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Abstract

:

The flow characteristics during decomposition of hydrate-bearing sediments are the most critical parameters for the gas recovery potential from natural gas hydrate reservoirs. The absolute and relative permeability and the flow field distribution during the decomposition process of hydrate-bearing porous media synthetically created by glass beads are in-situ measured by using magnetic resonance imaging. The absolute permeability value increased slowly, then became stable after the decomposition amount was 50%. The relative permeability change curve is a typical X-shaped cross curve. As the hydrate decomposed, the relative permeability values of the two phases increased, the range of the two-phase co-infiltration zone increased with the increase of relative permeability at the endpoint, and the coexistence water saturation decreased. At the beginning of the decomposition, (hydrate content 100% to 70%), the relative permeability of methane and water rose rapidly from 22% to 51% and from 58% to 70%, respectively. When the amount of the remaining hydrate was less than 50%, the relative permeability curve of the hydrate-bearing glass beads almost kept unchanged. During the hydrate decomposition process, the velocity distribution was very uneven and coincided with the porous media structure.
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1. Introduction


As one kind of potential energy resource, Natural Gas Hydrates have caused concern for scientists around the world [1,2]. Natural gas hydrate is a caged crystalline compound formed by natural gas guest molecules and water molecules under low temperature and high pressure [3]. Natural Gas Hydrates are the crystals formed when natural gas molecules enter a cage of hydrogen bonds in water. As the lattice of Natural Gas Hydrates is composed of water molecules, there are many similarities between the properties of Natural Gas Hydrates and ice. Natural Gas Hydrates and ice are similar in density, mechanical properties, and acoustic properties, and their density, hardness, resistivity, and thermal conductivity are slightly lower than that of ice [4]. Its energy density is so high that, under ideal conditions, 1 m3 of methane hydrate can hold about 163 m3 of methane and 0.8 m3 of water [5]. Hydrates are stable under certain temperatures and pressure conditions, which are called phase equilibrium conditions [6].



The flow characteristics during decomposition of hydrate-bearing sediments are the most critical parameters for the gas recovery potential from natural gas hydrate reservoirs [7]. The feasibility of the hydrates extraction methods depends on the specific conditions of gas hydrate-bearing layers, which are uncertain during the hydrate production. Permeability is one of the critical performance parameters used in the simulation of gas hydrate production, which determines the ability of gas or fluid flow in porous media and heat/mass transfer among these phases [8]. Seol et al. [9,10] studied the process of water flow through a hydrate-bearing sand sample by X-ray CT and found that the existence of the hydrate in porous media governed the permeability and the multiphase flow of the hydrate-bearing sediments. The effective permeability in natural hydrate sediments was investigated by using water flooding method, and the results showed the water effective permeability decreased with the increasing hydrate saturation in the core [11,12]. Although the flow characteristics of hydrate sediments have been investigated, the permeability and direct visualization results of water migration in the decomposition process of hydrate-bearing samples were rarely reported. It is of important guiding significance for the development and evaluation of the mining technology of hydrate deposits to probe the variation of permeability and fluid migration during the decomposition process [13,14].



In order to in situ visually investigate porous media characteristics, several methods have been used recently. Klapp et al. [15] examined the crystallographic structures of the gas hydrate samples from various locations in the Gulf of Mexico using Field-Emission Scanning Electron Microscopy (FE-SEM), and the result showed the evidence of co-occurrence of gas hydrate and liquid oil on a micrometer scale. Yang et al. [16] obtained experimental data of CO2 hydrate formation and dissociation in a porous media using magnetic resonance imaging, and the result indicated that the Magnetic resonance imaging (MRI) could visualize hydrate formation and dissociation, and the MRI meant intensity of water was in good agreement with the vessel pressure changes. Wu et al. [17] used the scanning electron microscope (SEM), MICP, NMR, and X-ray computed tomography (X-ray CT) to characterize the geometric and topological properties of pore space of several low-permeability porous media. It is found that the NMR technique is a promising tool for characterizing geometric features of pore systems as it can cover more details than other techniques.



Magnetic resonance imaging (MRI) is a well-established technique in the medical field, typically used for imaging liquid water in porous media. Initially, due to experimental conditions, it was impossible to accurately measure and display flow characteristics in porous media. Therefore, researchers have mostly simulated the flow in porous media from a model perspective. With the maturity of MRI technology, it has gradually been developed into other fields [18,19,20]. Mantle et al. [21,22] used MRI technology to measure the seepage data in porous media and compared the data with the results obtained by Lattice Boltzmann Method (LBM). It was found that MRI technology can be applied to the flow measurement of both Newtonian fluid and non-Newtonian fluid in porous media. Soon afterwards, MRI technology has been widely used in flow characteristics and research in porous media. Martin et al. [23,24] proposed a method for measuring the local porosity of dry porous media and the pore distribution of porous media space using MRI technology in 2001. Thomas et al. [25] used MRI technology to visually measure the flow of colloid in porous media, and obtained the propagation velocity data of colloid in porous media. Later on, many scientists also used MRI technology to measure the flow characteristics of porous media [18,25,26,27,28,29]. Ersland et al. [30] measured gas hydrate formation and exchange with CO2 in Bentheim sandstone using MRI. The MRI proved to give excellent information about the spatial distribution of the hydrate growth, the rate of the hydrate formation and the rate of the CO2–CH4 exchange. All the results proved that MRI was powerful and reliable in measuring the flow characteristics, whereas this technique has rarely been applied in the study of permeability and fluid migration in hydrate-bearing sediments.



In this paper, the absolute and relative permeability changes and the flow field distribution during decomposition process of hydrate-bearing porous media are in-situ measured by using MRI, in order to determine the effects of hydrate decomposition on permeability and fluid migration in hydrate-bearing sediments.




2. Materials and Methods


2.1. Apparatus and Materials


In the present study, an MRI flow characteristics experimental system was established for the in situ observation of the hydrate in porous media created by glass beads in Figure 1. The MRI system was from Varian, Inc. Images were collected with 256 points for read-out and phase-encoding. The field of view was set to 40 mm × 40 mm. The MRI cell, where the hydrate forms and decomposes, was inserted vertically into the MRI testing cavity, loading glass beads to in situ observe the formation/decomposition process.



The fluorinert was used as a coolant in the MRI system. Because the fluorinert cannot be imaged by MRI, the interference on the imaging system was minimized. The temperature controller was a high-precision circulator with a temperature control range from −28 °C to 200 °C at a precision of ±0.01 °C. The injection pump was a 260D piston pump produced by ISCO, Inc., (Nebraska, NE, USA) with a volume of 266 mL, a maximum pressure of 7500 PSI, and an injection flow rate of 0.001–107 mL/min. The temperature pressure control part mainly composed of temperature and pressure sensors. The temperature sensors were the armored thermocouple produced by Nagano of Japan, and integrated between the internal and external tubes of the MRI cell. The measurement accuracy was ±0.01 °C. The pressure was measured by a high-precision Luosimengte 3051 series pressure transducer produced by Rosemount (Missouri, MO, USA), which were located at both ends of the MRI cell. The measurement accuracy was 0.003 MPa. At the exit end, there was a back-pressure valve to measure and regulate the pressure at the exit end. The back-pressure valve was a quick response and high-precision BP-2080-M back-pressure valve produced by JASCO Corporation (Tokyo, Japan), which maintained stability of the back-pressure with a small flow rate.



Methane was produced by Dalian Special Gases Co., Ltd (Dalian, China), with a purity of 99.99%. The quartz glass beads (AS-ONE, Co., Ltd., Osaka, Japan), BZ-4 (3.962–4.699 mm, average 4.5 mm), were used to simulate the porous media. The determination of the porous media indicated that the porosity maintained at an invariable level of about 35%. Although the fluid injection would cause the deformation of the sediment structure, which is the result of external stress, particle-particle, and fluid-particle interactions [31,32], but for the sphere pack the deformation rate was relatively lower than the sandstone [33]. Meanwhile, in previous studies, the CH4 hydrate formation in the pore space of the porous media, and the connection between grains and hydrates was weak. The gas hydrates growth follows the free-floating model, not cementing or supporting of the adjacent grains [34]. Therefore, the influence of the fluid and the hydrate decomposition can be ignored in this study.




2.2. Absolute Permeability Measurement


Permeability of a porous media refers to the property of a porous media to allow fluid to pass its connected pores under a certain differential pressure. That is, the permeability of a porous media refers to its ability to conduct fluid. When the porous media is saturated with a single-phase fluid, the measured permeability of the porous media to the fluid is called the absolute permeability of the porous media when the fluid is in a linear and stable flow state under a certain differential pressure.



According to Darcy’s Law, absolute permeability can be defined as


K=QμLAΔP



(1)







In this formula K is the permeability; Q is the volume flow of the liquid; ΔP is the differential pressure between the ends of the porous media; μ is the viscosity of the liquid; A is the cross-sectional area of the porous media; L is the length of the porous media.



Theoretically, the permeability of a porous media only reflects the properties of the porous media itself. The permeability is independent of the nature of the fluid used and the measurement condition [35].



The absolute permeability of the hydrate decomposition process can be measured using the flow experimental platform diagram in Figure 1. The experimental steps are as follows.



	(1)

	
The MRI cell was filled with glass beads to simulate the porous media and form a hydrate in the sample tube.




	(2)

	
After the hydrate formation, the VNMRJ software 4.0 (Palo Alto, CA, USA) was run in the image acquisition computer, shimming, tuning, and then the imaging sequence was set, the relevant parameters were set, and the appropriate slice was selected to start scanning.




	(3)

	
A decomposition ratio was selected during the decomposition process, and the water injected into the pump was cooled to 1 °C by a water bath, rather than a heat flow injection into the MRI cell. The outlet pressure and flow rate were controlled by a back-pressure valve. This stopped the decomposition of the undecomposed hydrate, and the entering of cold water also displaced the free gas generated by the decomposition, so that the amount of the hydrate did not change.




	(4)

	
A differential pressure sensor was used to record the pressure difference at the inlet and outlet of the MRI cell, and the flow of liquid into the MRI cell was recorded with a pump.




	(5)

	
The tubing was disassembled and the MRI cell was cleaned.








2.3. Relative Permeability Measurement Method


The methods for measuring the relative permeability of gas and water in a porous media are usually classified into a steady state method and an unsteady state method [36,37,38,39,40]. The steady state method for measuring gas-water relative permeability is to inject water and gas into a porous media at a constant flow rate. When the inlet and outlet pressures and gas and water flow rates were stable, the distribution of the gas and water saturation in the porous media had also been stabilized. When the inlet and outlet pressure, gas and water flow rates, and corresponding gas and water saturations were measured, the relative permeability of the gas and water was calculated using Darcy’s law. Then, the ratio of injected gas and water was changed to realize a new balance, to find the relative permeability of gas and water under another saturation. Finally, draw the curve of the relationship between the relative permeability of gas-water and the saturation in porous media, which is the relative permeability curve.



The non-steady state method for measuring the relative permeability of gas and liquid is based on the method of distribution of gas-liquid two phases as a function of gas displacement time and distance. In the process of liquid injection, the permeability of gas and liquid phases changed with its saturation distribution, and the instantaneous velocity of gas and liquid phases in a certain section also changed accordingly. In general, as long as the pressure changes at a constant injection speed or the flow rate changes at a constant pressure during the gas-liquid injection process measured, the relative permeability curve of the two phases can be obtained according to Darcy’s law.



This experiment was carried out to determine the relative permeability of gas-liquid two phases during the decomposition of the hydrate. In order to ensure a certain state in the decomposition process of the hydrate, the temperature and pressure conditions must be controlled under the hydrate formation conditions. However, the steady state method needs to inject a gas and water mixture according to a certain ratio, which causes a large amount of hydrate to be formed in a porous media. This cannot ensure an unchanged internal structure of the porous media of the hydrate in a certain state of decomposition. Therefore, the steady state method is not the suitable method to determine the relative permeability of the two phases of the hydrate-bearing sediments. At the same time, the MRI imaging technique can accurately obtain the saturation change and velocity distribution of the gas and liquid phases in the sediment, thereby obtaining the relative permeability curve.



When the hydrate was completely formed, water of 1 °C was injected into the MRI cell, and the pressure in the MRI cell was controlled to be above the phase equilibrium pressure. The free gas in the porous media was driven out to sufficiently saturate the porous media of the hydrate. After standing to stabilize, CH4 was injected into the MRI cell to drive out free water in the MRI cell. Supposing there was no change in the amount of hydrate at this time, and no displacement between the hydrate and the porous media, and the hydrate and the porous media were seen together as one solid phase. The two-phase saturation and velocity distribution during CH4 driving water were measured using an MRI imaging system. According to Darcy’s law, the expression of the local velocity of the gas and liquid phases are [41]:


Vw=−Kλw(∂Pw∂z+ρwg)



(2)






Vg=−Kλg(∂Pg∂z+ρgg)



(3)







In this expression, Vw and Vg represent the local velocity of water and gas, respectively; λw and λg are the mobility ratio of the water phase and the gas phase, respectively; g is the acceleration of gravity. The mobility ratio can be expressed as the following:


λ=Krμ



(4)




Here, Kr is the relative permeability of a phase; μ is the kinematic viscosity of such phase.



The capillary force can be calculated by the following formula:


Pcw(Sw)=Pg(Sw)−Pw(Sw)



(5)







In this formula, P(Sw) indicates the pressure of a certain phase when the saturation of such phase is Sw. From the above formula, it can be obtained that


Vg=V(t)λgλg+λw(1+Kg(ρw−ρg)λwVt)−Kλgλwλg+λwdPcwdSw∂Sw∂z



(6)







It can be seen from the above formula that the local velocity of CH4 is a function of water saturation, gas-liquid two-phase fluidity ratio, and injection velocity.



The viscous force function, gravity countercurrent function, and capillary diffusivity of CH4 are represented as follows:


fg(Sw)=λgλg+λw



(7)






Gg(Sw)=g(ρw−ρg)λgλwλg+λw



(8)






dcpw(Sw)=−λgλwλg+λwdPcwdSw



(9)







The local velocity expression of CH4 can be obtained by substituting the above formula into Equation (6).


Vg=V(t)fg(Sw)+KGg(Sw)+Kdcpw(Sw)∂Sw∂z



(10)







Parameter fgg(Sw) can be defined as follows:


fgg(Sw)=fg(Sw)+KVGg(Sw)



(11)







Then the Equation (10) can be changed to the following:


Vg(z,t)=V(t)fgg(Sw,V)+Kdcpw(Sw)∂Sw∂z



(12)







The function of water saturation over time in a porous media as a function of time during CH4 injection can be defined as the following:


Sw(z*(t),t)=Sw*



(13)







It can be obtained from the above two formulas that the saturation of a certain point in the porous media changes with time at a certain time during the injection process.


Vg(z*,t)=V(t)fgg(Sw′*,V)+Kdcpw(Sw′*)∂Sw∂z|z*,t



(14)







Since the total CH4 injection speed V(t) is known, the above equation can be


Vg(z*,t)V(t)=fgg(Sw*,V)+dcpw(Sw*)KV(t)∂Sw∂z|z*,t



(15)







Since the injection rate of CH4 is constant, the two are linear related. The slope representing the linear equation is dcpw(Sw*), the intercept of the linear equation is fgg(Sw*,V). The values of Vg(z*,t)V(t) and KV(t)∂Sw∂z|z*,t can bec calculated using the saturation data obtained by the MRI imaging system. The viscous force function, the gravity countercurrent function and the capillary diffusivity can be obtained by the calculation of Equations (8)–(11).



It can be drawn from Equations (7) and (8)


Gg(Sw)fg(Sw)=g(ρw−ρg)λw



(16)







Combine the above formula with Equation (4)


Krw=Gg(Sw)fg(Sw)1g(ρw−ρg)μw



(17)






Krg=Gg(Sw)1−fg(Sw)1g(ρw−ρg)μwμg



(18)







Therefore, the relative permeability curve during the CH4 injection process was calculated with the values previously obtained. The relative permeability of the hydrate decomposition process can be measured by Magnetic Resonance Imaging using a flow experimental platform. The experimental steps are as follows:

	(1)

	
The glass beads were inserted into the MRI cell to simulate the porous media, and the hydrate was formed in the MRI cell by referring to the experimental procedure in last section.




	(2)

	
After the hydrate formation was completed, the VNMRJ software in the image acquisition computer was used to shim and tune. Then the spin echo multi-section scanning (SEMS) imaging sequence was set, the relevant parameters were set, and the appropriate slice was selected to get ready for scanning.




	(3)

	
After the system was debugged, and the injection pump flow rate was set, a heat flow was injected into the MRI cell to decompose the hydrate in the MRI cell. In the meantime, the flow of the decomposed water was measured using a nuclear magnetic resonance imaging system. When a certain percentage of decomposition was reached, the injection of the heat flow was stopped, and the temperature and pressure conditions of the MRI cell were controlled to stop the decomposition of the hydrate in the porous media.




	(4)

	
The CH4 was injected at a constant rate to drive out the free water in the hydrated porous media while the MRI imaging system was used to determine the saturation change and velocity distribution during the process of gas driving water.




	(5)

	
Water was injected at a constant rate to drive the CH4 in the hydrate bearing porous media, while the saturation change and velocity distribution during the water driving gas process were measured using an MRI imaging system.




	(6)

	
The relative permeability of the gas and water phases of the hydrate bearing porous media of such decomposition degree was calculated using the experimental data obtained.




	(7)

	
The relative permeability of the two phases in the hydrate bearing porous media at different decomposition degrees were obtained by repeating the above steps.










2.4. Flow Measurement Method in Hydrate Decomposition Process


The flow characteristics of the hydrate during its decomposition can be MRI measured using the flow characteristic experimental platform described in Section 2.1. The experimental steps are as follows.

	(1)

	
The glass beads were inserted into the MRI cell to simulate the porous media, and the hydrate was formed in the MRI cell referring to the experimental procedure in Section 2.2.




	(2)

	
After the hydrate was formed, the VNMRJ software in the image collection computer was used for shimming and tuning. Then the SEMS imaging sequence was set, with the relevant parameters set. The appropriate slice was selected to get ready for scanning.




	(3)

	
The injection pump flow rate was set. A heat flow was injected into the MRI cell to decompose the hydrate in the MRI cell. At the same time, the flow of the decomposed water was measured using a nuclear MRI system.




	(4)

	
The pipeline was dissembled and the MRI cell was cleaned. Different hydrates were generated, and different heat flow injection rates were set. Then flow changes in the decomposition process of gas and liquid hydrate at different injection rates were obtained by repeating the above steps.











3. Results and Discussion


3.1. Permeability of Decomposition Process in Hydrate-Bearing Porous Media


3.1.1. Analysis of Absolute Permeability


The absolute permeability of the porous media in which the hydrate was formed was measured according to the experimental procedure described in the previous section. After the hydrate was completely formed, the temperature and pressure conditions of the MRI cell were adjusted to slowly decompose the porous media of the hydrate. When the hydrate saturation was 100%, 88.5%, 78.9%, 70.0%, 54.1%, 34.9%, 15.1%, and 0% (completely decomposed) of the initial hydrate, a cold water of 1 °C was injected at a constant flow rate. The MRI cell pressure was controlled to stop the hydrate decomposition. The porosity values at each decomposition percentage and the pressure difference across the MRI cell at the time of cold-water injection were measured by the MRI imaging system using the method of 1.1 According to Equation (1), the absolute permeability values of those six decomposition percentages were calculated, and the results are shown in the following table.



As shown in Table 1, during the decomposition of the hydrate, the porosity of the hydrate-bearing porous media increased continuously, as well as the value of the absolute permeability. Figure 2 shows the absolute permeability acquired by experiments in the decomposition of the hydrate-bearing porous media. As can be seen from the figure, the absolute permeability increased significantly at the very beginning of the hydrate decomposition. The increase rate in permeability also became lower as the percentage of hydrate decreased. Since the value of absolute permeability is related to the size of the pore channel in the porous media, absolute permeability increased as the pore radius increased. The absolute permeability values increased sharply at the first three experimental points where the decomposition percentage was low. This is due to that in the early stage of hydrate decomposition, a large passage was formed in the porous media of the hydrate, which led to a sharp decrease of the absolute permeability of the entire porous media. The pores in the porous media are composed of pore abdominal and pore channels. The channels with smaller openings, rather than the ones with larger openings, have a greater influence on the permeability [42]. In the late stage of decomposition, most of the hydrate decomposition positions were in the pore abdomen, so the influence on the permeability reduced gradually. As shown in the figure, the slope of the permeability curve decreased gradually, and when the decomposition reached about 50%, the value of the permeability tended to be stable.




3.1.2. Analysis of Relative Permeability


The relative permeability curve during the CH4 injection process was calculated with the values previously obtained, as shown in the Figure 3. As can be seen, the relative permeability curves of CH4 and water exhibit a typical X-shaped cross curve.



When the water saturation was low (less than 20%), the relative permeability of the water phase was extremely low, which was close to zero. The experimental glass beads were hydrophilic, and the water in the porous media was mostly present on the surface of the glass beads and the corners of the pores, which cannot flow into the pore channel. At this time, the gas flow in the porous media was continuous, and the relative permeability was high. At this time, the relative permeability of the water tended to be zero, indicating that the water was trapped in the porous media, so as not to flow easily. When the water saturation was high (greater than 80%), the relative permeability of the gas phase was extremely low, which was close to zero. Due to the hydrophilicity of the glass beads, water occupied most of the corners of the particle surface, and the gas was also in the flowable pore channels. Therefore, the interaction between the two phases was small, which made the change in permeability of the two phases in the region with high water saturation unobvious. The area in the above two regions was a two-phase co-infiltration zone. In the co-infiltration zone, the relative permeability of water increased with the increase of water saturation, and the relative permeability of methane decreased with the increase of water saturation. In the porous media, the pore structure was very complicated. The liquid resistance effect caused by the interaction of the two phases greatly reduced the permeability of the gas-liquid two-phase. Therefore, the minimum of the sum of the relative permeability of the two phases was in the two-phase co-infiltration zone.



It can be seen from the figure that as the hydrate decomposed, the relative permeability values of the two phases increased, and the range of the two-phase co-infiltration zone increased. The relative permeability at the end points also increased, with a decrease of the coexistence water saturation. At the beginning of the decomposition, the amount of change was more obvious. When the amount of the remaining hydrate was less than 50%, there was no significant change in the relative permeability curve of the porous media of the hydrate. In the initial stage of decomposition, the hydrate decomposed in the porous media formed a fluid passage, which caused a significant increase in the permeability of the two phases. However, after the hydrate was decomposed to a certain extent, the fluid passage in the porous media was basically formed, and the hydrate occupied the corners of the pores. So, the hydrate had less effect on the permeability.





3.2. Analysis of Flow Rate during the Decomposition in Hydrate-Bearing Porous Media


Figure 4 shows the velocity distribution of the heated decomposition of CH4 hydrate in glass beads at a flow rate of 2 mL/min at 25 °C. As shown in the figure, during the decomposition process, the velocity distribution was not uniform, and the pore distribution in the cross section affected the velocity distribution of the fluid. With the injection of hot fluid, the hydrate decomposed gradually. The pore structure also changed with a gradual increase of the porosity. The flow of the fluid was first observed in the pores in the middle of the cross section, and the hydrate gradually began to decompose centered on such pore. The heat injected by the heat flow was gradually introduced into the hydrate of the surrounding fluid, causing the hydrate to decompose.



In the cross section, the fluid flow velocity distribution was very uneven. The larger the pores, the greater the fluid flow velocity. In the large pores, the flow velocity at the center of the pore was high, and the flow velocity near the surface of the porous media and the wall surface of the sample tube were low. This is consistent with the phenomenon of suffusion. However, in small pores, the flow velocity was greatly affected by the wall effect. The flow velocity was affected by the hydrate surface, the glass beads surface and the sample tube surface. In general, when a fluid flows in a porous media, an adsorption retention layer is formed at the interface between the porous media and the fluid. This retention layer does not easily flow and seriously affects the flow of the fluid in the porous media. In low permeability porous media, the pore channel diameter is very small, and the retention layer seriously occupies the flow cross section in the pore, so the impact cannot be ignored. However, the porous media in this paper has a large permeability and a large pore channel diameter, so the influence of the retention layer is negligible.



Figure 5 shows the velocity distribution on the horizontal central axis of the cross section during the heated decomposition of the hydrate at 2 mL/min. Free water and solids (hydrates and glass beads) can be distinguished from the velocity distribution image on the central axis. As shown in the figure, the area near speed 0 is glass beads and hydrate, and the other part is water. Since the porosity is small at the initial stage of the injection of the fluid, the flow rate is also relatively large. As the hydrate decomposed, the porosity gradually increased and the fluid flow rate gradually decreased. However, in the pores, the velocity distribution is approximately similar to a parabolic shape, and the center velocity of the pores is greater than the portion near the surface of the glass beads, the hydrate, and sample tube. Nevertheless, as the hydrate decomposed, the velocity pattern in the pores also changed, and the velocity distribution in the pores was not a complete parabolic shape. This is consistent with the velocity profile in the section shown in Figure 4.



At each time point, the average velocity of the fluid throughout the section was determined by the injection velocity, cross-sectional area, and porosity of the fluid, as shown in Equation (1).


vi=qAφi



(19)




Here vi is the actual average velocity at the i time point, q is the injection flow rate set for the experiment, φi is the porosity at i time point, and A is the cross-sectional area.



Since the injection flow rate of each set of experiments was constant, as the hydrate decomposed, the porosity in the sheet increased. So, the average speed at each time point also reduced gradually. Figure 6a shows the experimentally measured average velocity and calculated average velocity in the cross section of the graph, and Figure 6b is the injection pressure curve in the cross section. As shown in the figure, the average flow velocity of the cross section decreased with the decomposition of the hydrate, and the constant flow injection pressure also decreased with the decomposition of the hydrate. The actual measured value of the average velocity in the cross section was close to the calculated value, indicating that the speed measurement method used in the experiment is feasible.



Figure 7 shows the velocity distribution of the CH4 hydrate in glass beads at a flow rate of 4 mL/min at 25 °C The fluid velocity distribution was similar to the 2 mL/min case, but the distribution was more uneven and was greatly affected by changes in pore structure. Large pores less affected by the solid surface had a higher velocity, while small pores less affected by the surface had a lower velocity, and the retention layer was also negligible. The fluid flow was first observed at the position close to the sample tube wall, and there was also a small pore flow at the center of the interface. Over time, the hydrate began to decompose centered on these two positions, and the heat from the heat flow was passed to the hydrate in the pores and began to cause the hydrate to decompose.



Figure 8 shows the velocity distribution over the horizontal central axis of the cross section during the heated decomposition of the hydrate at 4 mL/min. Similar to the case of 2 mL/min, free water and solids (hydrate and glass beads) can also be distinguished from the velocity distribution image on the central axis. Since the porosity was small at the initial stage of the fluid injection, the flow rate was also relatively high. As the hydrate decomposed, the porosity gradually increased and the fluid flow rate gradually decreased. Since the pores passing through the central axis were smaller than the pores in 2 mL/min case, the velocity distribution in the pores shown in the figure exhibits a distinct parabolic shape.



Figure 9a shows the average velocity distribution at various time points in the 4 mL/min velocity injection process, and Figure 9b shows the injection pressure for constant current injection. As the hydrate decomposed, the average velocity in the cross section also decreased, and the injection pressure also decreased. The calculated average velocity calculated by Equation (1) is in good agreement with the experimentally measured average velocity value, but slightly higher than that in the 2 mL/min case.



We may obtain from the experiment results that the existence of hydrate affects the water flow in the porous media strongly. The water flows into the pore channels which are unoccupied by hydrate. With the heat input, the radius of the heat flow runner increases. The hydrate near the heat flow runner decomposes due to the heat transfer. Because of the low injecting velocity, the hydrate does not decompose violently. When the injection rate increases, the decomposition intensifies and more heat is absorbed which reduces the local temperature. If the temperature and pressure conditions are below the phase equilibrium conditions, the hydrate reformation will occur immediately [43]. The newly formed hydrate causes the narrowing of the flow runners and even a plug of the runners. This makes the average velocity value in 4 mL/min slightly higher than the calculated average velocity.





4. Conclusions


In this paper, the MRI technique was used to study the absolute and relative permeability and flow distribution of the hydrate-bearing porous media in heated decomposition process. The following conclusions were obtained.



In the decomposition process of hydrate bearing porous media, the absolute permeability value of porous media increased continuously, and there was an obvious increase in the permeability in the initial stage of decomposition. As the hydrate decomposition proceeded, the absolute permeability value increased slowly, and became stable after the decomposition amount was 50%.



The relative permeability change curve of the hydrate bearing porous media during the decomposition process was obtained by MRI imaging system. The curve is a typical X-shaped cross curve. When the water saturation was low (less than 20%), the relative permeability of the water phase was extremely low, which was close to zero. And the water was trapped in the porous media, which made the water difficult to flow. When the water saturation was high (greater than 80%), the relative permeability of the gas phase was extremely low, which was close to zero. But the interaction between the two phases was small, which made an unchanged permeability of the two phases in the region with high water saturation. In the two-phase co-infiltration zone, the relative permeability of water increased with the increase of water saturation, and the relative permeability of methane decreased with the increase of water saturation. As the hydrate decomposed, the relative permeability values of the two phases increased, the range of the two-phase co-infiltration zone increased with the increase of relative permeability at the endpoint, and the coexistence water saturation decreased. At the beginning of the decomposition, the change was more obvious. When the amount of the remaining hydrate was less than 50%, the relative permeability curve of the hydrate-bearing porous media was not significantly changed.



The instantaneous flow velocity distribution during the decomposition of the hydrate in the porous media was obtained. During the hydrate decomposition process, the velocity distribution was very uneven and coincided with the porous media structure. The flow rate of large pores was high, and the flow rate of small pores was low. The average velocity in the cross section decreased as the hydrate decomposed.
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Figure 1. The flow characteristics in-situ test experimental platform diagram. MRI: Magnetic resonance imaging. 
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Figure 2. The absolute permeability acquired by experiments in the decomposition of the hydrate-bearing porous media. 
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Figure 3. The relative permeability acquired by experiments during the decomposition process of the hydrate-bearing porous media. 
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Figure 4. The velocity distribution in the progress of the decomposition of the hydrate bearing porous media. 
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Figure 5. The velocity distribution in the progress of the decomposition of the hydrate bearing porous media on the central axis. 
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Figure 6. (a) The average velocity value and (b) the pressure change curve in the cross section. 
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Figure 7. The velocity distribution in the progress of the decomposition of the hydrate bearing porous media. 
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Figure 8. The velocity distribution in the progress of the decomposition of the hydrate bearing porous media on the central axis. 
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Figure 9. (a) The average velocity value and (b) the pressure change curve in the cross section. 
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Table 1. The absolute permeability acquired by experiments during the decomposition process of the hydrate bearing porous media.
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Decomposition Rate

	
Porosity

	
Absolute Permeability




	
µm2






	
100.0%

	
0.030

	
10.9




	
88.5%

	
0.045

	
46.8




	
78.9%

	
0.082

	
80.7




	
70.0%

	
0.117

	
91.2




	
54.1%

	
0.179

	
97.2




	
34.9%

	
0.254

	
99.8




	
15.1%

	
0.331

	
101.3




	
0.0%

	
0.390

	
102.1
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