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Abstract

:

Featured Application


The proposed assessing method can find an application for the non-destructive evaluation of PE liners at the beginning of the manufacturing chain of high-pressure composite vessels for hydrogen storage. It can be a low-cost method supporting visual inspection, which is presently the main tool used.




Abstract


A polyethylene (PE) liner is the basic element in high-pressure type 4 composite vessels designed for hydrogen or compressed natural gas (CNG) storage systems. Liner defects may result in the elimination of the whole vessel from use, which is very expensive, both at the manufacturing and exploitation stage. The goal is, therefore, the development of efficient non-destructive testing (NDT) methods to test a liner immediately after its manufacturing, before applying a composite reinforcement. It should be noted that the current regulations, codes and standards (RC&S) do not specify liner testing methods after manufacturing. It was considered especially important to find a way of locating and assessing the size of air bubbles and inclusions, and the field of deformations in liner walls. It was also expected that these methods would be easily applicable to mass-produced liners. The paper proposes the use of three optical methods, namely, visual inspection, digital image correlation (DIC), and optical fiber sensing based on Bragg gratings (FBG). Deformation measurements are validated with finite element analysis (FEA). The tested object was a prototype of a hydrogen liner for high-pressure storage (700 bar). The mentioned optical methods were used to identify defects and measure deformations.
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1. Introduction


1.1. Liner’s Role in the Pressure Storage of Hydrogen


The acquisition of electric energy from fuel cells combined with hydrogen vessels is an alternative solution to the use of lithium-ion batteries and, simultaneously, one of the key stages in the technological development of energy supply for equipment, mobile devices, and stationary objects. Hydrogen, being an energy carrier used in the power supply to fuel cells, can be used in three states of matter: gas, liquid, or a chemically bonded phase in solids and liquids. Its storage form depends on the state of matter, the most frequently used solution being the storage of compressed gas.



In pressure storage systems (Figure 1), from 35 to 70 MPa, the most technologically advanced and safest solutions are applied, thus they have a well-deserved high reputation resulting from their use in transport, mainly over land and water, in stationary systems used for energy generation and hydrogen storage, including systems cooperating with renewable energy sources (RES). This is because high-pressure systems, and especially composite vessels, are highly efficient, i.e., the values of parameters describing the amount of stored hydrogen or energy in relation to the mass or volume of a storage system (expressed as system gravimetric capacity or system volumetric capacity, respectively). Moreover, despite the use of high working pressures, they are characterized by a high exploitation safety owing to the fact that they meet the strict requirements specified in binding regulations. In comparison with other hydrogen storage methods, e.g., various chemical absorption methods and liquid hydrogen at cryogenic temperatures, they are also competitively priced.



Composite vessels used for compressed gas storage are composed of two layers (Figure 1). The internal layer (the so-called liner) is responsible for gas accumulation and shaping the whole construction. It must form a barrier that is sufficiently strong to prevent gas particles from permeating outside the container. The liner can be made of metal (suitable steel type or aluminum alloys) or plastics (polymers). Currently, the latter solution tends to dominate. This results mainly from the following requirements, which modern liners must meet:




	
The smallest possible mass of a hydrogen storage system, which can only be ensured by using completely composite containers (type 4) in which a liner is made of a polymer and a load-carrying shell is made of woven carbon fiber;



	
The smallest hydrogen permeability, thanks to the use of high-density materials and additional sealing with, e.g., sol–gel type of materials [1];



	
Ease of formation and geometry modification, due to the use of polymer technology solutions, which have been known for many years, such as rotomolding, blow molding, or extrusion;



	
Low reactivity to hydrogen, i.e., small influence of stored gas on material properties (e.g., elimination of the hydrogen corrosion problem that occurs in the case of metal liners).









1.2. Liner in High Pressure Composite Vessel: Materials and Manufacturing Process


From the perspective of the exploitation of a type 4 high-pressure vessel, the most critical element is the liner. It is directly responsible for the accumulation of gaseous hydrogen; thus, its tightness is of paramount importance. In accordance with binding standards, hydrogen permeation through container walls is permitted as long as it does not exceed 6 Ncm3 per hour of hydrogen, per liter of the internal volume of the container [2] or is <46 mL/h/L water capacity of the storage system in the case of a container meeting type-approval requirements [3]. In addition to this, the current regulations, codes and standards (RC&S) specify that the materials used to make a container, including the liner, must exhibit so-called hydrogen compatibility pursuant to [4]. For more information on the influence of hydrogen on polymers, see the literature studies below.



Simultaneously, the liner performs the role of a core in the composite layer winding process, which determines the final strength of the construction. Most frequently, the liner has the shape of a cylinder with non-spherical geometry domes. The liner also contains metal bosses that allow fixing pressure valves and a connection between the container and the gas installation. A boss can also be used as a mounting grip (in the so-called neck mounting system). The liner can be made of metal (appropriate steel types or aluminum alloys). However, in the most technologically advanced containers, liners are only made of polymers (Figure 2). Then, the dominant materials used to make the liner are: high-density polyethylene (HDPE), polyamide (PA6) or, not so frequently, PET, polyoxymethylene (POM), and ethylene vinyl alcohol copolymer (EVOH) [5,6].



Despite the fact that the manufacturing cost of a liner, in comparison with that of the whole container, is relatively low and under series production conditions, it does not exceed 10% of the cost to make a high-quality liner; one needs an expensive machine park, as well as specialist knowledge on the materials and their processing technology.



Usually, a liner is produced by extrusion, rotomolding or blow molding, or some combination of these, through the use of the plastic jointing technique, i.e., bonding of extruded domes with an integrated boss with extruded tubes [7]. Metallic bosses can also be integrated within the domes by gluing them directly to the liner in a second step [8]. Below, short descriptions of two manufacturing methods are given.



One of the most commonly used technologies in liner production is rotomolding, in which a final product is formed in a mold by simultaneously rotating and raising the temperature to about 200 °C. First, metal bosses and polymer (e.g., HDPE, PA) in the form of a granulate are placed in a mold that is used to make the liners. During the process, the input material settles on the mold walls, which make the external geometry of the liner. The thickness of the liner walls is controlled by the amount of granulate put into the mold and the program controlling the machine motion. During the cooling stage, which lasts until ambient temperature is reached inside the mold, a massive pressure pushes the walls of the newly made liner against the mold walls, thus preventing collapse during a contraction. After the cooling process, the finished product is removed from the mold and requires only quality control and mechanical processing of the sealing surfaces near the boss. The fundamental advantages of rotomolding are the lack of connections and welds on the liner and no internal tensions in the construction, regulated wall thickness, and easy formation of additional elements (threaded elements, bosses, etc.). Rotomolding is also the most economical process in multi-series production and is completely automated.



Some manufacturers of containers prefer liners made using plastic jointing technology, which is thermal welding of a pipe forming the cylindrical part of a pressure vessel with ready domes. The most significant advantage of this method is the free choice of the final size/internal volume of a pressure vessel, independent of the size of the mold (which is the case in rotomolding).




1.3. Polymer Liners—State-of-the-Art (SoA) in Manufacturing and Exploitation Related Issues


The literature devoted to polymer liners used for hydrogen storage in type 4 containers is extensive and encompasses a large number of issues. Below, mainly material and technology-related problems influencing liner stability and hydrogen permeability were selected and are indicated:




	
Polymer aging and thermal degradation [5,9];



	
Chemical structure, including molecular weight and molecular weight distribution of polymer chains [5,8,9,10];



	
The degree of crystallinity of a polymer, which is affected by its cooling rate from the molten state [9,10,11];



	
Processing techniques that can induce the orientation and extension of polymer chains affecting various properties) [5,9];



	
The types and amounts of plasticizers, fillers, crosslinking agents, and other additives that are often incorporated to modify polymer properties [5,9,10,11];



	
Influence of long-term high-pressure hydrogen exposure on the physical properties and mechanical performance of polymers [10,12,13];



	
Hydrogen permeability of polymers as a result of diffusivity and solubility [5,8,14,15,16,17];



	
Permeation rates, which are strongly dependent on the glass transition temperature [8,10,11,16,18];



	
Parameters responsible for the liner collapse in hyperbaric type 4 hydrogen storage vessels [14,19,20,21,22];



	
Blistering resulting from hydrogen sorption and the subsequent decompression of a hydrogen container [8,9,11,14,22,23];



	
Standardization of materials, container manufacturing, and testing technology, including liners [24];



	
Limiting hydrogen permeability (e.g., by the use of barrier layers made using sol–gel technology, e.g., [1,25,26,27]), or the use of constructions limiting the amount of hydrogen accumulated between a liner and composite (reduction of the so-called air gaps, or also the use of ventilation structures inside composites to allow natural hydrogen escape);



	
Liner resistance to high temperature, e.g., when a fire occurs near a high-pressure hydrogen storage container [28,29]. An additional goal is the so-called controlled defect, which allows for heat transfer through a composite shell and leads to liner melting [9,28]. Then hydrogen accumulated inside the container leaks through pores in the liner, which, in such a case, grow in size, but it combusts immediately on the container surface, thus ensuring safety.










2. Hydraulic Tests of Type 4 Containers, Motivation for Research and Goals


In the case of type 4 containers, the dominating failure mode is directly related to the liner. Despite its low price, if a liner is faulty, it eliminates a significantly more expensive product from use, i.e., the whole container. Some liner defects result from errors in the manufacturing technology, limitations related to the used material or design, and exploitation errors related to the whole container. On the other hand, a liner defect may contribute to the occurrence of phenomena, such as blistering, buckling, aging, or increased hydrogen permeability, later when in contact with hydrogen.



Every new type 4 container construction first undergoes hydraulic tests: static and fatigue tests. The cost of a necessary series of tests is high; however, it is known, from the many years of research by the authors of this paper, that in the hydraulic tests of a finished container, especially a new one, a negative test result is usually obtained due to a faulty liner.



Below are some selected examples of liner defects detected as a result of the authors’ own research on type 4 hydrogen high-pressure containers. Defects were usually related to:




	
Air bubbles and other inclusions in the liner material;



	
Non-homogeneity of liner geometry and wall thickness;



	
Residual stress in the polymer after the liner production process;



	
Cracks in the liner material resulting from cyclic loads (Figure 3);



	
Cracks in the liner material resulting from low temperatures, below −40 °C (Figure 4);



	
Defects in the area of the liner/boss joint;



	
Fatigue cracks in the area of a metal boss (Figure 5).








In the case of liner defect, the composite comprising the load-bearing surface of a container usually remains intact; however, fatigue cracks occur in the liner, usually located near the dome or at the joint between the dome and the cylindrical part. There are also defects in the area of the connection between a boss and the liner material or, less frequently, boss defects resulting from fatigue cracks in the material.



At the development stage of new container construction, defects may be caused by both technological errors in the production of the liner itself or an incorrect design of the load-bearing overwrap. The non-uniform stress distribution in the composite layer of the construction may result in a local concentration of stress in the whole construction, which, in turn, can initiate cracks directly in the liner. In a previous study, unoptimized stress distribution in the geometry of a composite structure was observed and, as a consequence, the liner cracked during an ambient-temperature pressure cycle test in the 20–875-bar pressure range (Figure 6).



Errors related to incorrect container design, both in the area of the boss or liner and a composite reinforcement, can be verified at the stage of introductory/qualification research (numerical and/or hydraulic tests of finished containers) and should not cause exploitation problems in certified containers. Approval for use in the case of containers means that they have successfully completed a whole cycle of tests at the type-approval stage; this is why, provided that the production procedures are repeatable, defects related to an incorrect construction design should not occur during normal exploitation. On the other hand, errors directly related to the liner production stage may not be detectable during type-approval and can occur later during day-to-day use of a container. At that time, however, the consequences of defects can be catastrophic.



To summarize, a properly manufactured liner is of key significance for the whole production process of a high-pressure composite container. Hence, if an efficient way of testing the liner itself were developed, i.e., testing it immediately after it was made and before applying a composite coating, the cost of negative consequences could be significantly reduced. It should be emphasized that current RC&S does not specify necessary liner tests that should be conducted after manufacturing. There are also no primary sources in this respect.



This is why there is a pressing necessity to develop non-destructive evaluation (NDE) methods for liners, to be applied immediately after the production process, to detect defects at an early stage (e.g., air bubbles and other inclusions, lack of homogeneity of liner geometry and wall thickness, residual stress in the polymer, cracks, and defects at the liner/boss joint).



With the above-mentioned in mind, it was assumed that the goal of this work would be to present the suitability of selected optical NDE methods for the assessment and analysis of liner operation, both at the product research and development stages (fiber Bragg gratings (FBG), digital image correlation (DIC)) and at the production stage (visual inspection).




3. Experimental Methods and Numerical Verification


The liner was investigated using two types of methods: visual defectoscopy and strain field analysis. Defectoscopy was performed by visual inspection, while the strain field analysis was done using two complementary methods—digital image correlation and fiber sensing based on Bragg gratings. Strain field measurements were further validated using the finite element method (FEM).



Visual inspection was used to verify its usefulness for liner evaluation after manufacturing. Liners produced by a rotomolding process can include air bubbles and inclusions in their structures, which can accelerate the degradation of a pressure vessel. Because of the semitransparency of HDPE, visual inspection was used to find those types of defects. On the other hand, translucent materials are more challenging for visual inspection than fully transparent ones.



The application of optical methods in the form of digital image correlation and optical fiber sensing based on FBG for high-pressure vessel monitoring has been widely described in numerous papers [31,32,33,34,35,36]. These methods can be used for performing full-field and local displacement/strain measurements, respectively. It has been proved that DIC can be effectively applied as a method for defect identification in a full field of view and that it can support an optimal localization of FBG sensors and their calibration. FBG sensors need to be integrated in the vessel structure to create an embedded structural health monitoring (SHM) system for composite high-pressure vessels. Within this paper, use of both of these methods was suggested to validate the behavior of the liner alone during pressure tests under laboratory conditions (R&D stage of the new product). The strain field measured with the complementary methods was validated using FEM. This way, manufacturing and design aspects were investigated.



3.1. Fiber Optical Sensors—Fiber Bragg Gratings


Fiber Bragg gratings are the most common optical fiber sensor used to measure strain and temperature changes. Thanks to their small size, they are common point-wise transducers that can also be easily integrated in a composite material (without any negative influence on its structure). The length of a single grating is in the range of 5–10 mm, and the external diameter is about 200–250 μm. Because of its excellent multiplexing capabilities, it is possible to combine many FBGs to form a network of sensors [31].



An FBG sensor has a specific structure formed in the core of an optical fiber, characterized by periodical changes in the refractive index value [37]. The measured value (deformation, temperature) is directly proportional to the displacement of the so-called Bragg wave (λB), which depends on a change in the grating period (Λ) resulting from the changes in fiber size (compressing, stretching) and thermal effects (thermal expansion of the material and the thermo-optic effect on the refractive index) [38].




3.2. Digital Image Correlation (DIC)


Digital image correlation is a well-established method for displacement, strains, and shape measurements [39]. Two-dimensional DIC (with one digital camera) and 3D DIC (with two or more digital cameras) are widely used and accepted in the field of experimental mechanics [40,41].



A straightforward measurement procedure requires acquiring a set of images of the object under investigation, which is subjected to any kind of load. One of the images is selected as the reference image (in most cases it is the image acquired before the load is applied) and the remaining images are subjected to correlation analysis. The reference image is divided into small sub-images or subsets. The subsets are subsequently matched against similar subsets in images acquired in different load states. Repeating the procedure for all subsets of the reference image yields displacement maps, which, in following steps, can be used for the calculation of strains. To allow the application of the DIC method, the object under investigation has to exhibit a random texture (speckle pattern) on its surface. In most cases, the speckle pattern is introduced on an object surface by spraying on paint [31].




3.3. Finite Element Method


The finite element method is the most commonly used technique to solve practical problems and mathematical models.



Clough [42] presented the idea of finite element analysis as a computational method used to find approximate results of boundary value problems in engineering. It shows when a component failure wears out or performs the way it was made to. It is used in the process of design and development to predetermine what will happen when a product is being used.



The idea of FEM was originally created by members of the structural dynamics unit at the Boeing Airplane Company. The main feature of the developed procedure is the evaluation of the stiffness properties of structural elements based on the assumed places of displacement interpolation functions [43].



In the FEM procedure, the three main steps are: (1) pre-processing—the creation of a finite element mesh. In the computational method, any type of material can be used with user-defined properties and boundary conditions. (2) Solution—the computational software used for the finite element analysis originates the matrix equations from the geometrical model and individually solves for the key measures. (3) Post-processing—an examination of the results of all primary quantities, such as displacement in a particular direction, which are obtained after the solution.





4. Experimental Tests of the Polymer Liner


The methods presented in the previous paragraph were used to test a commercial liner designed for high-pressure hydrogen storage vessels. It was made of high-density polyethylene (HDPE) and manufactured using a rotomolding process (Figure 2). It had two steel inlet bosses, a total length of 80 cm, and a volume of 60 L. The cylindrical part was 55 cm long.



The liner was first inspected using a visual system. In the next step, FBG sensors were attached to the surface and a speckle pattern for DIC tests was sprayed onto the surface. The prepared liner was tested during the inflation process. This section describes the methods used in the liner testing in more detail.



4.1. Visual Inspection


The goal of the visual inspection was to find any defects caused by the manufacturing process (inclusions, air bubbles). Since HDPE is semi-transparent material, a method similar to candling was used to detect defects inside the material. To find defects, a setup made from a CMOS camera (CA-H500MX) with a CA-LHE16 lens and a ring-shaped multi-spectral light (CA-DRM20X) was used.



Recorded images were processed in such a way that defects on the images could be automatically detected. During image pre-processing, contrast correction, brightness, and shading were used. Later, for defect detection, automatic functions were used




4.2. FBG Sensors


FBG sensors, the “bare fiber” type with an Ormocer® coating, were used in this research. They are characterized by the lack of an additional buffer coating, which improves the transfer of loading between a monitored object and a transducer. The optical fiber sensors were integrated with the object using X60 glue, which is a two-component adhesive for strain gauges. Before attaching the sensors, the surface was de-greased, and, locally, the paint coating enabling the DIC measurements was also removed. The sensors were attached pointwise at the two ends of the Bragg grating. Thanks to this approach, the local inhomogeneity of deformation along the sensor axis was averaged along with the distance between the attachment points. An interrogator (SI405 HBM) was used to record the signals; it allows taking measurements at a 5-Hz frequency and 1-pm accuracy (corresponding to a 2-με accuracy).



The whole liner was covered with 11 sensors in total. The placement of the sensors is shown in Figure 7. The description of the placement is provided in Table 1. Six sensors were placed on the cylindrical part of the liner (three in the circumferential direction and three in the longitudinal direction). Five sensors were placed on the dome (four concentric and one longitudinal).




4.3. DIC Method


As an additional measurement method, a 3D DIC system was used. The test setup is shown in Figure 8. The liner, after the placement of the sensors, was covered with a speckle pattern. The surface around the FBG sensors was cleaned so that the paint would not influence the sensor readouts. DIC system analysis was performed on a one-sided view of half the liner (one dome and 1/3 part of the cylinder part, dashed line in Figure 8).



The cameras for the DIC measurement system were mounted on a tripod, approximately 120 cm away from the vessel. The 3D DIC system was composed of two AVT Stingray 16Mpx cameras, equipped with lenses with a focal length of 50 mm and a PC using Istra4D software. A typically obtained set of results from a single 3D DIC measurement was referenced to the Cartesian coordinate system and included the shape in the form of a cloud of points (x,y,z), two components of in-plane displacements (U(x,y), V(x,y)), and an out-of-plane displacement map (W(x,y)).



The strain maps were calculated from the displacement maps in the ‘xy’ plane. Since the radii of curvature of a liner geometry were large and analysis was performed on a one-side view of the liner, it was assumed that    ε  x x     strain was strain along the circumferential direction, while    ε  y y     was in the longitudinal direction (along generation line). The validity of this approach was proven in [31].



To compare the results of the 3D DIC measurements and the FBG measurements, virtual extensometers were used. They were located in the displacement maps at the FBG locations. Their strain was calculated as the average strain between the sensor attachment points.



The experimental setup for the DIC test is presented in Figure 8. During the experiment, the liner was internally loaded with compressed air, with a pressure range from 0 to 1.3 bar. The pressure increase was controlled by a pressure gauge and a control valve.




4.4. FEA Model


The FEA model was prepared in the Abaqus/CAE environment and solved using the Abaqus 2020 static linear solver. The geometry was created based on the measured thickness of the test object and a 20-degree portion of the liner was modeled. High-density polyethylene and aluminum alloy were considered as linear elastic materials in the described analysis. The interface between the boss and the polymer was established using common nodes. C3D10 named elements were used in the model (ten-node quadratic tetrahedron). In the polymer material, dome area (close to the boss) defects were modeled as a discontinuity in the material, shown in Figure 9. The wall thickness along the generating line was measured post-mortem using a calliper. The liner was cut along the locations of the FBG sensors (first cut along LD1-LC-LC3 and the second along CC1-CC3).





5. Results and Discussion


5.1. Visual Inspection


The detection of defects inside a structure requires lighting and image acquisition conditions that allow obtaining the highest possible contrast between the material and defects. In this case, the color and the type of lighting play the most significant roles. Inspection under various lighting conditions was possible thanks to a ring multi-spectrum light.



After determination of the best lighting conditions and the method for finding defects, the whole liner was inspected to find air bubbles, inclusions, and other defects.



In the cylindrical part and domes, a few individual and small (<1 mm) air bubbles were found. No agglomerations of air bubbles were observed. In close proximity to the boss, there were numerous air bubble chains with diameters of about 2 mm. The defect is shown in Figure 10. For automating the process of detecting production defects, the automatic detection methods available in Keyence CV-X Machine Vision System were used.



Experience related to pressure container tests suggests that this defect may lead to container faults during cyclic hydraulic loading (fatigue defects, leaks near the boss/HDPE interface) or to hydrogen accumulation during exploitation of a container. To investigate the influence of this defect on the strain field around the boss, FBG sensors were attached close to the boss (one near the defect and one near a non-defective area) and FEA analysis of this point was performed.




5.2. Deformation Measurement of the Liner


Investigation of the liner deformation field was conducted under internal loading conditions in a pressure range from 0 to 1.3 bar. Compressed air was used as a medium. The pressure rate was controlled by hand with a valve. After reaching maximum pressure, the air was gradually released.



Liner deformation was recorded using fiber Bragg gratings and a 3D DIC system. FBG provided data about point-wise deformations, while DIC was used for strain field measurements. FBGs were used for measurements during the entire test and DIC data were collected during the increasing of the internal pressure up to 1 bar. FEA validation was also performed for this pressure level.



5.2.1. Strain Measurements Using FBG Sensors


The measurement data obtained using FBG sensors were recorded while pumping in and releasing air from the liner. The locations of the sensors on the surface of the liner are described in Table 1 and presented in Figure 7. The results were recorded using 11 sensors. The results of deformation measurements during the tests are presented in Figure 11.



In Figure 11a there is visible slow loading of the liner with pressured air, which ended after 220 s. After this, air was slowly released until 440 s of experiment time. A non-constant pressure rate was caused by manual control of the inlet valve.



After the air was released, in Figure 11a, one can observe the occurrence of a delay in the liner’s return to its initial deformation state. This means that the value of its internal pressure regained the value of the atmospheric pressure, despite the fact that the non-zero deformations of the material were still visible. The effect could be observed for as long as two minutes after releasing the air. Figure 11b (strain–pressure plot) shows mechanical hysteresis, which is typical for a visco-elastic material, such as HDPE.



To present the point-wise deformation state of the liner, deformation values registered by each sensor at 1 bar pressure are shown in Table 2.



In the case of sensors located on the cylindrical part of the liner, sensors CC1 and CC3, which were placed symmetrically to CC2, showed a 25% difference in circumferential strain. Because of the geometry, their values should be the same, but the most likely difference was caused by variations in the thickness of the walls. This hypothesis was validated using FEA based on post-mortem measurement of the wall thickness. A similar trend was visible for sensors placed in the longitudinal direction (LC1 and LC3). One side of the liner was deformed 50% more in the longitudinal direction. The highest deformation in the longitudinal direction was shown for sensor LD1, which was placed on the dome.



Sensors on the dome—CD1 and CD2—were in the same position relative to the boss, but sensor CD1 was located very close to the defect (air bubble chain). It was observed that the deformations near the defect were 10% larger than in the case without any defect.



Sensor CD4 was placed circumferentially on the dome and showed compression on the point on the dome. Further analyses in this paper show that this compression was caused by the liner’s geometry.




5.2.2. Strain Field Distribution by DIC


The measurements taken using the DIC method were conducted in parallel to the measurements with FBG sensors while pumping air into the liner. The deformation field analyzed using the 3D-DIC system included a fragment of the dome and a fragment of the cylindrical part. The recorded deformation fields,    ε  x x     and    ε  y y    , at 1.0 bar are presented in Figure 12. Along with the strain field obtained from the DIC method, the results from FEM are shown.



Strain in the circumferential direction,    ε  x x    . (Figure 12a), had the highest value of around 7000 με on the cylinder part, closest to the middle of the liner (the bottom part of the presented photos). The circumferential strain of a dome was significantly smaller (<1000 με). Measurement shown area with negative circumferential strain in the dome area (amplitude up to 100 με). Strain in longitudinal direction    ε  y y     (Figure 12b) had maximum values on the dome (about 3500 με).



In Figure 12, three FBG sensors are visible, which allows validating both methods. Results of FEM (bottom of Figure 12) are in accordance with the DIC results for both    ε  x x     and    ε  y y     directions.



The observation of compression in the circumferential direction was confirmed using FEA. Deformation of the liner from DIC and FEA along the generating line (marked in Figure 12) is shown in Figure 13.



Figure 13 shows good correlation between results from DIC and FEM for both    ε  x x        ε  y y     and direction. Compression in circumferential direction was visible for both methods. The area of this behavior is present on the dome, close to the cylinder. Displacement around this area has almost two times lower deformation as the maximum deformation of cylinder and boss. It means that this behavior can be interpreted as the presence of the liner’s collapse, which can potentially be a weak spot during vessel operation.



It is worth noticing the visible non-homogeneity of the strain field. Some regions, even on the same cross-section, show non-uniform strain, which is attributed to thickness variations. Sensors attached to the surface of a liner could be placed in the areas where local strain non-homogeneity occurred. As a consequence, average strain measured by a sensor could be different in some local spots. This can be an explanation for the differences in the measurement results in Table 2.




5.2.3. FEA Strain Analysis


In addition to the dataset of strain on the dome part of the liner, strain along the cylindrical part of the liner and its fluctuations caused by thickness variations were investigated. After the testing, the liner was cut along the generating-line and the thickness of walls was measured 5 times every 20 mm with a calliper. The measured thickness of walls fluctuated from 4.50 mm to 6.03 mm. The closer to the dome the measurement was taken, the greater the thickness was; however, there was a measurable, average difference in the thickness on one half of the liner. The side of the CC1 and LC1 sensor had an average thickness of 0.2 mm higher than the thickness of side with the CC3 and LC3 sensors. The measured thicknesses of the liner’s walls in the locations of sensors were as follows:




	
Circumferential direction: CC1—5.02 mm, CC2—4.87 mm, CC3—4.68 mm,



	
Longitudinal direction: LC1—5.08 mm, LC2—4.86 mm, LC3—4.82 mm.








In Figure 14, strain along the cylinder part of the liner with FBG sensor location indications (   ε  x x     and    ε  y y    ) and strain along the generating line of the cylinder, along with marked locations of sensors, are shown. Results of FBG strain measurements were combined with data from FEM and are given in Table 3. The strain in the location of the FBG sensors was comparable with the results of the FEA based on real thickness measurements of the cylinder. This means that differences of strain are explainable by wall thickness variation, and thus by the manufacturing method.



Authors investigated the influence of defects on the strain field in the area close to the dome: numerical simulation and point-wise strain measurements were used. Bragg sensors were glued about 7 mm from the liner’s edge, the distance between the glue points was about 20 mm. The same area was analyzed by FEM using a tetrahedral mesh. Figure 15 shows the circumferential strain and the location of the strain sensor. The strain obtained from the numerical method was calculated based on the node displacement, of which locations correspond to the glue point and were compared with the strain measured by FBG (in Table 3). Figure 15a shows the circumferential strain for the dome without any defects; Figure 15b shows the circumferential strain for the dome with the defects modeled as an elliptical void. The location of the defect is shown in the wireframe model in Figure 15b,c.




5.2.4. FBG, DIC, and FEA Result Comparisons


The results of DIC were compared with the values of deformation recorded using Bragg gratings. To achieve this goal, virtual extensometers of which the locations and directions were the same as the physical locations of the FBG sensors were used. Calculated strain from FEM was used for validation.



Due to the limitations of the DIC method, the results were compared for only three sensors. One of them was placed on the dome in the longitudinal direction (LD1) and two located on the cylindrical part (CC1—circumferential and LC1—longitudinal). The sensor’s location is marked in Figure 12.



A comparison of the results of the deformation measurements recorded using all methods is presented in Figure 16. Correlation is visible regardless of the direction of the measurement. The biggest relative error is visible for the longitudinal direction on the cylindrical part of the liner (LC1). For the circumferential direction of the cylinder part (CC1), the maximum relative error does not exceed 5%.






6. Summary


	
A correctly manufactured liner is of key importance in the whole process of the production and exploitation of a high-pressure type 4 composite vessel used for hydrogen storage. Although the manufacturing cost of a liner is relatively low in comparison to the whole vessel, any liner defects may lead to the elimination of a significantly more expensive vessel at its manufacturing or exploitation stage. Thus, it seems justified to develop an efficient method of testing the liner, i.e., right after its production, even before applying a composite coat. It should be noted that the current regulations, codes and standards (RC&S) do not specify liner testing methods after its manufacturing. There are also no primary sources in this respect.



	
The paper presents non-destructive evaluation (NDE) methods for liners to be applied immediately after the production process to detect defects at an early stage (e.g., air bubbles and other inclusions, lack of homogeneity of liner geometry and wall thickness, cracks and defects at the liner/boss joint). At the same time, the methods to be applied during the R&D stage in the form of digital image correlation (DIC), optical fiber sensing based on Bragg gratings (FBG), and visual inspection, were shown.



	
Visual inspection allows to detect defects occurring on both the domes and the cylindrical part of the liner. It enabled the observation of, e.g., air bubbles and inclusions in the liner walls. Moreover, this method can be completely automated for the qualitative assessment of liners at the manufacturing stage (detecting and locating air bubbles and other inclusions), thus allowing to test each object, even when mass-produced.



	
The DIC method and the usage of FBG sensors allow to determine circumferential and longitudinal deformations with high accuracy and are dedicated especially for prototype liners and R&D.



	
The strain field obtained with FBG sensors and the DIC method was confirmed with finite element analysis of the model. The liner’s geometry was reconstructed with the measurements of the wall thickness. Correlation of measurement with all methods and confirmation by FEM means that the DIC method can be used for wall thickness perturbance and detection of non-homogenous strain fields (e.g., compression in the circumferential direction on a dome), which is caused by the design of a liner.
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Figure 1. Scheme of a high-pressure hydrogen storage vessel. (a) A cross section and (b) a construction scheme: 1—inlet boss, 2—composite load carrying shell, 3—liner, 4—permeation reducing sol–gel coating, 5—cylindrical part, 6—dome with visible PE liner inside. 
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Figure 2. View of the exemplary HDPE liner for a hydrogen vessel, manufactured using rotomolding technology. 
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Figure 3. Endoscopy pictures of a defective liner. (a) The inlet dome area without visible cracks and (b) the outlet dome area with cracks around the boss–dome interface (marked by an arrow). 
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Figure 4. PE liner with major cracks extracted from a 700-bar hydrogen vessel after cyclic pressure test at low temperature. (a) Cut-off dome with the inlet boss and (b) the liner without the boss, which fell off due to the cracks at the liner material interface. 
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Figure 5. View of a damaged boss after fatigue testing. (a) Crack in the metallic boss and (b) crack in the inner side of the liner’s dome. 
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Figure 6. A 5-degree segment of the vessel model (ANSYS V15) presented normal stress (fiber orientation direction) in the composite material; (a) hotspot located in the dome area was the reason for liner damage and medium leakage [30]. (b) View of the leaking hydrogen vessel during the hydraulic test due to the cracks in the PE liner in the outlet dome area (water drops on the dome surface leaking through the pores in the composite shell). 
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Figure 7. Placement of sensors on the liner. (a) Entire liner and (b) dome part. Colors are attributed to the different directions and locations of sensors: black—circumferential, red—longitudinal at the cylindrical part, blue—longitudinal at the dome. 
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Figure 8. Experimental setup for liner testing using the DIC method and FBG sensors. Dashed line shows the part of the liner inspected using the DIC method. 
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Figure 9. Liner model used in FEA with zoomed mesh around the porosity. 
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Figure 10. View of a liner’s inlet with air chain located near the boss. 
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Figure 11. Deformation registered with selected FBG sensors. (a) Over time and (b) over pressure. Arrows show the direction of pressure increasing/decreasing. 
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Figure 12. Deformation field in the circumferential and longitudinal direction at 1-bar pressure; (a) results of DIC tests and (b) FEM calculation. 
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Figure 13. Strain in circumferential (   ε  x x   )   and longitudinal (   ε  y y   )   directions along the generating line using the DIC and FEM methods. Location of negative    ε  x x     area marked with arrows. Displacement of the liner shows collapse around this location. 
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Figure 14. Strain along the cylinder part of the liner with FBG sensor location indication. 
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Figure 15. Strain field variations caused by the air-bubble chain located close to the boss: circumferential strain field distribution in the dome region model without defects (a) and with an internal defect in the form of the elliptical void (b), and location and geometry of the defect (c). 
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Figure 16. Chart presenting deformations recorded using FBG sensors, DIC method, and FEA model. 
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Table 1. Description of the placement of optical strain sensors.
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Direction

	
Location

	
Short Name

	
Description






	
Circumferential:

C

	
Cylinder:

C

	
CC1

	
Cylindrical part, circumferential, 130 mm from middle




	
CC2

	
Cylindrical part, circumferential, central




	
CC3

	
Cylindrical part, circumferential, symmetrical to CC1




	
Longitudinal:

L

	
Dome: D

	
LD1

	
Dome, radial




	
Cylinder:

C

	
LC1

	
Cylindrical part, longitudinal, 190 mm from middle




	
LC2

	
Cylindrical part, longitudinal, central




	
LC3

	
Cylindrical part, longitudinal, symmetrical to LC1




	
Circumferential:

C

	
Dome:

D

	
CD1

	
Dome, 7 mm from boss, circumferential, placed next to gas bubbles




	
CD2

	
Dome, 7 mm from boss, circumferential, placed in non-defected zone




	
CD3

	
Dome, circumferential




	
CD4

	
Dome, circumferential, close to the cylindrical part
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Table 2. Strain registered by FBG sensors for 1-bar internal pressure.
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	Location/Sensor Number
	1
	2
	3
	4





	CC
	   5460    μ ε    
	   5530    μ ε    
	   7080    μ ε    
	-



	LC
	   480    μ ε    
	   250    μ ε    
	   740    μ ε    
	-



	CD
	   300    μ ε    
	   270    μ ε    
	   470    μ ε    
	   − 20    μ ε    



	LD
	   2770    μ ε    
	-
	-
	-










[image: Table] 





Table 3. Strain measured with FBG sensors compared with FEM results.
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	Sensor
	    FBG      μ ε       
	    FEM   [  μ ε  ]    





	CC1
	5370
	5400



	CC2
	5450
	5600



	CC3
	6900
	6000



	LC1
	480
	580



	LC2
	240
	500



	LC3
	730
	790



	CD1 (bubble)
	300
	351



	CD2 (no bubble)
	270
	232
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