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Abstract

:

Natural gas hydrate could be regarded as an alternative energy source in the future. Therefore, the investigation of the gas production from hydrate reservoirs is attracting extensive attention. In this work, a novel set-up was built to investigate sand production and sediment deformation during hydrate dissociation by heat stimulation. The influence of the particle sizes on the hydrate dissociation and sediment deformation was first investigated experimentally. The experimental results indicated that the rate of hydrate decomposition by heat stimulation was in proportion to the particle size of the sediment. The heat transfer rate and the energy efficiency decreased with the decrease of the particle size of the sediment. This was because higher permeability might lead to a larger sweep area of the fluid flow, which was beneficial for the supply of heat for hydrate dissociation. The sand production was found during hydrate dissociation by heat stimulation. The particle migration was due to the hydrodynamics of the water injection. The sand sediment expanded under the drive force from water injection and hydrate dissociation. Additionally, the smaller permeability led to the larger pressure difference leading to the larger sediment deformation. Because the sediment became loose after hydrate dissociation, small particle migration due to the hydrodynamics of the water injection could happen during the experiments. However, the sand production in the sediment with the larger particle size was more difficult, because the larger particles were harder to move due to the hydrodynamics, and the larger particles were harder to move across the holes on the production well with a diameter of 1 mm. Therefore, the sediment deformation during hydrate dissociation by heat stimulation should not be ignored.






Keywords:


methane hydrate; thermal stimulation; sediment deformation; sandy sediment; particle size; sand production












1. Introduction


Due to the increase of energy demand, it is imperative to develop an alternative energy source to solve energy shortage issues. Natural gas hydrate (NGH) could be regarded as an alternative energy source in the future due to huge reserves of methane gas trapped in hydrate-bearing formations. Although the precise estimation of methane hydrate all over the world is uncertain, the estimation varies from 2.8 × 1015 to 8.0 × 1018 m3 [1,2]. The energy reserves in gas hydrate are considered as huge. The common sense idea can be expressed that gas hydrates contain most of the methane on earth and they account for roughly a third of the mobile organic carbon all over the world [3]. Huge reserves and worldwide distribution are the great advantages of methane hydrate, which make methane hydrate the most important substitute energy resource for petroleum, coal, and natural gas in the twenty-first century [4].



NGH is an ice-like solid compound that is stabilized when water and guest molecules are in contact in the conditions of high pressure and low temperature, such as in marine deposits and the permafrost regions [5,6,7]. Methane, ethane, propane, nitrogen, hydrogen, and so on, are regarded as the guest molecules trapped in the cage constituted by water molecules. Methane is the most common guest gas in nature. It is commonly recognized that 1 m3 of hydrate can release 160 m3 of natural gas [8].



Unlike the conventional gas and oil reserves, recovering natural gas from NGH involves a hydrate dissociation process. This complex process combines a multi-phase change, heat transfer, and mass transfer. Hydrate dissociation from an in-situ situation should break the stable pressure−temperature condition for NGH, and the gas released from the NGH must overcome the Van der Waals force between the water molecule and the guest molecule [9].



During the past four decades, over 230 natural gas hydrate deposits have been found on our planet. Depressurization [10,11,12,13], thermal stimulation [14,15], chemical injection [16,17], and their combined application have been applied and investigated for hydrate destabilization [18,19]. Models of hydrate dissociation using different methods have been reported [20,21]. If only 17%–20% of this resource can be exploited, NGH can be a sufficient energy source supply for at least 200 years [22]. Field testing of NGH exploitation not only plays an important role in improving production technology but also in assessing environmental and security effects. Seven field tests of gas production from hydrate deposits have been conducted around the world since 2002. Four field tests have been carried out in the permafrost region, and three tests have been performed in a marine environment [23,24,25,26,27,28,29].



Field tests play a crucial role in the development path from fundamental research to the commercial exploitation for NGH. However, considering the drawbacks of huge costs, long preparation periods, and the risks of environmental damage, laboratory-scale experimental testing is indispensable for the in-depth study of exploitation technology. During the past few decades, the laboratory-scale simulation for hydrate dissociation has evolved from one-dimensional to three-dimensional [30,31], and the corresponding experimental apparatus has developed from 700 mL [20,32,33] to more than 1000 L [34]. Furthermore, the parameters measured during the hydrate dissociation process have changed from single-parameter monitoring [35] to multi-parameter monitoring [36,37], which can satisfy the monitoring requirements for different dissociation methods. In the previous experimental research, the sand production and sediment deformation were ignored. The relationship between fluid flow and the forces for particles migration was reported by Mahabadi et al. [38]. However, unexpected sand production and sediment deformation are the key factors for preventing long-term gas production from a hydrate reservoir, which have been found in field testing [27]. The problem needs to be further investigated.



In addition, energy recovery from an NGH reservoir may lead to sediment deformation. During hydrate decomposition, the mechanical properties of sediment can be changed due to hydrate dissociation. The hydromechanics of fluid flow in sediment may also lead to fine migration and cause further sediment deformation. This is an important safety problem during hydrate exploitation. Gas production from a hydrate reservoir without safety control can result in geological disasters and other secondary dangerous situations. Kwon et al. [39] designed a hydrate decomposing experiment to analyze hydrate deformation before and after decomposition. In our previous work, the sediment deformation during hydrate dissociation by depressurization has been investigated. The radial shrinkage effect of hydrate decomposition was found, and smaller sediment particle sizes generated more obvious deformations following methane hydrate decomposition [40]. Therefore, sediment deformation is an important research topic for hydrate exploitation in the future, which has a significant impact on the safety of methane hydrate exploitation.



In this work, the influence of particle sizes on hydrate dissociation and sediment deformation was first investigated experimentally. A novel set-up was built to investigate sand production and sediment deformation during hydrate dissociation. Methane hydrate was formed in the sediment for the conditions of constant volume and temperature, and then it was decomposed using the hot water injection method. Gas, water, and sand production behaviors during hydrate dissociation were analyzed. Additionally, the sediment deformation during hydrate dissociation by heat stimulation was first reported.




2. Experimental Section


2.1. Experimental Apparatus


The schematic of the experimental set-up is shown in Figure 1. The key component was the high-pressure reactor, which was made of 316 stainless steel. The effective volume of the reactor (SCHS, Jiang Su Hongbo Co., Ltd., Haian, China) was 729 mL, and it could withstand a pressure as high as 30.0 MPa. The interior of the reactor was cubic. The reactor was immersed in a constant temperature water bath to control the ambient temperature during experiments. The high-pressure reactor was equipped with a quick-opening component, which involved a pair of stainless steel clamps connecting the top cover with the reactor and a rubber O-ring set on the top cover to seal the reactor. The top cover can act like a cap rock above the sediment. The outlet of the reactor was connected with the desander (Desander 1.0, Jiang Su Hongbo Co., Ltd., Haian, China) to separate solid particles that may have been brought out in the process of producing gas, and its working pressure was in the range of 0–40 MPa. There was a back-pressure valve (P6000, TESCOM company, Shanghai, China) produced by the TESCOM company behind the outlet of the desander to ensure the constant pressure in the kettle during the process of exploitation. Its pressure control range was 0–30 MPa and its accuracy was ±0.02 MPa. The outlet flow went through a gas–liquid separator (Separator 1.0, Jiang Su Hongbo Co., Ltd., Haian, China), and the liquid flow was connected to a container placed on the electronic balance. The electronic balance (BS 2202S, Santorius company, Göttingen, Gemany) was produced by the Santorius company and the model was the Santorius BS 2202S (0–2200 g, +0.01 g). The gas production was measured by a gas flow meter (D07-11CM, Seven Star Huachang Electronics Co., Ltd, Shanghai, China) that was produced by the Seven Star Huachang Electronics Co., Ltd. The model was D07-11CM (0–10 L/min, +2%). Twenty-seven monitoring points were installed inside the equipment to record the real-time temperature data during hydrate formation and decomposition. The temperature sensors were evenly distributed in the three layers of the inner space. The temperature sensors were PT100 (PT100, Jiang Su Hongbo Co., Ltd., Haian, China), with a range of 223.15–473.15 K and accuracy of ±0.1 K. The distributions of the wellhead and the temperature sensors are shown in Figure 2. As shown in the figure, the production well and the injection well were located in diagonal corners. The production well was located at the top layer. The injection well was located at the bottom of the reactor.




2.2. Sediments


In order to investigate the influence of the particle size on production behaviors and sediment deformation characteristics during hydrate dissociation using heat stimulation, three different quartz sand samples with different particle sizes were selected for the experiments. The particle sizes of runs 1, 2, and 3 were 240–350, 125–178, and 37–45 μm, respectively. Figure 3 shows the pictures of the experimental sediments. The quartz sands in this experiment were provided by the Bandao quartz sand factory. The difference among these quartz sands can be clearly observed from Figure 3.




2.3. Experimental Procedure


Three experiments of hydrate dissociation by heat stimulation were carried out in sandy sediment with different particle sizes. Table 1 shows the experimental conditions. The experimental conditions were selected according to the geological conditions at the NGH reservoir in the South China Sea [41]. The particle sizes decreased from 240–350 to 37–45 μm for runs 1–3, which is the range of sediment particle sizes of NGH reservoir in the South China Sea. The other experimental parameters were similar for runs 1–3.



Silica sand with a mass of 1000 g was first packed in the reactor to fill the reactor. Then the sediments were immersed in deionized water with a mass of 130 g. Afterwards, the top cover was closed to seal the reactor. Then the residual air was driven out by the injection and release of the methane gas. The entire system was placed in the water bath. Afterwards, the methane gas was pumped into the reactor to pressurize the reactor to 20 MPa. A gradual pressure drop was observed during the hydrate formation. When the pressure dropped to approximately 13.50 MPa, the hydrate bearing sediment samples were prepared. Because the methane saturation in the samples was higher than 50% after hydrate formation, the hydrate bearing sediment samples could be considered excess methane sample. Then, the decomposition experiments were carried out by heat stimulation. At the beginning of the experiments, the production pressure was set at 6.0 MPa by the back-pressure regulator. The outlet valve was opened to make the pressure decrease to the production pressure. During hydrate dissociation, the ambient temperature was maintained at 281.15 K. Thus, the hydrate stability pressure could be calculated to be 5.6 MPa using the fugacity model of Li et al. [42]. This pressure was lower than the production pressure. Afterwards, the heat stimulation started. The deionized water for injection was heated by the preheater to the injection temperature. The injection rate was set by the metering pump. Then, the hot water was injected into the reactor from the injection well. At the same time, gas and water were produced from the production wells. During hydrate dissociation, the pressure in the reservoir was maintained at the production pressure using a back-pressure regulator. After the hydrate in the reservoir was completely dissociated, the residual gas was entirely released until the pressure inside the reactor recovered to the atmospheric pressure. Finally, the reactor was opened with the quick-opening component in order to observe the sediment deformation. The repeatability of the scientific experiments has been reported in our previous work. The error of this experimental result was lower than 5% [43].



The saturation was calculated by the following formulas:


   S G  +  S W  +  S H  = 1 ,  



(1)






   S G  =    v m  ·  n  m , G      V  p o r e     ,  



(2)






   S W  =    m  W 0   −  N H  · (  n  m 0   −  n  m , G   −  n  m , W   ) ·  M W     ρ W   V  p o r e     ,  



(3)






   S H  =   (  n  m 0   −  n  m , G   −  n  m , W   ) ·  M W     ρ H   V  p o r e     .  



(4)







In the formulas, SG, SW, and SH represent the gas saturation, water saturation, and hydrate saturation of the hydrate in the reactor, respectively. vm is used as the specific volume of methane gas, and nm0, nm,G, and nm,W (mol) are the initial amount of injected methane, the amount of free gas, and the amount of dissolved water in the reactor. Vpore stands for the porosity volume of the sedimentary layer. As the porous medium is almost incompressible during the experiment, it is considered that Vpore is a constant value. NH is the hydrates number of the hydrates. MW and MH are the molar mass of the water and the molar mass of the hydrate, respectively, and ρW and ρH are the densities of the water and the hydrate, respectively.





3. Results and Discussion


3.1. Production Behaviors


Figure 4 shows the change in volumes of gas and water production during hydrate dissociation for runs 1–3. According to the characteristics during the experiments, the entire production process could be divided into two stages, namely the pressure decreasing (PD) stage and the constant pressure heat stimulation (HS) stage. In the PD stage, the pressure in the reactor decreased from around 13.5 to 6.0 MPa. The produced gas mainly originated from the free gas in the sediment and the hydrate was not dissociated because the pore pressure in this stage was higher than the hydrate stability pressure (5.6 MPa). The durations for the PD stages of runs 1–3 were all around 15 min, and the volumes of the gas released for runs 1, 2, and 3 were 23.47, 23.10, and 23.19 L, respectively, which were similar. Additionally, there was no water production in this stage. During the HS stages, the production pressures stayed at 6.0 MPa, and hot water with the injection rate of 20 mL/min and the injection temperature of 353.15 K was injected into the sediment. The cumulative volumes of the gas production for runs 1, 2, and 3 increased to 66.85, 67.26, and 66.93 L, respectively. As shown in Figure 4, the differences in the gas production curves were obvious. The durations of the HS stages for runs 1, 2, and 3 were 106, 130, and 175 min, respectively. Therefore, the average gas production rates (v) for runs 1–3 had the relationship of vrun 1 > vrun 2 > vrun 3. This result indicates that the gas production rate during the HS stage in the sediment with the larger particle size was higher. This was because the larger particle size led to the higher permeability. When the hot water flowed from injection well to the production well, the higher permeability might lead to the larger sweep area of the fluid flow, which was beneficial for the supply of heat for hydrate dissociation. According to Figure 4, the water started to be produced about 10 min after hot water injection. The water production rates for runs 1–3 were similar, and they were close to the injection rate (20 mL/min). The sudden stop of water production in runs 2–3 may have been due to the sand production.



During hydrate dissociation, sand production phenomena were found in runs 2 and 3, but this did not happen in run 1. Figure 5 shows the sand accumulation in the desander after hydrate decomposition. The masses of the sand production for runs 1–3 were 0, 340.23, and 216.4 g, respectively. Because the sediment became loose after hydrate dissociation, small particle migration due to the hydrodynamics of the water injection could happen during the experiments. However, the sand production in the sediment with the larger particle size was more difficult, because the larger particles were harder to move due to the hydrodynamics, and the larger particles were harder to move across the holes on the production well with a diameter of 1 mm.




3.2. Temperature Characteristics


Figure 6 shows the temperature changes in the measurement points 1A, 9C, and 8B for runs 1–3. The temperature of the water injection was 80 °C and the water injection rate was 20 mL/min. According to Figure 2, point 1A is located on the production well, and point 9C is located close to the injection well. Point 8B is close to the boundary. Therefore, these temperature measurement points were selected as typical measurement points to investigate the heat transfer characteristics of the sediment. It can be seen from Figure 6 that the temperatures at 9C all rose to the maximum after the start of the heat injection, and then the temperatures became stable. The maximum temperatures of runs 1, 2, and 3 were 47, 36.81, and 34.36 °C, respectively. The experimental result indicates that the larger particle sizes of the sediment led to the higher maximum temperatures at the wellhead. This may have been because the higher permeability led to the better fluidity of the injected water, causing less heat loss in the sediment. The temperatures at 1A for runs 1 to 3 were almost the same, and the temperature came to around 11.5 °C at the end of the decomposition process. The result indicates that the hydrate in the sediment gradually decomposed from the injection well to the production well. During this process, the injected heat was consumed by the hydrate dissociation. When the temperature at the production well increased, the hydrate in the sediment could be considered completely dissociated. However, the temperatures at 8B declined from runs 1–3. This was because the influence area of the hot water in the sediment with a higher permeability was larger, causing the higher heat transfer rate to the surroundings. Therefore, the temperatures at 8B of run 1 were the highest.




3.3. Hydrate Decomposition Characteristics


The molar quantity of the remaining hydrates during hydrate dissociation could be calculated with the following equation:


   n h  =    V  p o r e   −  V W  −  n  m o   ×  v m       M H     ρ H    −    M W  ×  N W     ρ W    −  v m    ,  



(5)




where VW is the volume of the injected deionized water, vm is the specific volume of the methane gas, and nm0 is the initial injection volume of the methane in the kettle. Vpore is the porosity volume of the sedimentary layer and NH is the hydrates number of the hydrates. MW and MH are the molar mass of the water and the molar mass of the hydrate, respectively, and ρW and ρH are the densities of water and hydrate, respectively.



The hydrate decomposition ratio could be calculated with the following equation:


  φ =    n h     n  h 0     ,  



(6)




where nh is the molar quantity of the remaining hydrate in the sediments during hydrate decomposition and nh0 is the initial molar quantity of methane hydrate before hydrate decomposition.



The molar quantity of the remaining hydrate and the hydrate decomposition ratio during hydrate dissociation are shown in Figure 7. During the PD stages corresponding to the duration from 0 min to 15–20 min, the molar quantity of methane hydrate in the sediment did not change, because the hydrate stability pressure (5.6 MPa) was lower than 6.0 MPa, and the hydrates could not be decomposed during this stage. During the HS stage, the hydrate decomposed gradually. It can be seen from the figure that the curves of the remaining hydrate for runs 1 to 3 were separated gradually. Due to the decrease of the sediment permeabilities from runs 1 to 3, the area influenced by the hot water decreased from runs 1 to 3. Therefore, the higher permeability led to the higher heat transfer rate and the higher hydrate dissociation rate.




3.4. Energy Efficiency


Energy efficiency can be applied to evaluate the energy utilization during hydrate exploitation. In this work, the energy efficiency was defined as the ratio of the calorific value of the methane gas production to the total heat input to the reactor. The equation is shown as follows:


  η =    Q t  ·  M  g a s      C w  ·  M w  · (  T 0  − T )   ,  



(7)




where Qt is the final gas production of the methane gas, Mgas is the calorific value of the methane gas at 8 °C, which is 37.6 MJ/m3, Cw represents the specific heat capacity of water, with a value of 4.2 × 103 J/(kg·K), and T0 is the initial temperature of the injected hot water, where T stands for the temperature of the produced water.



Figure 8 shows the curves of the energy efficiency for runs 1–3. In this figure, the energy efficiencies for runs 1–3 reached the highest value in a short time after the injection of hot water, and the highest energy efficiencies for runs 1–3 were 4.13, 3.66, and 2.30, respectively. Afterwards, the energy efficiency gradually decreased, mainly because the remaining quantity of hydrate decreased gradually, and the heat loss increased in the later period. However, it can be also seen from the figure that the energy efficiencies of runs 1–3 maintained a significant difference during the entire process. The energy efficiency decreased successively from run 1 to run 3. This may have been because the heat transfer rates for runs 1–3 were successively weakened, which also resulted from the different permeability of the sediments.




3.5. Sediment Deformation


The gas production from a hydrate reservoir may cause the structure deformation of the sedimentary layer. In this work, the equipment was very convenient to open after the decomposition process. Thus, the deformation of the porous medium could be directly observed after the experiments. Figure 9, Figure 10 and Figure 11 show the sediment morphologies for runs 1–3 before and after hydrate decomposition.



It can be seen from Figure 9, Figure 10 and Figure 11 that the sediment deformations of run 1–3 were similar, which shows the expansion and loosening of sedimentary layers. However, the deformation degree of the sediment increased from run 1–3. During hydrate decomposition, the gas and water flows in the sedimentary layer gradually strengthened, and the sand sediment expanded under the drive force from the water injection and the hydrate dissociation. Additionally, the smaller permeability led to the larger pressure difference, causing the larger sediment deformation.



When gas hydrate is exploited in a real marine or permafrost region, the scale of the sediments is very large. The confining pressure of the sedimentary layer is also very stable. A huge pressure difference may lead to the large deformation of the expansion and fracturing. In a deep-sea sedimentary layer, a complex porous medium structure is a common situation. The distribution of a sedimentary layer is also irregular. This is likely to exacerbate the sediment during the exploitation process. Therefore, the sediment deformation during hydrate dissociation using heat stimulation should not be ignored.





4. Conclusions


In this work, quartz sand with different particle sizes was used as a porous medium to mimic a deep-sea sedimentary layer. Then, methane hydrate was synthesized and decomposed with a heat injection method. The conclusions of this study are summarized as follows:




	(1)

	
The rate of hydrate decomposition was in proportion to the particle size of the sediment. This was because the larger particle size led to the higher permeability. When the hot water flowed from injection well to the production well, the higher permeability might lead to the larger sweep area of the fluid flow, which was beneficial for the supply of heat for hydrate dissociation.




	(2)

	
The heat transfer rate and the energy efficiency decreased with the decrease of the particle size of the sediment.




	(3)

	
Sand production was found during hydrate dissociation by heat stimulation. Because the sediment became loose after hydrate dissociation, small particle migration due to the hydrodynamics of the water injection could happen during the experiments. However, the sand production in the sediment with the larger particle size was more difficult, because the larger particles were harder to move due to the hydrodynamics, and the larger particles were harder to move across the holes on the production well with a diameter of 1 mm.




	(4)

	
The sand sediment expanded under the drive force from the water injection and the hydrate dissociation. In addition, the smaller permeability led to a larger pressure difference, leading to a larger sediment deformation. Therefore, the sediment deformation during hydrate dissociation by heat stimulation should not be ignored.
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Figure 1. Experimental apparatus. 
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Figure 2. Temperature measuring points and wellhead distribution. 
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Figure 3. Experimental sediment. 
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Figure 4. Changes in the volumes of gas production and water injection/production during hydrate dissociation in sediments with different practical sizes. 
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Figure 5. Sand produced in the desander. 
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Figure 6. Changes in the temperatures at 9C, 8B, and 1A during hydrate dissociation in sediments with different practical sizes. 
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Figure 7. Changes of the remaining hydrate in the sediment and the hydrate decomposition ratio for runs 1–3. 
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Figure 8. Changes of the energy efficiencies for runs 1–3. 
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Figure 9. Sediment morphology before and after hydrate dissociation for run 1. 






Figure 9. Sediment morphology before and after hydrate dissociation for run 1.



[image: Energies 12 04227 g009]







[image: Energies 12 04227 g010 550] 





Figure 10. Sediment morphology before and after hydrate dissociation for run 2. 
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Figure 11. Sediment morphology before and after hydrate dissociation for run 3. 
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Table 1. Conditions of the experiments.
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	Experiments
	Run 1
	Run 2
	Run 3





	Sediment
	silica sand
	silica sand
	silica sand



	Particle size (μm)
	240–350
	125–180
	37–45



	Water bath temperature (K)
	281.15
	281.15
	281.15



	Initial pressure (MPa)
	13.67
	13.57
	13.61



	Initial water volume for hydrate formation (mL)
	130
	130
	130



	Production pressure
	6.0 (±0.05)
	6.0 (±0.05)
	6.0 (±0.05)



	Sediment mass (g)
	1000
	1000
	1000



	Hydrate saturation
	36.94%
	36.92%
	36.97%



	Porosity
	52.18%
	52.12%
	52.23%



	Temperature of water injection (K)
	353.15
	353.15
	353.15



	Water injection rate (mL/min)
	20
	20
	20
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