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Abstract

:

The ubiquitous methane seeping process in the deep-sea environment could significantly influence the global methane cycle and carbon budget. Hydrate formation on the methane bubble during the seeping process is an important way for sequestrating methane during bubble migration. Uncovering the complete methane leakage process needs to reveal the methane leakage pathway and hydrate conversion mechanism. Hence, we built a deep-sea sediment and water simulator to investigate the methane seeping and hydrate formation. The simulator can mimic the deep-sea sediment and water environment with a lower sediment chamber and an upper seawater chamber. The monitoring of the bubble migration path and hydrate transformation and aggregation in the sediment chamber is realized mainly through the spatial distribution of electric resistance and temperature variations. The seawater chamber is equipped with a built-in movable camera and four external windows to observe the rising and morphological evolution of gas and hydrate bubbles. The quantitative storage and escape of CH4 gas could be realized through the measurement of multiple gas/liquid collection ports and cumulative incoming/outgoing gas volume. In addition, a movable biological liquid injection port was designed in the seawater chamber for the coupling CH4 conversion of hydrate formation and microorganism-mediated oxidation. Through the experimental test on each function of the system, the effectiveness of the device was proved. The development of this device has pioneering significance for the experimental simulation of the methane seeping process in a simulated submarine cold spring area.
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1. Introduction


Natural gas hydrate (NGH) is a non-stoichiometric crystalline compound composed of hydrogen-bonded water molecules and gas molecules [1]. NGHs are mainly distributed in the global marine sediment, with the main gas component being CH4, and 1 m3 of NGH can store about 160–170 m3 of CH4 gas. The total CH4 reserve in global NGHs is estimated at approximately 3 × 1015 m3 (STP), and therefore, NGH was regarded as the largest source of hydrocarbon on the Earth [2]. Due to the characteristics of worldwide distribution, huge reserves, and no pollution after combustion, the effective utilization of NGHs could be conducive to the global transformation to a low-carbon energy system. However, since NGH remains stable only at low temperature and high-pressure conditions, meeting its thermodynamic stability, the huge CH4 reserve is also a double-edged sword in the modern world with accelerated global warming [3].



As one of the most important methane reservoirs on earth, NGH plays an important role in methane budget balance and global carbon cycle [4]. However, the rise of marine temperature, geological movement and the NGH exploitation all may lead to the hydrate dissociation and CH4 leakage [5,6]. Due to the huge reserves of NGHs and their consolidation on sediment particles, only a small amount of dissociation of NGH may lead to a series of environmental problems, such as geological damage, seawater acidification, and biological extinction [7,8]. In addition, the greenhouse effect intensity of CH4 is 28 times that of CO2, which has been the second largest greenhouse gas in the world [9]. A large amount of CH4 released from the seabed may enter the atmosphere, exacerbate global warming, and further result in a vicious cycle of NGH dissociation. Several studies have shown that multiple instances of global warming in historical periods may be related to the large-scale dissociation of NGH [10].



Cold seep, commonly occurring in the NGH stability domain, is a geological phenomenon in which methane-rich fluid migrates from the seabed sediment interface to the water column, and may even reach the atmosphere [11,12]. The discovery of the cold seep provides evidence for the seabed methane leakage. The spilled CH4 gas in cold seep is commonly derived from dissociated NGH, while generally, the gas does not directly enter the water column or atmosphere. During the migration process, CH4 could be bio-transformed by aerobic and anaerobic micro-organisms [13]. In addition, a hydrate shell may form at the gas–liquid interface of the rising methane bubbles, which will change their movement characteristics and the dissolution rate of CH4 into seawater [14]. Moreover, the hydrate formed in submarine sediment may gradually accumulate to form a trap, and this realizes the physical storage of leaked CH4 gas [15].



The studies on the methane seeping and hydrate transformation characteristics in the cold seep area is of great significance to reveal the methane fate and global carbon budget. However, the current research on seabed CH4 seeping is mainly based on in situ investigation, such as the seabed ROV observation [16,17] and the in situ Raman measurement [18]. The methane seeping characteristics in the seabed sediments are difficult to obtain, and the time and space for their monitoring are limited. In addition, hardly any experimental studies simultaneously involving methane seeping and hydrate formation behavior of a simulated cold seep environment was reported. In some relative studies, Li et al. [19] investigated the hydrate film formation on a suspended gas bubble and reported that the heat transfer characteristic of hydrate film led to the difference of their morphology. Zeng et al. [20,21] found that gas transportation in the hydrate film thickening process on bubbles experienced a transition from gas pore to lattice. The experiment results of Xie et al. [22] showed that the gas phase composition influences the tightness of the hydrate film on gas bubbles and their mass transfer performance. Li et al. [23] carried out three-dimensional CH4 hydrate accumulation experiments. The results showed that the temperature field, concentration field, and velocity distribution had a direct impact on the hydrate aggregation and evolution. Experiments examining massive hydrate accumulation in porous sediment by CH4 gas bubbles were conducted by Madden et al. [24]. They found that bubble pathways and accumulation points controlled the location and characteristics of hydrate deposits, while the research on methane seeping behavior in a simulated seawater environment was lacking in their work. Therefore, it is urgent to study the methane seeping and migration, and the response and transformation of the CH4 hydrate in a cold seeping environment.



This work describes a newly built deep-sea sediment and water simulator. The device allows the simulation of the migration, transformation, and vertical transmission of leaking CH4 bubbles in a cold seep environment. By utilizing the spatially distributed temperature and electric resistance measuring points embedded in the simulated submarine sediment, the bubble migration path and the hydrate transformation and aggregation sites in the sediment could be deduced. Flow and morphological characteristics of CH4 gas and hydrate bubbles in simulated seawater environments could be directly observed through an inbuilt removable camera and four external windows. Through the regulation of the inlet flow and the measurement of the outlet flow, the experimental simulation of varied CH4 leakage rates and the capacity calculation of sequestered CH4 could be realized. The variation law of CH4 concentration in a simulated seawater layer and gas phase could be obtained by a chromatographic test and quantitative analysis of the samples. In addition, a mobile liquid-injection port was designed for the coupling effect study of hydrate formation and biological oxidation on deep-sea CH4 seeping in later experiments. In order to validate the good function of each system of the device, a group of experiments was carried out.




2. Apparatus and Methods


2.1. Apparatus Description


This set of experimental systems is mainly composed of Deep-Sea Sediment and Water Simulator (DSSWS) and its corresponding control system. Furthermore, the DSSWS is composed of a simulated overlying seawater chamber and a marine sediment chamber, with the maximum simulated water depth up to 2000 m. The control system mainly includes temperature, pressure, and gas flow. The whole experimental system is presented in Figure 1.



2.1.1. Deep-Sea Sediment and Water Simulator (DSSWS)


The material used for building the DSSWS reactor body is 316L stainless steel with corrosion resistance. The DSSWS consists of a lower sediment chamber (LSC) and an upper seawater chamber (USC) connected through threads. The maximum pressure bearing of the DSSWS is 20 MPa. The inner diameters for both of the two chambers are 20 cm and the total height of the DSSWS is 100 cm. The height of LSC and USC are 24.8 cm and 75.2 cm, respectively. The front and section views of the DSSWS are shown in Figure 2a,b, respectively. The measurement equipment in the DSSWS include spatially distributed temperature and electric resistance points, built-in removable camera, external visual windows, and liquid-gas sampling port.



The detailed structure of the LSC is shown in Figure 3, which is composed of the connected reactor body and bottom plate (Figure 3c,d). A pair of 4 × 4 electric resistance transducers were inserted into the lower chamber from the bottom plate. There are three measuring points in the longitudinal direction of each pair of electric resistance transducers, and the height of the corresponding points for all the transducers are the same. Therefore, the chamber contains three layers of electric resistance with 16 electric resistance measurement points in each layer, and the interlayer distance is 6 cm. The total number of electric resistance points in the LSC is 48. The spatial distribution pattern of the temperature measurement points in the sediment simulation chamber is similar to that of the electric resistance, while they are cross distributed with electric resistances on the chamber. There are 13 pairs of temperature transducers with 39 temperature measurement points. Since the inside of the sediment is invisible, the migration path of CH4 bubbles and hydrate formation sites are reflected mainly through the spatially distributed temperature and electric resistance measurement points. When CH4 bubble passes or hydrate forms between the electric resistance electrodes, the resistance value will rise. Simultaneously, due to the exothermic effect of hydrate formation, the phase transition area could be monitored by the spatial temperature points. The LSC body is connected with many external valves (Figure 3a,b), which are mainly used for multi-point injection of CH4 gas. In addition, a pipeline is inserted from the bottom of the plate for the CH4 gas entry from the bottom of the sediment. Multiple gas inlets can realize the simulation of several gas channels from natural cracks existing in the real sediment environment. The influence of the number of channels on CH4 seeping could be also investigated. Moreover, the premature end of the simulation experiment caused by hydrate blockage could be avoided through designing multiple gas inlets. Two sampling ports are set on the side wall of the sediment chamber for monitoring and analyzing the liquid components.



The USC is mainly used to observe the size, morphology, and vertical motion characteristics of rising CH4 gas bubbles and CH4 hydrate bubbles, as well as the CH4 concentrations in the gas and water phase. The main measurement means including visualization and gas/liquid sampling analysis. Because the motion state of the bubbles may be varied at different heights during its rising process, a built-in movable camera was designed, which allows observation of almost the whole USC. The structure of the built-in movable camera system is shown in Figure 4. It is actually an independent chamber placed in the USC, with a total length of 60 cm and an inner cavity diameter of 6.2 cm. Two high-pressure quartz windows are embedded in the camera chamber. The reason why we did not design a continuous window is that although the viewing field could be further expanded, the required thickness of the window will be significantly increased, resulting in the further reduction of the inner space of the chamber. This is not conducive to the installation of the camera. In this system, the outer wall of the camera system in the seawater simulation chamber is under pressure, while the interior of the chamber is atmospheric pressure connected with the atmosphere. The camera is fixed at the bottom of a movable lever, as shown in Figure 3c, and the other end of the rod is connected with an external motor to realize the movement of the camera. The height and width of the camera field are 7.6 cm and 10.0 cm, respectively.



The physical diagram of the external observation window of the USC is shown in Figure 5, in which the diameter of the window is 3 cm. The water phase state and phenomenon change could be observed directly. There are two windows on both sides of the simulation chamber, one of which is mainly used to provide light source for the chamber. On the same side, two windows are located at the upper and lower parts of the USC, respectively. During the experiment, the bottom windows could be completely immersed in the seawater, and the upper windows are located at the gas–liquid interface. The rising processes of CH4 bubbles and hydrate, and their state after reaching the interface, can be to observe through the bottom and upper windows respectively.



The USC is equipped with two gas sampling ports and two liquid sampling ports. For the gas collection, one is the continuously flowing gas discharged after flowing through the outlet flowmeter, and the other is the gas gathered from the port located above the seawater simulation chamber, as shown in Figure 6a. The average value of gas components obtained from the two ports is regarded as the actual gas-phase concentration in the top of the USC, and the CH4 in the gas phase is deemed to escape from the simulated ocean system. Seawater could be collected through the two liquid collecting ports, and the corresponding water sampler is shown in Figure 6b. The main function of this component is to obtain the dissolved CH4 content in the water at different locations away from the sediment, and to analyze the dissolution and diffusion rate of dissolved CH4 and its relationship with the spatial location.



In order to simulate the coupling carbon sequestration between micro-organism-mediated methane oxidation and hydrate formation in future experiments, a movable liquid injector was specially designed, as shown in Figure 7a. The liquid containing micro-organisms needs to be injected into the DSSWS under a low temperature and high-pressure condition, which is the reason why we cannot directly add them into the reactor before the experiment. In the process of microbial liquid injection, the injector mainly plays the function of sample injection at different positions in the transverse direction of the USC. The movement back and forth of the injection pipe of the injector is mainly realized by a manual controller. The cross-section of the injector is shown in Figure 7b. In this experimental test, the injector was used as the upper liquid sample port since the CH4 methane oxidation behaviors mediated by micro-organisms were not studied.




2.1.2. Temperature, Gas Flow, and Pressure Control System


The temperatures of the USC and the LSC are independently controlled by two sets of constant temperature water baths, which makes it possible to realize the temperature gradient distribution as a natural in situ environment [25,26]. The operating temperature range of the two water baths is 263.15 K to 353.15 K. A water jacket is installed on the outer wall of the USC, the frozen liquid circulates in the jacket, and the system temperature is controlled through the heat conduction of the wall. For the LSC, the whole reactor body is submerged in a water bath as shown in Figure 8. The sealing between the LSC and the water bath is realized by an O-ring. The external coolant liquid enters the copper coil surrounded by the inner wall of the water bath, and the coil re-cools the coolant liquid in the water bath. To enhance the temperature uniformity and refrigeration intensity of the coolant liquid in the coil water bath, the liquid was circulated in the bath by using an external power device.



The simulated methane seeping rate is controlled by flow controllers, which can record the cumulative CH4 gas flow at the same time. In this system, two flow controllers are equipped, which can be used for pressure conditions with an inlet pressure no more than 10 MPa and 20 MPa, respectively. The maximum gas flow of both controllers is 1 L/min and the minimum flow rate is 0.01 L/min. The gas output from the reactor is recorded by a gas flowmeter, and the methane storage capacity in the simulated marine system can be calculated combining the difference value between the gas entering and leaving the DSSWS. The constant pressure of the reactor system is mainly controlled by a PID (Proportion Integration Differentiation) procedure during whole experimental process. Once the pressure in the DSSWS is higher than the pressure required for the experiment, the PID valve will be opened for gas exhausting until the system pressure returns to the target pressure. The amount of discharged gas is recorded by the gas flowmeter described above.



The complete experimental system composed of the above parts is shown in Figure 9. A pressure sensor is connected to the inlet and outlet of the reactor, respectively, which is mainly used to judge whether the CH4 inlet of the sediment simulation chamber is blocked. When the gas inlet pipe is seriously blocked by formed methane hydrate, the inlet pressure of the reactor will gradually be higher than the outlet pressure, which can generally be used as a sign of the end of the experiment. To prove the good functions of the device, a CH4 seeping experiment was carried out.






3. Experimental Validation for Methane Seeping and Hydrate Formation


3.1. Experimental Methods


The detailed distribution of the electric resistance and temperature measurement points and the configuration of the gas inlets are shown in Figure 10. Before the experiment, the DSSWS was cleaned with deionized water. Then quartz sand with the particle size of 300–560 μm was filled into the sediment simulation chamber and compacted. The sand was purchased from Yifeng Co., Hebei, China. The actual density of the sand is 2.63 g/cm3, with the SiO2 content being 99.9%. The porosity of the quartz sand sediment is approximately 42%. It should be noted that most marine sediments are mainly clay mixtures with high undrained shear strength and low permeability [27,28], which are the focus of our future research. After the sand was loaded, the USC and LSC were connected and vacuumed. Then, a certain volume of deionized water was injected into the DSSWS through a liquid injection pump to make the liquid level close to flooding the upper windows. Following, the whole system was cooled and stabilized at 277.15 K. After that, N2 was injected from the top of the USC to pressurize the system to 14 MPa. The reason why N2 was used instead of CH4 is that if CH4 initially existed in the reaction system, the measurement of dissolved CH4 in simulated seawater will be influenced. Moreover, the existence of CH4 may lead to the formation of CH4 hydrate at the gas–liquid interface early. After the system pressure was stable for more than 12 h, the CH4 gas seeping experiment could be conducted. Before CH4 gas was pumped, the pressure at the front end of the reactor inlet was slightly greater than 14 MPa to prevent liquid backflow. In this experiment, the gas flow rate was 200 mL/min, and a total of six gas inlets were used, including the bottom inlet of the sediment simulation chamber. The detail of the inlets’ configuration is shown in Figure 10. When the gas inlets were opened, the temperature and electric resistance in the sediment simulation chamber started recording. The recording position of the internal camera was periodically moved to obtain bubble motion information at different heights. In addition, the collection of the gas phase and simulated seawater, and the analysis of their gas components, need to be carried out termly during the experiment. The visual state change from the external windows was monitored. The specific parameters of various sensors used in this study are listed in Table 1.




3.2. Experimental Results


3.2.1. Electric Resistance and Temperature Evolution Characteristics


The evolution of Rt/R0 ratios for R10 and R13 in the three layers during the whole CH4 seeping process is shown in Figure 11. The R0 represents the initial resistance value before CH4 gas entered, and Rt represents the resistance value at time t. In the initial CH4 seeping stage, the resistance values hardly change until about 2.58 h; the three values of R13 began to increase significantly. This can be mainly attributed to the growth of CH4 hydrate around them [29,30]. The increased rates of R13B and R13C were faster than that of R13A in the first 0.3 h after the resistance values rose, while after the first 0.5 h, R13A soared linearly. After about 10 h of the experiment, the rapid increase in R13 resistance values ended and the value presented as A > C > B at this time. Following, the resistance value of R13 rose slowly between 10~110 h, which may be because the formed hydrate hindered the migration of methane gas. The changed resistance value in this process could be mainly contributed to the slow development in hydrate saturation with the increased hydrate formation limitation. At about 115 h, the resistance value of R13 fluctuated significantly, and then continued to increase. This phenomenon may be attributed to hydrate morphology change and gas disturbance. In comparison, the multiples of the raised resistance values in R13 were significantly greater than those in R10. Each the resistance value of R10 did not rise until around 32 h.



The space distributions of electric resistances in the simulated marine sediment from the starting point to the end point of methane seeping is shown in Figure 12. In the first 20 h of the experiment, only the electric resistance for R13 increased significantly, while the resistance value of other positions in the space remained almost unchanged. The electric resistance at other positions increased slightly at 41.7 h, in which the increment of R1 was the most obvious. At 120 h, the resistance value in the whole sediment increased visibly, indicating that CH4 hydrate had been distributed in the whole sediment space. It can be found from the spatial electric resistance distribution at 146.7 h that the most obvious increase of resistance value occurred at the edge of sediment. It indicated that the gas leakage channels were easier to form at the edge, which may be related to the lower shear strength and correspondingly higher permeability of the sediments [27,28]. In addition, the electric resistance of R13 showed a trend of continuous rise throughout the experimental period.



The spatial distribution of temperatures in sediment is illustrated in Figure 13. In this experiment, there was no obvious local temperature rise in the sediment caused by hydrate formation [31,32,33,34]. Only the spatial temperature distributions at two time points are presented here. This implied that there was no massive accumulation of CH4 gas bubbles during the initial hydrate nucleation and formation processes. Consequently, the heat release from the hydrate formation by single or few CH4 bubbles was not enough to change the local temperature in a water-saturated environment. In the whole experimental process, the temperature of each point in the sediment was maintained around 277.15 K. However, there was a gradually increasing temperature gradient from the bottom to top, as seen in Figure 13. This is because of the direct contact between the top of the coolant liquid with the air, which will be further improved in the next experiment.




3.2.2. Gas Content Change in the Liquid and Gas Phases


Figure 14 presents the changes of CH4 and N2 proportions of dissolved gas in the liquid phase and free gas in the gas phase during the experiment. The ratio of CH4-to-N2 can be obtained directly by gas chromatography measurement. It can be found that in the first 120 h, the proportion changes of CH4 and N2 in the lower water phase, upper water phase, and gas phase had high consistency, and there was no obvious difference in the content. After 120 h, the proportion of CH4 in the gas phase was gradually greater than that in the liquid phase, and the CH4 proportion in the upper liquid phase was higher than that in the lower liquid phase. The detail content change of dissolved gas in unit water in the upper and lower liquid phases is shown in Figure 15. The calculation method of dissolved gas content in unit volume water is shown in Equation (1). In the time span of the experiment, the dissolved CH4 content in the upper and lower parts of the solution both gradually increased with the methane seeping progress. The change trend of the dissolved CH4 content in the two parts was the same before 120 h, and the CH4 content was almost the same. However, after 120 h, the content of CH4 in the upper aqueous phase was greater than that in the lower aqueous phase, which was constant with the CH4 and N2 proportion change in Figure 14. In the whole experimental process, the dissolved methane in the water phase gradually increased, which was partly due to the dissolution of leakage of methane gas. In addition, some CH4 hydrates dissociated, and the generated methane dissolved in the aqueous phase. During the 100~150 h range, the declined dissolved methane content, especially the concentration at the liquid 2 sampling port, was related to the formation of CH4 hydrate by dissolved gas. This may also be one of the reasons why the R13 resistance values increased obviously again around 120 h, as shown in Figure 11. For the dissolved N2, the content in the upper aqueous phase had a slight rise in the whole experiment, and the content in the lower aqueous phase gradually increased until it became relatively stable after 100 h.


   S a  =    V g  ×  C a     V W     



(1)




where Sa represents the dissolved gas “a” content in unit volume of water. Vg represents the total gas volume in the sampled liquid. Ca is the proportion of gas “a” in the total gas, which was directly measured by gas chromatography. Vw represents the total volume of the sampled liquid.




3.2.3. Cumulative Volume Changes of Incoming and Outgoing Gas


The cumulative incoming CH4 gas and outgoing CH4/N2 gas during the experiment are shown in Figure 16. It can be found that the entered gas was greater than the exhaust in the whole experimental process, and the difference value gradually rose, indicating that an increased amount of CH4 gas was captured and stored in the simulated marine system. However, in the whole experimental process, the cumulative gas volume of the outlet kept increasing, indicating that the gas was constantly leaking out of the system. The leaked CH4, dissolved gas storage, free gas storage, and hydrate storage can be calculated by combining the changes of CH4/N2 content in the two phases of gas and liquid in Figure 14 and Figure 15 and the changes of cumulative gas flows in Figure 16.




3.2.4. Visual Observation with Built-In Camera and External Windows


Figure 17 illustrates several phenomena in the USC at different times and positions recorded by the built-in camera, including the rising of CH4 gas bubbles and hydrate bubbles, the floating of hydrate particles, the formation of flocculent hydrate, and the accumulation of hydrate bubbles. A large number of small-sized bubbles seeped out of the sediment almost at the same time as shown in Figure 17b. This might be due to local gas binding in the sediment until it erupted suddenly. Since the methane leaked from the sediment to the simulated seawater was mainly in the form of gas bubbles, the hydrates shown in Figure 17c–e were mainly formed by dissolved methane. Due to the cementation between hydrates, once newly raised bubbles touched the accumulated hydrate bubbles, they were easy to be adhered, as presented in Figure 17f. Consequently, the accumulation scale of strand hydrate bubbles gradually expanded. The influence of hydrate film on bubble motion could be analyzed through the gas bubble size, hydrate bubble size and morphology, and rising speed, etc. Figure 18 presents the change of the gas–liquid interface photographed from the upper window. At around 20 h, the first hydrate bubble was found on the interface, even though hydrate had formed in the sediment within 3 h, as shown in Figure 11. However, due to the harsh N2 hydrate phase equilibrium conditions [35], the CH4 hydrate bubble could not keep stability until the gas phase was filled with enough methane gas. The gradual accumulation of hydrate bubbles at the top of the water is similar to the situation in which the rising bubbles are blocked by coke rock in a natural marine environment, which could further enhance the sequestration ability of the ocean for leaked methane.






4. Conclusions


This work describes a newly built deep-sea division and water simulator. The simulator consists of a lower sediment simulation chamber and an upper seawater simulation chamber, which were developed for the investigation of the methane seeping and hydrate formation.



	
The monitoring of the bubble migration path and hydrate transformation and aggregation in the sediment chamber could be realized, mainly through the spatial distribution of electric resistance and temperature measurement points.



	
The rising characteristic and morphological evolution of gas and hydrate bubbles in seawater chamber are recorded through a built-in, movable camera and four external windows.



	
The quantitative storage and escape of CH4 could be realized through the measurement of multiple gas/liquid collection ports and cumulative incoming/outgoing gas volumes.



	
The effectiveness test of the experiment system showed that the local sediment resistance values increased first, and after a period of time, the sediment resistance values rose as a whole. Only the accumulative CH4 bubbles form the hydrate simultaneously, and a large amount of exothermic heat may lead to the obvious change of local temperature. In addition, the image recording and gas measurement results also presented a great regularity. The experimental results prove the good functions of the simulator.
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Figure 1. Physical diagram of the experimental system. 
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Figure 2. (a) Front and (b) section views of the DSSWS. 
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Figure 3. Detailed structure diagram of the LSC. (a) Overall structure, (b) cross-section of LSC body, (c) bottom plate, and (d) top view of temperature and electric resistance layout section. 
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Figure 4. Structure of the built-in movable camera system. (a) Three-dimensional model drawing, (b) physical drawing, and (c) movable lever connected with the camera. 
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Figure 5. Physical diagram of the external observation window for the seawater simulation chamber. 
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Figure 6. Schematic diagram of (a) the top gas sampling port, and (b) the liquid sampling port with its corresponding water sampler. 
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Figure 7. (a) Physical drawing and (b) three-dimensional section of movable liquid injector. 
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Figure 8. Schematic diagram of the temperature control water bath for the LSC. 
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Figure 9. Schematic diagram of the experimental system. 
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Figure 10. (a) Electric resistance, (b) temperature measurement points distribution, and gas inlet configurations in the DSSWS. 
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Figure 11. Electric resistance changes of R10 and R13 in the three layers during CH4 gas seeping. 
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Figure 12. Space distributions of electric resistances in the simulated marine sediment from the starting point to the end point of methane seeping. (a) 3.3 h, (b) 20 h, (c) 41.7 h, (d) 83.3 h, (e) 120 h, (f) 146.7 h. 
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Figure 13. Space distributions of temperatures in the simulated marine sediment from the starting point to the end point of methane seeping. (a) 3.3 h, (b) 83.3 h. 
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Figure 14. Changes of CH4 and N2 proportions of dissolved gas in the liquid phase and free gas in the gas phase during the whole experiment. 
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Figure 15. Dissolved gas content change in unit water in the upper and lower liquid phases. 
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Figure 16. Cumulative incoming CH4 gas and outgoing CH4/N2 gas changes during the experiment. 
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Figure 17. Image recording through built-in camera. (a) View inside the USC before CH4 seeping experiment; (b) gas bubbles rising rapidly at 1.67 h; (c) CH4 hydrate particles rising at 22 h; (d) hydrate sheet at 26 h; (e) flocculent hydrate at 37 h; (f) accumulated hydrate bubbles at 100 h. 
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Figure 18. Image recording through the external windows that hydrate the bubbles floating at the gas–liquid interface and their accumulation process at (a) 20 h, (b) 24 h, (c) 64 h, (d) 97 h, (e) 120 h, and (f) 145 h. 
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Table 1. Summary of the specific parameters of the various sensors.
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	Number
	Sensor Type
	Test Ranges
	Accuracy





	1
	Temperature
	−20~280 °C
	±0.1 °C



	2
	Pressure
	0~25,000 KPa
	±25 KPa



	3
	Electric resistance
	0~1000 KΩ
	±0.1 KΩ
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