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Abstract
Due to the high specific stiffness, high specific strength, good fatigue resistance and high structural reliability, the integrally stiffened shells are widely applied in the sealed cabins. In order to enhance the detection distance of the deep space and improve the payload detection capability, it is of great significance to carry out lightweight design for the integrally stiffened shells. However, it is challenging to perform optimization for the structures due to the strict loading conditions, complicated structures and short development cycles. In this work, a novel layout design framework for the integrally stiffened shells under complex loading conditions is proposed. The topology optimization method is employed to obtain an innovative layout design of the integrally stiffened shells firstly, and then the mesh-mapping technique is utilized to assist the reconstruction and modeling process of the optimization result. Compared with the traditional design of orthogonal stiffeners, the weight of the optimized configuration of the integrally stiffened shell reduces by 17.1%, demonstrating excellent lightweight design effects. Moreover, a sealed cabin is constructed based on the optimization and numerical analysis result by taking the manufacturing requirement into consideration. With the purpose of assessing the bearing ability of the welded seam and evaluating the airtight performance of the sealed cabin, experimental validations of the hydrostatic test and airtight test are carried out, and the experimental results validate the applicability and effectiveness of the proposed framework.
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1 INTRODUCTION
The sealed cabins are representative and important parts of the spacecraft. At present, the integrally stiffened shells are widely applied in the structure of large sealed cabins because of their high specific stiffness and specific strength (Hopson and Grant, 1993; Boggiatto and Sferlazzo, 1999; Rahimi et al., 2013). The skin and stiffeners of the integrally stiffened shells are constructed by the integrated processing of thick plates, which can reduce the number of welds and improve the sealing performance of the structure, showing good fatigue resistance and high structural reliability. In order to enhance the detection distance of the deep space and improve the payload detection capability, the ultimate lightweight design is the primary requirement for the design of sealed cabin structures. However, due to the strict loading conditions, complicated structures and short development cycles, the lightweight structure design has become a difficult problem restricting the development of aerospace equipment. It is meaningful but challenging to develop novel methods for the lightweight design of the huge-size integrally stiffened shells, satisfying the requirements of load-bearing capability, internal pressure strength and air tightness under complex working conditions.
Intelligent layout design of the stiffeners of aerospace structures can significantly increase the bearing capacity and reduce their structural mass. Commonly used stiffener configurations include orthogonal stiffeners (Lee and Kim, 1998; Van Dung and Chan, 2017), triangular stiffeners (Rahimi et al., 2013; Wang and Abdalla, 2015), Kagome stiffeners (Semmani et al., 2020) and oblique orthogonal stiffeners (Quan et al., 2019; Duc et al., 2020). To obtain innovative configurations of the stiffeners of the integrally stiffened shells, topology optimization gradually becomes an important and popular approach in recent years (Hassani et al., 2013; Shimoda et al., 2023; Ho-Nguyen-Tan and Kim, 2022) proposed an efficient method for shape and topology optimization of shell structures based on the level set method (Zhu et al., 2016). reviewed the recent advances of topology optimization techniques applied in aircraft and aerospace structures design, and various successful applications of aeronautic and astronautic engineering using topology optimization were introduced. Inspired by the researches in leaf venation (Liu et al., 2017), proposed an adaptive morphogenesis algorithm to design stiffened shell structures in a growth manner using topology optimization. Feng et al. (Feng et al., 2021) employed parameterized descriptions based on B-spline curves to optimize the layout of reinforcements. Furthermore, Zhang et al. (Zhou et al., 2021) used B-splines to represent the density field of material layout, resulting in a clear reinforcement configuration. Additionally, a B-Spline Offset Feature (BSOF) was proposed to achieve topology optimization from a biomimetic perspective (Zhang et al., 2022). To sum up, in order to carry out the lightweight design of the integrally stiffened shells, developing a novel layout design of the stiffeners using topology optimization is a promising technique.
After the innovative configuration of the integrally stiffened shell is obtained by means of the topology optimization method, feature extraction and geometric reconstruction of the optimization results are also necessary and important steps () (Nana et al., 2017). proposed a fully-automated reconstruction of beam-like CAD solid structures from the topology optimization results, and the curve skeletons are approximated as straight beams with basic geometric circular cross sections (Amroune et al., 2022). developed an automated lofting-based reconstruction method of CAD models from 3D topology optimization results, which is suitable and successfully applied for the beam-like structures. (Hao et al., 2016) constructed curvilinearly stiffened cylindrical shells using curvilinearly stiffened plates (Shi et al., 2015a; Shi et al., 2015b). proposed a coordinate system that includes the tangential, geodesic, and normal directions to model curvilinear stiffeners, ensuring that the stiffeners are perpendicular to the skin. In addition, efficient mesh deformation methods, such as the spring analogy method (Batina, 1990), have been extensively utilized in aeroelastic analysis of aerofoils to enhance computational efficiency in re-meshing. However, for the complex and curved shells, traditional reconstruction methods may result in insufficient accuracy and efficiency of the feature extraction process, leading to a great loss of mechanical properties of the reconstructed models. Moreover, the manufacturing requirement cannot be guaranteed under improper reconstruction of the optimization results. Therefore, it is also a significant piece of work to develop an intelligent reconstruction method for the topology optimization results.
In order to deal with the above challenges, an innovative layout design of the integrally stiffened shells is carried out firstly in this work, and then the experimental validation of the hydrostatic test and airtight test is performed to validate the applicability and effectiveness of the optimized structure. The rest of this paper is arranged as follows. In Section 2, the structural optimization and numerical analysis of a typical integrally stiffened shell of a sealed cabin is studied. In Section 3, the integrally stiffened shell with innovative configurations is constructed and the experimental validation is carried out. In Section 4, the conclusion of this study is given.
2 STRUCTURAL OPTIMIZATION AND NUMERICAL ANALYSIS
2.1 Model information
The dimensions of the sealed cabin are shown in Figure 1A. The sizes of h1, h2, and h3 are 465 mm, 2,205 mm, and 602 mm, respectively. Furthermore, the dimensions w1, w2, and w3 are 630.5mm, 1,400 mm, and 1,360 mm respectively. The sealed cabin is composed of a front cone section, a cylindrical section, and a rear cone section. The material for the overall cabin structure is Aluminum 5B70, and its material properties are shown in Table 1. The schematic diagram of the sealed cabin is shown in Figure 1C. It mainly consists of the following components: the pressure vessel, the left, right and rear containers the conduit head and the engine support. In order to improve the optimization efficiency, the sealed cabin is simplified by retaining the main components, while other components are applied as non-structural masses at different locations on the sealed cabin.
[image: Figure 1]FIGURE 1 | Schematic diagram of the sealed cabin structure: (A) axial symmetry model; (B) three-dimensional model; (C) the model for finite element analysis.
TABLE 1 | Loading conditions of the numerical analysis.
[image: Table 1]The sealed cabin primarily experiences inertial loads during the launch and landing stages. Therefore, three different loading conditions (transverse and longitudinal) are selected as the design loads, which is displayed in Table 1. Taking into account the structural design requirements, a safety factor of 1.5 is applied to the actual loads for the structural design. In Table 1, the “Y" direction represents the axial direction of the sealed cabin. The boundary conditions are set at the corresponding positions of the 12 bolt holes on the bottom frame under fixed support, constraining all six degrees of freedom.
2.2 Topology optimization
First, a finite element model is established based on the sealed cabin shell model. The topology optimization model was built using S4 shell elements in Hypermesh. The design domain is set as the reinforcement area of the sealed compartment. The skin thickness is set to 1.5mm, and the reinforcement thickness is set to 18.5 mm, with a total height of 20 mm. The optimization objective is to minimize the weighted strain energy of the model under three working conditions, using the Solid Isotropic Material with Penalization (SIMP) (Nana et al., 2017; Fei et al., 2022) material penalization model. The volume fraction constraint is set to 0.3. The formulation of the topology optimization can be written as follows,
[image: image]
where ke represents the stiffness matrix of the element e, ue represents the nodal displacement vector of element e, [image: image] is the constraint on the upper bound of material volume, [image: image] represents the density of the ith element, Ve represents the volume of the ith element, N represents the total number of elements.
The topology optimization results are presented in Figure 2. From the results, it can be observed that due to the higher magnitude of the longitudinal overload, the optimization retains more material in the longitudinal direction, forming a longitudinal bar pattern. At the same time, since the optimization objective is to minimize the weighted sum of strain energy under multiple working conditions, the presence of coupled transverse and longitudinal loads results in an oblique arrangement of stiffeners.
[image: Figure 2]FIGURE 2 | Schematic diagram of the topology optimization results for the sealed cabin.
2.3 Model reconstruction and finite element analysis
Based on the results of the optimization analysis, a reassessment of the model after 3D geometric reconstruction is conducted. The reconstructed sealed cabin model, including 102439 S4 elements and 1383 S3 elements, was also constructed using shell elements. To ensure the rationality and correctness of the whole cabin finite element model, the modeling process drew heavily from the modeling experience of platforms (Hao et al., 2016; Amroune et al., 2022) such as the core module of the space station and satellites, inheriting most of the modeling methods. The overall wall panel structure is modeled using shell elements, while the various connecting frames are modeled using beam elements.
To facilitate the reconstruction of the topology optimization results, the mesh-mapping technique is established for modeling the optimized sealed cabin structure. Firstly, a target domain model is established based on the dimensions of the space seal cabin structure, and a mesh is created. The finite element model of the target domain is then flattened to obtain a simple flat plate model, which served as the background domain. Since the background domain is obtained by flattening the target domain, the number of finite element nodes in both domains is the same, amounting to a total of 3,267. The Radial Basis Function (RBF) surrogate model (Shi et al., 2015a; Shi et al., 2015b) is used to train the position coordinates relationship between the finite element nodes of the background domain and the target domain. The general expression of RBF can be illustrated as follows:
[image: image]
where r is an n-dimensional vector of variables, ri is the vector of design variables at the ith sampling point, ‖r-ri‖ is the Euclidean distance, Nm is the total number of selected data points, ɸ is a radial function and αi is the unknown coefficient of the ith RBF node.
In this section, the Wendland C2 function is selected as the radial function, and the expression is:
[image: image]
By considering the different input and output finite element nodes, both forward and reverse mapping relationships could be obtained. The schematic diagram of the mesh-mapping technique is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the mesh-mapping technique based on the RBF model.
The reverse mapping relationship is defined as follows: the input of the RBF model is the coordinates of the finite element nodes in the target domain, and the output is the coordinates of the finite element nodes in the background domain. The forward mapping relationship is defined as follows: the input of the RBF model is the coordinates of the finite element nodes in the background domain, and the output is the coordinates of the finite element nodes in the target domain. For the sealed cabin structure, the optimization results are obtained based on the topology optimization, which provided the material distribution with a density greater than 0.5. Due to the symmetrical structure of the lander, only half of the results are used for finite element modeling. With the previously established mapping relationship, the surface topology optimization results are reverse-mapped to obtain plane results. Based on the plane topology optimization results, feature extraction is performed considering both the topology optimization results and the actual structural load-bearing requirements. The results are fine-tuned to establish the plane stiffened model. Using the forward mapping relationship, a surface stiffened structure is constructed, and finally, the sealed cabin stiffened shell model is established. The specific flowchart is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic diagram of the sealed cabin reconstruction based on mesh-mapping technique.
For conservative analysis of the preliminary design, the cabin door is kept fully open, and the door frame is reinforced using beam elements. The weight of the docking mechanism is applied to its corresponding connecting frame as non-structural mass. The external instrument equipment platform is modeled using shell elements and suspended on the side wall panels using multi-point constraints (MPC). The internal instrument equipment is applied to the cabin walls as non-structural mass. The total mass of the finite element model of the sealed cabin is 9,400 kg. Figure 5.
[image: Figure 5]FIGURE 5 | Schematic diagram of the sealed cabin structure: (A) initial configuration; (B) the optimized configuration; (C) finite element model of the optimized configuration.
During the ground stage, the pressure inside and outside the entire cabin is balanced. At the start of the launch, the pressure inside the fairing is 1.0 atm. As the altitude increases during the launch, the pressure inside the fairing decreases. The sealed cabin is connected to the fairing through a pressure relief device, causing the pressure to gradually decrease until it reaches a certain pressure value. A maximum pressure difference of 60 kPa between the inside and outside of the fairing is selected to calculate the upper limit of the internal pressure loading on the spacecraft, which would be used as the design condition. Taking a safety factor of 1.5 into consideration, the stress distribution within the structure under an internal pressure of 90 kPa is shown in Figure 6. The majority of the structure experiences stress levels below 220 MPa, with only slightly higher stress levels observed at the cabin door. After conducting finite element analysis, it is found that the optimized configuration meets the strength requirements. The skin mass of aerospace sealed cabin is 221 kg. The mass of the initial layout design of the stiffeners is 106 kg. After topology optimization, the mass of the stiffeners is reduced to 50 kg, resulting in a weight reduction of 52.8% compared to the initial design. The overall mass of the sealed cabin is reduced by 17.1% after optimization compared to the initial design. Detailed information of the comparion of the initial design and the optimized design is displayed in Table 2.
[image: Figure 6]FIGURE 6 | The stress distribution diagram of the sealed cabin: (A) initial design; (B) optimized design.
TABLE 2 | Comparison between the initial design and the optimized design.
[image: Table 2]3 EXPERIMENTAL VALIDATION OF THE SEALED CABIN
In order to validate the tightness, reliability of the manufacturing and strength of the weld, the hydraulic test and airtight test of the sealed cabin structure are carried out in this section. In section 3.1, the concrete implementation steps, results and discussion of the hydrostatic test of the sealed cabin are presented. In Section 3.2, the implementation steps and test results of the airtight test of the sealed cabin are introduced.
3.1 Hydrostatic test of the sealed cabin
In this section, the hydraulic test of the sealed cabin structure is carried out, aiming to assess the bearing ability of the welded structure and the screw sealing parts under the internal pressure loading condition. In addition, the hydraulic test also evaluates the strength of the welded seam of the sealed cabin shell structure and validates the reliability of the welding process.
Based on the innovative configuration obtained in Section 2, the sealed cabin structure is constructed and is shown in Figure 7. In the hydraulic test, DH5921 dynamic signal acquisition and analysis system is used to measure the structural strain. The strain measurement accuracy is ±0.5% and the measuring range is ±20000 με. The number of strain measuring points arranged on the structure of the sealed cabin is 270, and their distribution positions are shown in Figure 8. Unidirectional strain gauges are used for the stiffened structure, and triaxial strain rosettes are used for the other regions. All of the strain measuring points are arranged on the outer surface of the sealed cabin structure, mainly including the front frame, front connection frame, middle connection frame, rear connection frame, rear frame, reinforcement stringer, root corner box and other key positions where the stress may be large.
[image: Figure 7]FIGURE 7 | Hydrostatic test of the sealed cabin door: (A) experimental scenario; (B) local details.
[image: Figure 8]FIGURE 8 | Positions of the strain gauges distributed on the sealed cabin: (A) quadrant-Ⅰ; (B) quadrant-Ⅱ; (C) quadrant-Ⅲ; (D) quadrant-Ⅳ.
The hydraulic test of the sealed cabin structure is loaded according to Figure 9, including 10 loading stages and 10 unloading stages. When the experiment starts, the pressure gauge on the process cover of the previous cabin door shall prevail. Before water injection, the measuring system shall be adjusted to 0, and the condition of the cabin filled with water shall be regarded as level 1. The pressure is stabilized for 3 min per stage, and the pressure is stabilized for 30 min when the pressure is at its maximum. After the loading process is finished, the unloading process continues. During each stage of the hydraulic test, the strain of the structure is measured and the data is collected according to the analysis system.
[image: Figure 9]FIGURE 9 | Loading sequence of the hydrostatic test.
Through the hydraulic test of the sealed cabin structure, the strain results of the structure under different loading stages can be obtained. The change of the principal strain corresponding to the measuring points at several key positions under loading and unloading relief is shown in Table 3. As shown in Table 3, only the strain values of sensors in the SC and SD regions were found to be relatively large during the loading process. The strain measurements at various points in the SC and SD regions during the loading and unloading processes can be seen in Figure 10. It can be observed from Figure 10 that as the pressure inside the chamber is gradually loaded and unloaded, the main strain at each measurement point exhibits a linear distribution, and the strain variation trends during loading and unloading are similar for each measurement point. It can be found from the table that the values of residual strain of each measuring point is small, and all of which are less than 20 με. In addition, the whole loading process is carried out smoothly, and there is no leakage phenomenon during the experiment.
TABLE 3 | Typical strain measuring points of the sealed cabin of the hydrostatic test.
[image: Table 3][image: Figure 10]FIGURE 10 | Variation of the strains with different loading condition in the hydrostatic test: (A) the strain gauges in the SD region; (B) the strain gauges in the SD region.
Results of the hydrostatic test and strain measurement in the sealed cabin demonstrate that the structure does not yield during the experiment. The low strain level around the weld indicates that the weld meets the requirements of strength and tightness. In summary, the hydraulic test validates that the weld and screw seal design of the sealed cabin structure has the ability to withstand the internal pressure load, and the structural design is reasonable and the sealing performance is qualified.
3.2 Airtight test of the sealed cabin
Sealing performance is also an important function index of the spacecraft, which is of great significance to the life safety of astronauts and the service life of equipment (Batina, 1990). In this section, the airtight test will be carried out to evaluate the airtight performance of the sealed cabin structure. Moreover, the airtight performance of the weld and screw seal parts will also be tested, and the leakage rate of the airtight shell structure would be calculated to check whether the structure of the sealed cabin meets the design requirements (Neyers et al., 2000; Ghosh and Nag, 2001; Gutmann, 2001; Bendsøe et al., 2004; Krishna et al., 2017; Xianwen et al., 2022; Lei et al., 2023).
First, the sealed cabin structure is placed vertically in the collection chamber, and a mixture of helium and air is filled into the cabin, aiming to make the pressure difference between the inside and outside of the cabin maintained at 0.6 atmospheric pressure. At this moment, the absolute pressure inside the capsule is 1.6 atm, namely, 160 kPa. The collection room is a normal atmospheric environment, the proportion of helium gas is about 50%. Then, the pressure of the sealed cabin is then kept constant for 24 h. Finally, the leakage rate of the cabin is calculated by measuring the concentration of helium in the collection chamber with a helium mass spectrometer. The allowable leakage rate of the sealed cabin structure in this experiment is not more than 1.94 × 10E-2 Pa·m3/s.
The results of the airtight test of the sealed cabin structure are shown in Table 4. The measured leakage rate is 1.07 × 10E-2 Pa·m3/s, which is less than 1.94 × 10E-2 Pa·m3/s. The results of leakage rate measurement illustrate that the sealing performance of the sealed cabin structure is qualified and meets the target requirements, which also demonstrates the practicability and reliability of the structural design and processing.
TABLE 4 | Results of the airtight test of the sealed cabin structure.
[image: Table 4]4 CONCLUSION
Aiming to carry out the lightweight design for the sealed cabins, a novel layout design framework for the integrally stiffened shells under complex loading conditions is developed, and intelligent stiffener configuration of integrally stiffened shells and experimental validation are carried out in this work. The topology optimization method is employed to obtain an innovative layout design firstly, and then the mesh-mapping technique is utilized to assist the reconstruction and modeling process of the optimization result. Compared with the initial design, the weight of the optimized configuration of the integrally stiffened shell reduces by 17.1%, demonstrating excellent lightweight design effects. Moreover, a sealed cabin with the size of 2800-mm-diameter and 3300-mm-height is constructed based on the optimization and numerical analysis result. The hydraulic test validates that the weld and screw seal design of the sealed cabin structure has the ability to withstand the internal pressure load, and the structural design is reasonable and the sealing performance is qualified. The measured leakage rate is 1.07 × 10E-2 Pa·m3/s of the airtight test which is within the specified range (1.94 × 10E-2 Pa·m3/s), illustrating that the sealing performance of the sealed cabin structure meets the target requirements. To sum up, the results of the hydrostatic test and airtight test validate the applicability and effectiveness of the optimized configuration.
In the future study, the static experiment will be carried out to further test the bearing capability of the optimized configuration of the sealed cabin under the overload conditions.
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