02 appears at the maximum design parameter, that is, H = 2.24 and L = 100. Shown in Figure 6b are the response surface of the stress amplitude ratio and the design parameters. The response surface of the stress amplitude ratio shows that the amplitude proportion increases rapidly with the increase in the distance of the sealing groove, but when L = 50 ~ 65, the response surface rises gently, close to the plane, and when L > 65, the response surface rises rapidly, and the maximum value is 79%. Through the analysis of the response surface, when H = 2.98 and L = 6, the proportion of deformation and stress amplitude of the boss is small, so this scheme is chosen as the sealing structure design with the best mechanical properties of the boss.



In this paper, the displacement and stress nephogram of the optimal design parameters and the initial parameters of the boss are compared. As shown in Figure 7a,c, after internal pressure is applied to the Type IV hydrogen storage vessel, the maximum deformation of the initial scheme occurs at the glue joint between the boss and the inner liner, and the amplitude is 1.84 mm. This is because the material of the inner liner is HDPE, and the modulus and stiffness of HDPE are much smaller than those of the metal material of the boss, so the boss bears the load at the glue place more than in other areas. After optimizing the design parameters, the maximum deformation position of the boss is at the outer chamfer of the boss, and the amplitude is 1.75 mm. This is because the design parameter H affects the distribution of the internal pressure load, and the internal pressure load surface on the optimized boss is very small and almost negligible, so the maximum deformation is mainly the extrusion strain generated by the winding of the external reinforcement layer. The stress comparison is shown in Figure 7b,d, where the stress amplitude of the boss is mainly located in panel B and the amplitude is 55.6 MPa. This is because the main loading component of the Type IV hydrogen storage vessel is the reinforcement layer. With the linear increase in the internal pressure load, the stress at plate A easily reaches the yield stress of the material, and the rest of the load is transferred to the reinforcement layer through the plate. The valve column A will only be subjected to the small extrusion pressure of the reinforcement layer, so the stress at the valve column A is small, and the material properties are not fully played.



By optimizing the design parameters, the deformation amplitude of the boss is significantly reduced, and the location of the amplitude is improved. The stress amplitude proportion of the boss is reduced, and the stress at the valve column A is also reduced. This shows that after optimizing the design parameters of the sealing groove, the stress distribution of the boss is more uniform, the stress at the valve column A is effectively reduced, and the reliability and stability of the boss are improved, which is conducive to the subsequent lightweight design of valve column A.





3.4. Experimental Verification


In order to verify the sealing effectiveness of the optimal sealing structure of the boss, this paper conducted sealing leak detection experiments and damage detection experiments for the sealing structure. The experimental platform is shown in the Figure 8. The experimental platform established in this paper is based on the T/CMES 16003-2021 high-pressure hydrogen storage system hydrogen pressure cycle test and leakage/penetration test methods. The specific equipment is as follows. (1) Experimental helium cylinder tank: it provides helium for the experimental sealing system. (2) Pneumatic gas booster console: it is mainly composed of booster pump and control platform, which can detect and control experimental helium pressure in real time. (3) Gas leak detection test bench: tests the experimental seal structure with the bubble detection method. (4) Seal damage detection platform: determines or measures seal damage through high-precision quadratic projector. Firstly, plugs are used to plug the exhaust port on the test piece, the booster pump pipeline and the valve intake port are connected, and it is ensured that there is no leakage at the import and export of the test device. Then, the helium gas is pressurized to 1.15 times the nominal pressure of the cylinder, that is 80.5 MPa, by the booster pump, and the pressurization is maintained during the test leak detection. Then, the specimen is immersed in the gas leak detection platform; all bubble leakage points, bubble diameter, and bubble rate are recorded; and the average value of three experimental records is taken. Finally, the experimental sealing ring is placed under the high-precision two-dimensional quadratic projector to observe the damage.



The gas leakage points, leakage bubble diameters, and rates of test specimens were recorded, as shown in Table 4. The number of leakage points was two, the average bubble diameter was 3.7 mm, and the rate was 20 n/min. The comparison standard was that the bubble diameter was less than 5 mm and the allowable bubble rate was 50 n /min. The test did not exceed the limit values, and the sealing performance of the specimen was qualified. The damage result of the sealing ring under the high-precision two-dimensional projector is shown in Figure 8, and the sealing ring has no obvious gap, which is basically guaranteed to be intact. In summary, when the sealing structure is H = 2.98 and L = 6, the boss ensures the sealing reliability, and the sealing material is not damaged.





4. Lightweight Boss Based on Optimal Sealing Structure


4.1. Establishment of Topology Optimization Model


Through the above simulation analysis, this paper finds the optimal sealing structure of the boss and determines the size and position of the sealing groove, which can help to carry out the topology optimization analysis of the boss. The lightweight design of parts can be achieved through shape, size, and topology optimization. However, the shape and size of the boss are limited by factors such as the inner liner and carbon fiber winding. In this paper, topology optimization is adopted to achieve the lightweight design of the boss. Topology optimization is a design method to determine the optimal structural type, which aims to minimize the weight of the structure while maintaining its performance and strength by redistributing the layout of materials and has been widely used in the field of engineering design [36,37].



In the stress cloud diagram of the optimal optimization scheme mentioned above, as shown in Figure 9a, the stress range of the valve column area is 3 ~ 20 MPa. Compared with the allowable stress of the boss metal, the overall stress is small and there is room for optimization. Therefore, the optimization area of region A is selected in this paper. Because the internal pressure can be reliably transferred to the carbon fiber reinforced layer, no optimization changes are made at the plate. Therefore, in this paper, the boss is divided into two parts, as shown in Figure 9b. Topology optimization is carried out in the valve column area, and additive manufacturing is carried out by 3D printing. The plate is mainly manufactured by integrated forging and cutting, and the upper and lower parts are connected by precision welding.



At present, the progressive structure method, variable density method, and homogenization method are commonly used in continuum topology optimization [38,39]. In this paper, the Solid Isotropic Material with Penalization (SIMP) in the variable density method is adopted. (1) The design variable of this method is the relative density (ρn) of each element, the value range is 0 ~ 1, and the continuous relative density distribution function is used. (2) Since the relative density of the material can be continuously changed, the Young’s modulus of the material of each unit can also be continuously changed, and the specific formula is as follows. At the same time, the explicit expression of the geometric stiffness matrix of the plane element is derived by the Young’s modulus of each element, and the geometric strain energy in the optimization criterion is obtained. (3) By analyzing the sensitivity of structural flexibility (reciprocal stiffness), volume, etc. to relative density, the density of each element of the part is iteratively optimized.



(4) The algorithm will eliminate the units and regions with density values close to 0 and retain the units and regions with density values close to 1.


  E (  ρ n  ) =  ρ n p   E 0   



(2)




where p is the penalty factor and E0 is the preset elastic modulus of the material.



As shown in Figure 9c, the weighted polynomial of the volume and strain energy of the topology optimization region is selected as the design target, with weighted values of 0.5 and 0.5. The design variable is the relative density of the cell, and the orientation ranges from 0.001 to 1. The constraint condition is that the maximum stress of the layer of the hydrogen storage bottle does not exceed 1660 MPa. By setting the penalty factor p to 3, the influence of the intermediate density elements on the total stiffness is reduced. The working load is consistent with the above hydrostatic simulation, and the region of applied load and boundary conditions is frozen.




4.2. Analysis of Topology Optimization Results


4.2.1. Iterative Result Analysis


As shown in Figure 10a, the optimization target of the iterative diagram of the topology optimization of the boss first rose rapidly, then slowly decreased and finally stabilized. This is because the initial density of the material is set to 0.5 and the stress could not meet the design requirements, so the rigid strength of the design area was improved by constantly increasing the material density of the optimized area, and the constraint conditions were gradually met. Meanwhile, as shown in Figure 10b, in the initial iteration, the optimization area did not change much. However, with the optimization iteration, the algorithm clearly abandoned the area with density close to 0, the outline of the topology scheme became more and more obvious, and the topology optimization scheme for the boss was finally obtained.




4.2.2. Reconstruction Model Check Analysis


After topological optimization, the structure of the boss does not need to remove much material, and the revision of the three-dimensional modeling should not have too much change to the initial modeling so as to avoid increasing the cost of technical transformation. Moreover, the processing technology should be fully implemented, and the model should be imported into the three-dimensional drawing software to correct and strengthen the force transmission path and obtain the reconstructed model. The reconfiguration model of the boss is shown in Figure 11a. After optimization, the mass of valve column A of the boss is reduced from 1.407 kg to 0.875 kg, a decrease of 37.8%, and the optimized mass accounts for 9.6% of the whole boss mass and the hydrogen storage density of the Type IV hydrogen storage vessel increased from 5.800 wt% to 5.871 wt%. However, whether the improved three-dimensional solid model can meet the safety strength requirements of the hydrogen storage vessel, it is necessary to check the perfect three-dimensional model again.



In order to verify the strength of the reconstructed model after topology optimization, finite element check analysis was re-performed on the boss part according to the relevant conditions and constraints above, and the finite element analysis results are shown in Figure 11b–d. In the simulation results, the overall stress amplitude of the hydrogen storage vessel is mainly concentrated in the reinforcement layer area outside the boss chamfering, and its amplitude reaches 1660 MPa, which is 120 MPa more than the 1540 MPa simulation result before optimization, but it meets the constraints of topology optimization and the strength of the lamination composite material. After the topological optimization design of the boss, the stress in the boss cylinder area increased significantly compared with that before optimization, and the deformation displacement also increased from 1.63 mm to 1.77 mm compared with the original model, but it still did not exceed the yield strain range of the material. The results show that the topological optimization design not only improves the structural strength but also maintains the stability of the material.






5. Conclusions and Prospects


In order to solve the sealing failure problem of the Type IV hydrogen storage vessel boss and the requirement of light weight, the sealing ring and sealing groove sizes were designed according to the sealing requirements and material characteristics. Then, the effect of different compression rates on the sealing performance of the boss under the high pressure condition of 70 MPa was analyzed. Then, the effect of the size and position of the sealing groove on the mechanical properties of the boss is analyzed. Finally, the topology optimization design of the boss is carried out to meet the requirements of the boss design, and the reconstruction model is checked and analyzed.



The main conclusions of this paper are as follows:



(1) The compression rate of the sealing ring plays a key role in the sealing performance of the boss, and the contact pressure during the pre-compression process of the compression ratio is E = 10%, which is small. The effective contact length of the sealing ring is greater than the medium pressure and is only a point after the application of medium pressure in the sealing ring working process, and the sealing ring is prone to leakage. When the compression ratio is E = 25%, the shear stress of the sealing ring is too large, and the material is prone to damage and failure. Therefore, according to the sealing structure in this paper, the reasonable compression rate of the sealing ring is E = 15 ~ 22%. With the increase in the size and position of the sealing groove, the proportion of the deformation displacement and stress amplitude of the boss also increases. Therefore, the design scheme of H = 2.98 and L = 6 is selected according to the response surface in this paper to ensure the safety and stability of the boss to the greatest extent. Through the simulation analysis and optimization of the sealing ring and sealing groove, it provides reference for the design and optimization of the sealing and size shape of the boss.



(2) Through the topological optimization design and the check of the less stressed area of the boss, the overall mass of the boss was reduced by 0.53 kg, and the hydrogen storage density of the Type IV hydrogen storage vessel increased from 5.800 wt% to 5.871 wt%. This study fills a gap in the topology optimization design of the boss.



There are still two points that have not been studied in this paper. Further research directions are as follows:



(1) This paper only optimized the design of the boss and did not produce the topologically optimized boss by integrating 3D additive manufacturing and forging. Subsequent experimental testing of the boss’ seal after lightweight design can be carried out.



(2) In order not to change the external shape, this paper adopts the topology optimization method to carry out the lightweight design of the boss. Based on the study on the stress and strain of the layering of the boss, a subsequent study can carry out the design of the boss’s shape surface for the places where the stress concentration and deformation are large and enhance the application of new materials to optimize its stress distribution and further improve its safety and stability.
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Figure 1. Flowchart of the overall idea of the paper. 
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Figure 2. Seal structure working principle diagram: (a) Seal structure; (b) Seal part; (c) Working condition. 
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Figure 3. Different compression rates change the contact pressure of the sealing ring: (a) The contact pressure of the sealing ring during pre-compression; (b) The contact pressure of the sealing ring during work. 






Figure 3. Different compression rates change the contact pressure of the sealing ring: (a) The contact pressure of the sealing ring during pre-compression; (b) The contact pressure of the sealing ring during work.



[image: Wevj 15 00261 g003]







[image: Wevj 15 00261 g004] 





Figure 4. Sealing ring shear stress nephogram at different compression rates. 
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Figure 5. Sealing groove size and position optimization process: (a) Parameter selection; (b) Parameter sampling; (c) Simulation result; (d) Condition setting. 
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Figure 6. Influence law of sealing groove design parameters: (a) U-Parameter response surface; (b) Stress-Parameter response surface. 
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Figure 7. Comparison of sealing groove design before and after optimization: (a) Deformation of the initial solution for the boss; (b) Stress of the initial solution for the boss; (c) Deformation of the optimal solution for the boss; (d) Stress of the optimal solution for the boss. 
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Figure 8. Experimental diagram of sealing structure of the boss. 
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Figure 9. Topology optimization area and model: (a) Optimal parameter stress nephogram; (b) Manufacturing method; (c) Topology optimization model. 
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Figure 10. Iterative process of topology optimization: (a) Topology optimization iterative process data; (b) Topology optimization iteration results. 
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Figure 11. The verification results of the reconstructed model: (a) Topology optimization model reconstruction; (b) Stress nephogram of enhancement layer; (c) Stress nephogram of the boss; (d) Displacement nephogram of the boss. 
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Table 1. Sealing component dimension.






Table 1. Sealing component dimension.





	
Name of Parts

	
Parameter

	
Value

	
Units






	
Sealing ring

	
Inner diameter (d1)

	
32.5

	
mm




	
Diameter (d)

	
2.62

	
mm




	
Gasket

	
Thickness (t)

	
1.25

	
mm




	
Sealing groove

	
Depth (h)

	
1.97 ~ 2.35

	
mm




	
Length (l)

	
7.25

	
mm











 





Table 2. EDPM mechanical parameters.
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	Parameter
	Value
	Units





	Specific Gravity
	1.18
	g/cm3



	Hardness (shore A)
	94
	Point



	Elongation at Break
	181
	%



	Tensile Strength
	22.26
	MPa



	C10
	1.4
	\



	C01
	0.35
	\










 





Table 3. Material parameters.
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	Materials
	Density (g/cm3)
	Young’s Modulus (GPa)
	Poisson’s Ratio
	Yield Stress (MPa)





	AL_6061
	2.7
	69
	0.33
	55.6



	HDPE
	0.95
	0.93
	0.38
	25.48



	T800s
	1.62
	179
	0.3
	2860










 





Table 4. Sealed test record table for leak detection.
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	Experiment
	Leakage Point
	Bubble Diameter (mm)
	Bubble Rate (n/min)





	1
	2
	3.6
	22



	2
	2
	3.2
	24



	3
	1
	4.4
	13



	mean value
	2
	3.7
	20
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