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Methane leakage at the interface between sediment and overlying seawater is an important basis for gas hydrate exploration. Therefore, a transfer device with working pressure of 30MPa and corresponding scheme are proposed to separate and transfer the sediment and overlying water inside the sampler under the condition of pressure-retaining. Based on the pressure relief valve with adjustable threshold pressure, the device transfers the overlying water by compressing the internal volume and transfers the sediment by secondary sampling. The performance of transfer device is studied by simulation and experiment. Based on the coupled Eulerian-Lagrangian approach in the Abaqus, the secondary sampling was investigated, and the penetration resistance and coring rate of the secondary sampling tube are 141N and 86.2%, respectively. By using the hydraulic simulation software AMESim, the pressure fluctuation caused by the movement of the mechanism during the transfer process was studied, and the pressure fluctuation amplitude is within 0.89 MPa. Furthermore, the laboratory transfer tests were carried out under high pressure conditions, and meantime, the simulation results are verified. Under the working condition of 30MPa, the device can maintain a pressure loss of no more than 8.0% (2.4MPa) within two hours, maintain pressure fluctuations during the transfer process within 4.8% (1.44MPa), and ensure that the pressure in the culture kettle decreases by 4.7% relative to the pressure in the sampler after the transfer, which shows the feasibility of the device application.
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1 Introduction

Methane leakage (cold seeps) at sediment seawater interface is an important basis for gas hydrate exploration and subsequent pre-production test (Gornitz and Fung, 1994; Roberts and Aharon, 1994; Suess et al., 1999), which is also an international research hotspot of marine environmental change, but the detection of regional methane leakage is relatively insufficient due to the lack of sampling technology on this interface and corresponding pressure-retaining transfer analysis technology.

For methane in situ detection technology, Minato et al. (1999) used a LIDAR system to measure the concentration of methane in the atmosphere by analyzing the initial and return power of the laser to obtain the gas concentration based on the selective absorption of light by gas molecules. Yalong et al. (2011) designed a methane concentration detection system based on TDLAS (diode laser absorption) technology, which emits a laser that is reflected by methane gas clusters, but the system is only suitable for close-range handheld devices. Weil (1993) developed a device that uses infrared light to analyze changes in thermal radiation around a pipeline when methane leaks and the surrounding temperature decreases due to the throttling effect. There are many other technical approaches to measure methane concentration using different technical principles, but there is still no more mature methane detection technique that can be applied to the sediment seawater interface.

In order to study the scientific problems related to natural gas hydrate and seabed geology, the existing sampling technology is developing towards longer cores and high fidelity on the basis of pressure-retaining function. Single pressure-retaining core obtained by subsea drilling rig usually exceeds 2 m (Tréhu, 2006); the length of the sample obtained from the pressure coring barrel (PCB) used in the international deep-sea drilling project is 6 m (Zhu et al., 2011); the sample length obtained by the advanced piston corer used in the international offshore drilling project can reach 9.5 m (Jutzeler et al., 2014); the pressure-retaining cores obtained in the sea trial in 2011 reached 9.5 m by using the long pressure-retaining coring device developed by Zhejiang University (Chen et al., 2013). Moreover, by using a vacuum in the middle of an interlayer, a pressure and temperature preservation system (PTPS) was proposed and applied in the gravity piston sampler developed by Zhejiang University to obtain gas-hydrate-bearing sediments (Li et al., 2006; Zhu et al., 2013). Furthermore, Japan’s pressure temperature coring system (PTCS) achieved an active temperature-retaining function by using adiabatic and thermoelectric inner tube cooling (Kawasaki et al., 2006).

After the pressure-retaining sediment sample is obtained, a set of devices is required to transfer the sample to the laboratory for further analysis without obvious pressure drop and disturbance. For the purpose of analyzing the physical and chemical properties of samples, usually only a section of sample needs to be taken from the pressure core. Therefore, a transmission system that can cut and transmit long cores under the working condition of retaining pressure is needed (Rothwell and Rack, 2006; Abegg et al., 2008; Schultheiss et al., 2009; Hao et al., 2013). For example, the hydrate auto-clave coring equipment (HYACE), features not only sampling tools but also a range of pressure core processing equipment (Matsumoto et al., 2011). This device has been used in four major gas hydrate surveys to quantify gas hydrates and accurately measure sediments containing gas hydrates (Amann et al., 1997; Schultheiss et al., 2006). A pressure-retaining transfer system was developed by Zhejiang University to study natural gas hydrate, which includes a mechanical device for continuous sample transfer, e.g., sample grabbing, sample pushing, sample cutting, sample encapsulation, and small sample transfer (Chen et al., 2019; Zhang et al., 2019; Zhu et al., 2022).

In addition, Geotek UK has developed a series of devices for sample transfer analysis. For example, Multi-Sensor Core Logger (MSCL) is a sample undisturbed analysis tool that can quickly acquire high-resolution data from pressure cores or seafloor sediments without damaging the sample structure (Schultheiss and Weaver, 1992; Dickens et al., 2003). On the basis of MSCL, Geotek has further developed the pressure core analysis and transmission system (PCATS), which can cut the high-pressure long columnar sediment into sub samples with a minimum length of 50 mm (Priest et al., 2015; Priest et al., 2019). The Mini-PCATS is a small, simplified version of the PCATS (Liu et al., 2014). By using Mini-PCATS, a core section up to 1.2 m can be removed from the storage chamber and accurately cut into sub-samples, which can be transferred to the sample test unit while maintaining a pressure of up to 35 MPa. However, the existing sampling and transfer analysis technologies lack attention to the interface between sediment and overlying seawater.

In this paper, (1) based on the pressure-retaining sampler for sediment and overlying water, we propose a device and corresponding scheme that can realize multiple separation and transfer of sediment and overlying water under the condition of pressure-retaining, which can effectively reduce the loss of gas components, microbial death and organic component decomposition of samples; (2) by using the pressure relief valves with adjustable threshold pressure and gas-liquid booster pumps, the pressure-retaining transfer device can transfer the overlying water by compressing the internal volume and sediment by secondary sampling; (3) by using the coupled Eulerian-Lagrangian (CEL) approach in the Abaqus, the penetration resistance and coring rate of secondary sampling tube were investigated, (4) the pressure fluctuation caused by the movement of the mechanism during the transfer process is studied based on AMESim; (5) furthermore, the laboratory tests are carried out to test the strength, sealing performance, the ability to maintain pressure stability of the device, and the feasibility of the device application.



2 Mechanical design

As shown in Figure 1, the pressure-retaining transfer device is composed of a push transfer system, a sampler system and a culture system, and any the two systems are sealed through a clamp with O-ring seal. In addition, the transfer device also includes an air compressor, a gas-liquid booster pump, support carts, high-pressure stainless-steel pipes, high-pressure needle valves, and pressure relief valves that can adjust the threshold pressure, etc.




Figure 1 | Sediment and overlying water pressure-retaining separation and transfer system.




2.1 Push transfer system

As shown in Figure 2, the push transfer system includes two sections of pressure chamber (chamber-A: secondary sampling tube mechanism chamber; chamber-B: putter mechanism chamber). In which, the sealing piston-A (connected with the secondary sampling tube) moves in the pressure chamber-A, and the sealing piston-B (connected with the putter-B) moves in the pressure chamber-B. A hydraulic interface is designed at both ends of the two sections of pressure chambers. Therefore, the reciprocating motion of piston-A (secondary sampling tube) is achieved by injecting water at interface-A1 or interface-A2, and the reciprocating motion of the piston-B (putter-B) is achieved by injecting water at the interface-B1 or the interface-B2. In addition, the push block-B at the other end of the putter-B can reciprocate in the secondary sampling tube to push the sediment the sediment in the secondary sampling pipe into the three-way joint. Furthermore, in order to determine the real-time position of pistons inside the chamber, magnets are installed on all pistons and magnetic induction sensors are installed outside the chamber.




Figure 2 | Section view of push transfer system.





2.2 Culture system

As shown in Figure 3, the culture system includes a culture kettle and putter mechanism, in which the sealing piston-C (connected with the putter-C) moves in the pressure chamber-C. A hydraulic interface is set at both ends of the pressure chamber-C, and the reciprocating motion of the piston-C (putter-C) is achieved by injecting water at the interface-C1 or the interface-C2. There are four hydraulic interfaces on the culture kettle, which are used to fill the culture liquid, monitor the pressure and overpressure overflow. Moreover, a three-way joint is used to connect the culture system to the push transfer system.




Figure 3 | Section view of sediment culture system.





2.3 Sampler system for sediment and overlying water

Figure 4 shows the sampler for sediment and overlying water developed by the Zhejiang University team (Guo et al., 2022). The high-pressure needle valve installed on the side wall of the pressure-retaining cylinder and the ball valve installed at the bottom are used to transfer the overlying water and sediment, respectively, under the pressure-retaining condition, and multiple transfer of samples can be completed by controlling the switch of the needle valve and ball valve.




Figure 4 | Section view of sediment and its overlying seawater sampler.





2.4 Transfer process


2.4.1 The process of overlying water transfer and sediment secondary sampling

Figure 5 shows the process of overlying water transfer and sediment secondary sampling, which is divided into the following steps.




Figure 5 | Schematic diagram of overlying water transfer and sediment secondary sampling process.



Step 1: The sampler system is connected with the push transfer system with a clamp, and the pressure chamber-A is pre-filled with deionized water. The installation and current position of all parts are shown in step 1 in Figure 5. The threshold pressure of the pressure relief valve at the interface-A2 is slightly greater than the internal pressure of the sampler, and the threshold pressure of the relief valve at the overlying water transfer interface is consistent with the internal pressure of the sampler. The gas-liquid booster pump is connected to the interface-A1 to pressurize the chamber-A to the same pressure as the internal pressure of the sampler to balance the pressure on both sides of the ball valve-3.

Step 2: The water bag is connected to the overlying water transfer interface, and the sampler ball valve is opened to connect the sampler chamber with the push transfer chamber. When high-pressure deionized water is pumped into the interface-A1, the sealing piston-A moves to the left and compresses the liquid in its left chamber to make the overlying water flow out of the relief valve to the water bag.

Step 3: The threshold pressure of the relief valve at the interface-A2 is adjusted to be equal to the threshold pressure of the relief valve at the overlying water interface. High-pressure deionized water (the specific pressure value will be calculated based on the simulated penetration resistance) is pumped at interface-A1. Seal piston-A (secondary sampling tube) continues to move to the left and compress the liquid in its left chamber to flow out of the relief valve at interface-A2. When the sealing piston-A moves to the leftmost end of its stroke, the secondary sampling tube completes the secondary sampling of sediment in the sampler chamber.

Step 4: The relief valve is connected to interface-A1, and the gas-liquid booster pump is connected to interface-A2 to pump high-pressure deionized water to move the sealing piston-A (secondary sampling tube) to the right and meanwhile compress the liquid in its right chamber to flow out of the relief valve at interface-A1. When seal piston-A moves to the rightmost end of its stroke, ball valve-1 of the push transfer chamber is closed. At this point, the secondary sampling process of the sediment from the sampler to the transfer device has been completed.



2.4.2 The process of transferring sediment to the culture kettle

Figure 6 shows the process of transferring sediment to the culture kettle, which is divided into the following steps.




Figure 6 | Schematic diagram of transferring sediment to culture kettle.



Step 1: The clamp is used to connect and seal the culture kettle system with the push transfer system, and the culture kettle cabin is pre-filled with microbial culture solution. The installation and current position of all parts are shown in step 1 in the Figure 6. The threshold pressure of the relief valve (connected with the culture kettle) is adjusted to be consistent with the internal pressure of the push transfer cabin, and the gas-liquid booster pump is connected to the side wall interface of the culture kettle to pressurize the culture kettle cabin to the same pressure as the internal pressure of the sampler to balance the pressure on both sides of the ball valve-1.

Step 2: The ball valve-1 is opened to connect the push transfer chamber with the culture kettle cabin. The threshold pressure of the relief valve at the interface-B2 is adjusted to an appropriate value, and the threshold pressure of the relief valve at the interface of the culture kettle is consistent with the internal pressure of the push transfer chamber. High-pressure deionized water is pumped into the interface-B1 to move the sealing piston-B to the left and drive the putter-B to push the sediment in the secondary sampling tube to the three-way joint.

Step 3: The threshold pressure of the relief valve at interface-C2 is adjusted to an appropriate value, and high-pressure deionized water is pumped at interface-C1 to make the sealing piston-C move down and drive the putter-C to push the sediment in the three-way joint into the culture kettle chamber.

Step 4: The relief valve at interface-C2 is moved to interface-C1, and high-pressure nutrient solution is pumped into the side wall interface of the culture kettle to make the putter-C move upward to the top of its stroke.

Step 5: The ball valve-2 and all interfaces on the side wall of the culture kettle are closed. The clamp between the ball valve-2 and the three-way joint is removed, and the culture kettle is transferred to the laboratory for further culture analysis.





3 Method


3.1 Numerical simulation of secondary sampling

In order to ensure that the secondary sampling tube can penetrate the sediment sample in the sampler smoothly with low disturbance, the penetration resistance of the secondary sampling tube needs to be defined by using the coupled Eulerian-Lagrangian (CEL) approach in the commercial package Abaqus/Explicit. Therefore, the pressure to be maintained at interface-A1 (see Figure 2) can be determined. CEL model in Abaqus has advantages in solving mesh distortion in large deformation problems (Konkol, 2015; Ko et al., 2017; Zhen et al., 2017), which has been successfully used to study the behavior of anchors during dynamic installation in non-homogeneous clay (Kim and Hossain, 2017) and optimize the gravity coring (Qin et al., 2016). The Euler mesh used in the CEL approach can be void domain, or part or all of it is occupied by more than one material, and its volume fraction represents the part of the mesh filled with a specific material.

As shown in Figure 7, the diameter and length of the sediment inside the sampler are 56 mm and 150 mm respectively (the volume is 369.5 ml), and 100 mm thick (no material) void field is set at the end of the sediment to provide a place for sediment deformation during secondary sampling. The inner diameter and outer diameter of the secondary sampling tube are 42mm and 48mm, respectively. The computational domain is divided into hexahedral structured mesh, and the mesh size is shown in Table 1. The sampling tube is simplified as a rigid body and is assumed to be vertical and not inclined during the penetration process. In simulation, the soil is modeled as an elasto-perfectly plastic material that obeys the mohr-coulomb yield criterion. In the entire soil profile, the elastic behavior is defined by poisson’s ratio of 0.4 and young’s modulus of 10 MPa and the plastic behavior is defined by a friction angle of 12 degrees and a cohesive force of 15 KPa (Tong et al., 2019).




Figure 7 | Meshes of penetration simulation used in CEL analysis.




Table 1 | Size and number of meshes used in Abaqus.





3.2 Numerical simulation of pressure fluctuation in transfer process

In order to verify that the device can maintain the pressure stability of the sample during transfer process to avoid the death of microorganisms and decomposition of dissolved gas, the pressure fluctuations during sample transfer were simulated in the software AMESim (advanced modelling environment for performing simulation of engineering systems), which is widely used for numerical calculations of hydraulic problems (Zhao et al., 2009; Xuanyin et al., 2010; Ramakrishnan et al., 2012; Zeng et al., 2018).

For the simulation model, the HCD (hydraulic component design) library and the HYD (hydraulic) library are used to build the model, and the spring element is used to simulate the resistance existing in the process of marine sediment transfer. The corresponding chamber pressure change is simulated by variable volume pressure change, and reasonable pipe diameter, pump speed, mass of mass block, leakage coefficient, etc. are set to ensure that they are close to the actual working conditions. As shown in Figure 8A, the reciprocating linear motion of the secondary sampling tube is achieved by using the throttle valve and the waveform signal control channel. Figure 8B shows the simulation model of the process of pushing the sediment with putter-B. In addition, it should be noted that the piston with spring module in Figure A needs to be replaced with the rightmost piston module when the secondary sampling tube moves in different directions. For the process of pressurization, a sinusoidal signal plus a random signal is used to simulate the actual working condition of a single-stroke gas-liquid booster pump. Table 2 lists the settings of key parameters in the simulation.




Figure 8 | Simulation model, (A) the movement process of the secondary sampling tube, and (B) the movement process of the putter-B.




Table 2 | Key parameters in the simulation.





3.3 Laboratory test

In order to further understand the real performance of the device to maintain pressure stability, and also to verify the simulation results, the transfer test under high pressure is adopted.


3.3.1 Pressure-retaining performance test

As shown in Figure 9, according to section 2.4 Transfer process, the sealed chambers formed by the transfer device and the sampler, the transfer device and the sediment culture kettle were constructed respectively to check sealing and pressure-retaining performance. Before the test, the pressure sensor and gas-liquid booster pump are connected with the interface of the transfer device. During the test, the gas liquid booster pump pumps water into the internal chamber of the transfer device to pressurize, and the pressure-retaining performance of the device is reflected by measuring the pressure drop within two hours.




Figure 9 | Experimental device and construction, (A) the transfer device is connected to the sampler and (B) the transfer device is connected to the culture kettle.





3.3.2 Sample transfer test

Furthermore, according to the operation process in section 2.4.1. The process of overlying water transfer and sediment secondary sampling and 2.4.2. The process of transferring sediment to the culture kettle, the pressure evolution during the transfer process is measured to reflect the performance of the transfer device to maintain pressure stability.





4 Results and discussion


4.1 Numerical simulation results


4.1.1 Secondary sampling process

Based on the penetration force of secondary sampling tube, the mesh independence in numerical simulation is studied. As shown in Figure 10A, the penetration resistance decreases first with the number of meshes increasing from 23816 to 68372. When the number of meshes exceeds 68372, the penetration resistance tends to be stable, that is, the number of meshes is used in the following simulation. In addition, since the sediment inside the sampler is soft, the penetration force of the secondary sampling tube remains at a low level (about 140 N, this value can be used to determine the injection pressure during the transfer process), which is Much lower than the penetration resistance of the shallow sediment sampler (Chen et al., 2020; Guo et al., 2022; Wang et al., 2022). When the penetration depth is close to 150mm, the sediment between the end of the secondary sampling tube and the end of the sampler is compacted and hardened, resulting in the sudden increase of the penetration force. Therefore, during the actual pressure-retaining transfer, a penetration depth of 140 mm can be used to prevent the damage of the secondary sampling tube.




Figure 10 | (A) Evolution of penetration resistance with penetration depth, and (B) profile of soil deformation.



Furthermore, the distribution of sediments in secondary sampling tube is shown in the Figure 10B, the actual sediment volume in the secondary sampling tube is 318.68 ml without soil plug effect, which shows the feasibility of the transfer scheme.

Since the sampling tube is made of thin-wall PC tube, the buckling failure is the primary form of failure during penetration. In structural mechanics, the criterion of buckling failure of slender members under compression is determined by the critical force FPcr. Therefore, the critical force FPcr = 580.5 N of tube, which is greater than penetration force, can be calculated by the equation (1) given by Batdorf et al. (1947), where r is the radius, t is the wall thickness, L is the length and μ is the poisson’s ratio, and the Kx in the formula can be obtained by the relationship between it and the variable Z.







4.1.2 Pressure fluctuations in the transfer process

The Figures 11A-C show the simulated pressure evolution of the three key steps (pushing the secondary sampling tube into the sampler, recovering secondary sampling tube, and pushing the putter-B) with the movement of the mechanism under three pressure conditions (10MPa, 20MPa, and 30MPa) respectively. Comparing the Figures 11A-C, it can be seen that the pressure fluctuation amplitudes caused by the actions of the three mechanisms under different pressure conditions are all within 0.89 MPa, which shows that the pressure fluctuation amplitude has no obvious relationship with the pressure of the working conditions and also the mechanism that produces the action. The pressure fluctuations of each process at different pressure conditions can be found in Table 3.




Figure 11 | Pressure evolution with displacement during the process of (A) pushing the secondary sampling tube into the sampler (Step3 in section 2.4.1), (B) recovering secondary sampling tube (Step4 in section 2.4.1), (C) pushing the putter-B (Step2 in section 2.4.2), and (D) pressure fluctuation amplitude at different flow rates.




Table 3 | Simulated and experimental pressure fluctuations.



Moreover, in order to identify the factors that affect the pressure fluctuation amplitude, based on the process of pushing the secondary sampling tube into the sampler, the influence of the outlet flow of the booster pump on the pressure fluctuation amplitude was studied. As shown in the Figure 11D, the pressure fluctuation amplitude increases with the increasing outlet flow of the booster pump, which means that a small flow booster pump can be selected to keep the pressure stability during the transfer process.




4.3 Laboratory test


4.3.1 Pressure-retaining performance test

Furthermore, the laboratory test is carried out to verify the feasibility of device application, and also verify the simulation results. Figure 12 shows the internal pressure drop of the two systems within 2 hours, and the pressure decreased from 30.60MPa to 28.34MPa (system-1, decreased by 7.4%) and 30.60MPa to 28.18MPa (system-2, decreased by 7.9%), respectively, which shows that the transfer device has sufficient strength and sealing performance compared with other pressure-retaining devices (Abid et al., 2015; Peoples et al., 2019; He et al., 2020). Since the volume of the system-2 chamber is greater than the volume of the system-1 chamber, the pressure drops in system-2 is greater.




Figure 12 | Evolution process of internal pressure of system-1 and system-2 within 2 hours. system-1: the transfer device is connected to the sampler, and system-2: the transfer device is connected to the culture kettle.





4.2.2 Sample transfer test

The Figure 13 shows the experimental pressure evolution of the four key steps (pushing the secondary sampling tube into the sampler, recovering secondary sampling tube, pushing the putter-B, and pushing the putter-C) with the movement of the mechanism under three pressure conditions (10MPa, 20MPa, and 30MPa) respectively. The largest pressure fluctuation occurs in the recovery process of the secondary sampling tube under 30MPa, and the pressure fluctuation amplitude is 29.96MPa to 31.40 MPa (a change of 4.8%, Figure 13B), which is slightly larger than the simulation result (0.89MPa). The pressure fluctuations of each process at different pressure conditions can be found in Table 3.




Figure 13 | Pressure evolution with displacement during the process of (A) pushing the secondary sampling tube into the sampler (Step3 in section 2.4.1), (B) recovering secondary sampling tube (Step4 in section 2.4.1), (C) pushing the putter-B (Step2 in section 2.4.2), and (D) pushing the putter-C (Step3 in section 2.4.2).



Since the system is pressurized by a single stroke gas-liquid booster pump, the frequency of pressure fluctuation is related to the working frequency of the gas-liquid booster pump, which can be adjusted by the gas source pressure, and the magnitude of pressure fluctuation is related to the flow degree of the outlet valve of the gas-liquid booster pump. Furthermore, by comparing Figures 13A-D, it can be found that there is no obvious relationship between the pressure fluctuation and the pressure under the test condition and motion mechanism that generates the action, which agrees with the findings from the simulation.

In order to test the ability of the device to transfer samples, a complete transfer operation was carried out by pre-placing 300ml of clay and 300ml of water in the sampler under the working pressure of 30 MPa, as shown in the Figure 14A. Before the test, the threshold pressure of the pressure relief valve of the overlying water chamber is adjusted to 30MPa, and then, the high-pressure water is pumped into the interface-A1 (see Figure 2) to move the secondary sampling tube and compress the overlying water to flow out from the pressure relief valve, as shown in Figure 14B. During the whole process, the pressure inside the transfer system is maintained at about 30MPa.




Figure 14 | (A) sampling tube with clay in the sampler, (B) transfer of overlying water under 30MPa working condition, (C) the clay in the culture kettle, and (D) pressure of culture kettle after transfer.



Then, according to the steps in sections 2.4.1 and 2.4.2, the pressure-retaining transfer of the sediment from the sampler to the culture kettle is completed, and the transferred sediment is shown in the Figure 14C, which verifies the conclusion obtained from the simulation that the soil plug effect will not occur in the secondary sampling pipe. During the complete pressure-retaining transfer process, the final pressure Figure 14D of the sample in the culture kettle changed by 4.7% (1.41MPa) compared with the initial pressure in the sampler, which is much lower than the pressure drop of other transfer devices (Tabor et al., 1981; Chen et al., 2019; Garel et al., 2019; Priest et al., 2019).

The results of the laboratory tests demonstrate the rationality of the transfer scheme and the ability of the device to maintain pressure stability during the transfer process. The pressure fluctuation in the transfer process can be improved by adjusting the working frequency of the gas-liquid booster pump and the flow degree of the outlet valve. Additionally, compensators can be installed on the transfer device to further reduce pressure drop and pressure fluctuations.





5 Conclusion

Based on the pressure-retaining sampler for sediment and overlying seawater, the pressure-retaining transfer device with working pressure of 30MPa, composed of a push transfer system, a sampler system and a culture system, and the corresponding scheme are proposed to separate and transfer the sediment and overlying water inside the sampler under the condition of pressure-retaining. Based on the pressure relief valve with adjustable threshold pressure, the transfer device transfers the overlying water by compressing the internal volume and transfers the sediment by secondary sampling, respectively.

By using the numerical method, the secondary sampling is investigated based on the coupled Eulerian-Lagrangian (CEL) approach in the Abaqus, and the penetration resistance and coring rate of the secondary sampling tube are 141N (this value can be used to determine the injection pressure during the transfer process) and 86.2%, respectively. In addition, the pressure fluctuation during transfer process is studied based on the AMESim, and the pressure fluctuation amplitudes caused by the actions of the mechanisms under different pressure conditions are all within 0.89MPa, which shows that the pressure fluctuation amplitude has no obvious relationship with the pressure of the working conditions and the mechanism that produces the action.

Furthermore, the strength, sealing performance and ability to maintain pressure stability of the device were also studied by laboratory test. The device can maintain a pressure loss of no more than 8% within two hours, maintain pressure fluctuations during the transfer process within 4.8% (which agrees well with the findings from simulation), and ensure that the pressure in the culture kettle decreases by 4.7% relative to the pressure in the sampler after the transfer, which shows the feasibility of the device application. The pressure fluctuation during the transfer process can be improved by adjusting the working frequency of the gas-liquid booster pump and the flow degree of the outlet valve. Additionally, compensators can be installed on the transfer device to further reduce pressure drop and pressure fluctuations.

In the next, sea trials will be adopted in the methane leakage area to further study the application performance of the device. In addition, since the transfer process of the device includes a large number of needle valve switching operations, we will replace the needle valve with a solenoid valve in the future. The corresponding control system and the upper computer will also be designed to automatically complete all operations.
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