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Abstract

:

Reliable sampling technology for deep-sea sediments is a prerequisite for studying the sedimentary environment in the geological history, the mechanical characteristics of sediments and sediment biology. In this study, we develop a new sampling device in order to achieve a convenient and economic pressure sampling for hadal sediments. The overall structure, as well as the key component such as the pressure-holding part, and the sealing structure are designed. The feasibility of the device was verified through field tests. Furthermore, the sampling process is analyzed by the computer simulation. It is found that the sampling length is determined by the open diameter and the installation position of the core keepers. According to the simulation, the structure is optimized, which is beneficial to the further improvement of the sampling length.
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1. Introduction


In the ocean, the sea area with a depth of more than 6000 m is called the hadal sea area, and the sediments in this sea area are called hadal sediments. Humans currently have done little exploration of this area. The hadal sediments usually have some unique characteristics that scientists want to study. Reliable sampling technology for the deep-sea sediment is a prerequisite for scientific research on marine ecological environment, marine geology, biogeochemical cycles, global environment and ancient environment. The sedimentary environment in geological history, the mechanical characteristics of sediments, the microorganisms required by modern medicine and the changing marine environment can be understood by the analysis of the sediment [1,2].



Pressure samplers can provide the most pristine state of the sediment, so that the sampling and study of deep-sea sediment has a wide range of scientific significance. At present, a variety of samplers can be used to obtain deep-sea sediment at pressure [3]. The development of Chinese deep-sea sediment sampling devices in China started in the 1970s and progressed rapidly in the 21st century [4]. In 1983 the Ocean Drilling Program (ODP) developed the first Pressure Core Barrel (PCB), and in the following five years, three generations of PCB were developed, with the final version of PCB III being successfully tested on the 76th voyage and successfully deployed three times on the 84th voyage, in which the gas volume was successfully measured for the first time [5]. Dicken designed the famous Pressure Core Sampler (PCS), which is a free-falling, hydraulic-driven, cable-recovered pressure-holding sampler [6,7]. Amann et al. developed a new autoclave coring device based on their experience with PCS during the ODP for drilling and recovering sediments containing water. In the HYACINTH project funded by the European Union, two pressure coring systems have also been developed, namely the Fugro Pressure Corer (FPC) and the HYACE Rotary Corer (HRC). The FPC is mainly designed for sampling soft and hard clays, while the HRC is mainly designed for sampling cuttings sediments or rocks [8]. The Pressure Temperature Corer System (PTCS) was developed by Japanese National Petroleum, Natural Gas and Metal Corporation and deployed in the South China Sea. Geotechnical Co., Ltd. in Tokyo, Japan, has developed a Pressure Core Analysis and Transmission System (PCATS), which can be used to analyze pressure core samples under in-situ pressure. Subsequently, a new pressure coring sampling tool was developed, namely the Hybrid-pressure Coring System (Hybrid-PCS), in which the autoclave is connected to the PCATS without releasing the in-situ pressure [9,10,11]. Abegg et al. invented two coring devices for sampling sediments that contain near-surface natural gas and gas hydrates [12]. The first coring tool, the Multiple Autoclave Corer (MAC), resembles a standard multiple corer in terms of applications, size and core length of about 55 cm. The second tool, the Dynamic Autoclave Piston Corer (DAPC), is similar to a piston corer in application and size and enables one to take cores of up to 2.5 m length [13]. Chen et al. invented a gravity piston core sampler that can obtain 30 m long in-situ sediments that contain natural gas hydrate, which is an improvement of the traditional piston core sampler [14]. Luo et al. proposed a corer based on an in-situ drilling fluid ice valve, and a series of preliminary experiments were carried out on the ice valve for the pressure corer [15]. The study found that the ice valve is not sensitive to solid particles and rust, so the pressure sediment device based on ice valve is an effective way to improve the core rate of sediments that contain natural gas hydrate.



Most of the current pressure sampling devices require a power source, including a hydraulic drive, a manipulator operation. While the gravity piston sampler works without the power source, the bottom end surface is sealed with a plate valve, which increases the device size and weight a lot, so that it can only be deployed independently and cannot be installed on a lander. In this study, we develop a pressure sampling device, which is of small size and light weight. Meanwhile, it has its own power source, and can be worked independently. This sampling device is planned to be installed on a lander of Shanghai Ocean University to do sea trials in the Mariana Trench. Due to the limitations of the equipment, this device is mainly used for the sampling of soft sediments, and ensure that the pressure loss does not exceed 20%.




2. Design of Sampling Device


2.1. The Overall Structure


This device installed on a lander is mainly used for the sampling of hadal sediments, it is a new method of pressure sampling and is currently at a prototype stage, and the structure of the device is shown in Figure 1a. The device is mainly composed of an oil-filled motor, a reduction drive structure, a screw drive structure, a sampling structure, a pressure cylinder, an accumulator, a pressure sensor, and high pressure needle valves.



The oil-filled motor is a servo motor. Considering that the normal servo motor cannot work properly under water, a motor shell is processed and the shell is filled with oil. This way the servo motor is always in the oil environment, so it can undergo high pressures of 100 MPa in the hadal area. The oil-filled motor technology used in our laboratory is relatively mature, and related experiments have been done. The reduction drive is composed of a pair of meshing gears. The shaft of the oil-filled motor is connected with the small gear by a key. The small gear drives the big gear to rotate. A trapezoidal internal thread is machined in the middle of the big gear to mesh with the trapezoidal external thread of the screw. The sampling structure of the device is shown in Figure 1b, including a piston, a cylinder, a connecting rod and core keepers. The sampling piston and the lead screw are connected by threads, and the connecting rod and the sampling piston are also connected by threads. The connecting rod is connected with the sampling cone and the piston, so that the cone and piston will not be separated when the pressure cylinder is filled with high-pressure water. The sampling cylinder and the core keepers are welded together. A pressure sensor is connected to the pressure cylinder through a metal tube. The pressure data is collected by a control unit in the controlling cabin using a waterproof connector. The accumulator is prefilled with a certain pressure of nitrogen, which is connected to the pressure cylinder with a metal tube to compensate the loss of the internal pressure during the recovery process.



The motor switch is triggered regularly by the circuit board to drive the motor shaft to rotate in. A battery cabin is designed in the sampling device in order to drive the motor. The motor shaft is connected with the key to drive the reduction drive. The screw limit mechanism converts the rotation of the big gear into the up and down reciprocating motion of the screw. The lead screw, piston, sampling cylinder, etc. are connected into a whole by thread, and move synchronously.




2.2. Working Principle


The sampling and sealing methods are different from the pressure sampler developed previously. The sampling device is installed on a hadal lander. The working principle of sediment sampling process is shown in Figure 2. When the sampling device reaches the bottom of the sea, the sampling cone that is used to reduce resistance of sampling process contacts the surface of the sediment firstly. The connecting rod is connected with the sampling cone and the piston, so that the lead screw, piston, sampling cylinder, etc. are connected into a whole by thread, and move synchronously. The oil-filled motor drives the sampling cylinder downward, and the core keeper opens after being free from the restriction of the pressure cylinder as shown in Figure 3. Because the opening diameter of the core keeper is greater than the diameter of the sampling cone, the sediment is squeezed into the sampling cylinder in the sampling process, and the sampling cylinder continues to move downwards until the bottom end surface of the piston is flush with the bottom end surface of the pressure cylinder, at the time, the maximum sediment sampling length can be obtained. After the sampling process is completed, the oil-filled motor reverses and the sampling cylinder is recovered into the pressure cylinder. During the recovery process, the core keeper is closed due to the compression by the inner wall of the pressure cylinder. The sediment left on the surface of the sampling cone is scraped off when passing through the dust ring at the lower end of the pressure cylinder, for a better sealing of bottom end surface by the cone. The upper end is sealed by the O-ring on the piston. After the sampling process, the sampler is lifted to the sea level, pressure loss may occur in the sampling cylinder due to leakage caused by the large pressure difference between inside and outside pressure, during which the accumulator compensates the internal pressure loss.





3. Simulation on Sampling Process


As shown by the model in Figure 4, during the sampling process, because of the large deformation of the sediment, it is difficult to predict the sampling length of the sediment in the sampling cylinder, the sampling length is affected by many factors. In the case of determining the whole structure, the effects of some factors, such as the installation position (the distance between the bottom end surface of the core keepers and the upper end surface of the sampling cone), L1, and the open diameter of the core keeper, D1, should be determined carefully and get more sediment. The sampling length increases with increasing L1, while the sediment may fall during recovering if L1 is too large. On the other hand, the sampling rate increases with D1, yet it becomes difficult during the recovery process if D1 is too large. In order to verify the feasibility of the sampling device and obtain the most reasonable installation position and open diameter of core keepers, the ABAQUS software was used to simulate and analyze the whole sampling process [16,17].



Considering the simulation operability, the model was simplified. The contact friction and pressure of sampling cylinder, core keepers, sampling cone and sediment are considered in the simulation. The Lagrangian method can accurately describe the movement trajectory of the particle, but when calculating the large deformation of the sediment, the excessive distortion of the mesh can easily lead to difficulty in convergence.



The Euler method overcomes the Lagrangian mesh distortion problem, but the material flow at the junction is difficult to calculate. Considering that the sampling process of the sampling cylinder penetrating the sediment will cause large deformation of the mesh in the simulation, the single Lagrangian method and the Euler method are not applicable, in order to avoid the problem of mesh distortion, the Coupled Eulerian-Lagrangian (CEL) method is adopted. The sampling cylinder is set in the Lagrangian form, and the sediment is set in Euler form. The model is shown in Figure 4. The total length of the sampling cylinder is L2, the diameter of the sampling cone is D2, the outer diameter of the sampling cylinder is 63 mm and the inner diameter is 60 mm, the diameter of the connecting rod is 36 mm, and the soil adopts an elastoplastic model with depth of L3 and diameter of D3. The parameters are shown in Table 1.



3.1. Mesh Test


In the simulation, five mesh densities are adopt in the calculation, as shown in Table 2. The sampling length in the sampling cylinder referring is monitored. The simulation results at mesh test are shown in Figure 5a, the difference in the mesh number can be clearly seen through the shades of the color, and the sampling length is measuring by the software tool call “Query information, distance”. The legend shows the volume fraction of sediment, and it has little relationship with the sampling length that is measured by this simulation. The sampling length under different mesh numbers are shown in Figure 5b, it can be found that in the early stage of sampling process, due to the existence of the sampling cone, the sediment has not been able to enter the sampling cylinder, so the sampling length is 0. As time goes by, the sampling length gradually increases. From the mesh sensitivity investigation, it can be found that a mesh number of 314,230 is sufficient to capture the sampling process correctly. Therefore, in the following, the simulation is carried out using the mesh number close to Group 3.




3.2. Effect of the Installation Position of Core Keepers


The installation position of the core keepers (the distance between the bottom end surface of the core keepers and the upper end surface of the sampling cone), L1, has a great influence on the sampling length of the sediment. By adjusting the installing position, the most suitable installation position of the sampling core keepers can be determined. The sampling result is shown in Figure 6a.



The value interval of the installation position is large, by further adjusting the value interval, a more suitable value of the installation position can be obtained, and the result obtained is shown in Figure 6b. Furthermore, as shown in Figure 6, a constant sampling rate can be found 0.6 s after the sampling process starts. Furthermore, the final sampling length is shown in Table 3. It can be found that the sampling length increases with increasing L1, at the beginning, and achieving a maximum value of 148.3 mm with L1 = 12 mm. The sampling length decreases with further increase of L1.




3.3. Effect of the Open Diameter of Core Keepers


The open diameter of the core keepers also influences the sampling length of the sediment. Based on the installation position of core keepers described above, by changing the open diameter of core keepers, the most suitable diameter D1 can be determined. The sampling results are shown in Figure 7, with the final sampling length shown in Table 4. The change of the sampling length with increasing D1 shows some fluctuation, yet a maximum sampling length can be observed at D1 = 86 mm, with the sampling length of 148.3 mm. The simulation result under the most suitable installation position and open diameter of core keepers is shown in Figure 8, and the red part in the sampling cylinder is the sediment length.





4. Experiment


In order to verify the feasibility of the sediment sampling device, a simple experiment is carried out. Here, the driving structure (motor, etc.) is not included in this experiment, and only the feasibility of the sampling structure is considered. As shown in Figure 9, the whole sampling structure is placed on the surface of the practical sediment and the sampling cylinder is pushed down manually to check the feasibility of the sampling process and the sampling length in the sampling cylinder. After the sampling process, the sampling cylinder is manually packed in the pressure cylinder to simulate the recovering of the sampling cylinder from the sediment, and the function of the stop plate is to increase the contact area with the surface of the sediment to ensure that it will not fall into the sediment due to the excessive weight of the device. The mud scraping effect of the dust ring is checked. The experiment is shown in Figure 10. It can be seen from the tests that the sampling device works well and the sampling process can be realized ideally.




5. Conclusions


In this paper, a new method of pressure-holding sampling for deep-sea sediments is presented, and the device has solved the sealing problem of the bottom end surface by changing the sampling form. In addition, the ABAQUS software is used to study the influence of the installation position and the open diameter of core keepers on the sediment sampling length. The conclusions are as follow:




	(1)

	
A new pressure sampling device for sediments









The pressure-holding sampling device of deep-sea sediment provides a new sampling method that allow the sediment to be squeezed in from the core keepers on the side, using its own structure to achieve sealing, instead of relying on ball valves and plate valves for sealing, which greatly reduces the whole size and weight. In addition, the whole operation process is simple, with its own battery and control cabin, and independent of cable or ROV provided by the mother ship, which can be used in various environments. The feasibility of the device was verified through simulation.



	(2)

	
The installation position of the core keepers







It can be seen from the results of simulation analysis that the installation position of the core keepers has a certain influence on the simulation results, under the condition that the length of the sampling cylinder is constant, the appropriate installation position can greatly increase the sampling length. When the installation position of the core keepers is 12 mm, the maximum sediment sampling length can be obtained, and the sampling length is 148.3 mm.



	(3)

	
The open diameter of the core keepers







It can be seen from the results of simulation analysis that the open diameter of the core keepers has a certain influence on the simulation results, under the condition that the length of the sampling cylinder is constant, the appropriate open diameter can greatly increase the sampling length. When the open diameter of the core keepers is 86 mm, the maximum sediment sampling length can be obtained, and the sampling length is 148.3 mm.
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Figure 1. (a) The overall structure of the device; (b) The sampling structure part of the device. 
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Figure 2. Schematic diagram of sediment sampling process. 
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Figure 3. Schematic diagram of core keepers close (left) and open (right). 
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Figure 4. Simulation analysis model diagram. 
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Figure 5. (a) The simulation results at mesh test; (b) The sampling length under different mesh numbers. 
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Figure 6. (a) Sampling length under different installation positions; (b) The sampling length under further adjustment. 
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Figure 7. Sampling length under different open diameters. 
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Figure 8. The simulation result at sampling. 
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Figure 9. Sampling process of sampling cylinder. 
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Figure 10. Sampling process with pressure cylinder and dust ring. 
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Table 1. Mesh test parameters.






Table 1. Mesh test parameters.





	Parameter
	Dimension (mm)





	L2
	235



	D2
	66



	L3
	1000



	D3
	600










[image: Table] 





Table 2. Simulation analysis results under different mesh numbers.
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	Group
	NO(s) Meshes
	Length (mm)





	1
	95,654
	126



	2
	153,720
	132



	3
	314,230
	138.5



	4
	530,454
	139.9



	5
	806,001
	139.5
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Table 3. Simulation results under different installation positions.
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	Distance (mm)
	Length (mm)
	Distance (mm)
	Length (mm)





	5
	127.6
	12
	148.3



	6.5
	132.4
	13.5
	142.5



	8
	143.2
	15
	134.8



	10
	139.5
	20
	133.1
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Table 4. Simulation results under different open diameters.
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	Distance (mm)
	Length (mm)
	Distance (mm)
	Length (mm)





	79
	127.1
	88
	130



	82
	138
	90
	132.6



	84
	130.7
	93
	123.5



	86
	148.3
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