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In the current numerical simulation studies, bottom water in Class II hydrate-bearing layers is represented by grids with high water saturation that significantly extends the calculation time if the volume of the bottom water is large or grid size is small. Moreover, the influence of the bottom water volume on the depressurization performance of Class II hydrate-bearing layers has not been fully investigated. In this study, the Fetkovich analytic aquifer model was coupled with a simulation model of a hydrate reservoir to accelerate the simulation of Class II hydrate-bearing layers. Then the simulation results and calculation time were compared between the coupled model and the model in which the bottom water layer is only represented by grids. Finally, the influence of the bottom water volume on the productivity of gas and water in the depressurization method was investigated and the variation of pressure, temperature, and hydrate saturation during the production process was analyzed. The results show that the coupled model can significantly reduce the simulation time of Class II hydrate-bearing layer while ensuring calculation accuracy. When the pore volume of the aquifer increases to 20 times that of the bottom water layer, the computation time of a single model in which the bottom water layer is represented by grids is 18.7 times that of the coupled model. Bottom water invasion slows down the depressurization, and therefore, the larger the aquifer, the lower the peak value of gas production, and the later it appears. However, the invading bottom water can provide heat for hydrate dissociation; therefore, the gas production rate of the hydrate-bearing layer with bottom water is higher than that of the hydrate-bearing layer without bottom water in the late development stage. Generally, the presence of bottom water reduces the cumulative gas production and increases the cumulative water production; therefore, the larger the aquifer, the more unfavorable the depressurization development of the hydrate-bearing layer.
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INTRODUCTION
Natural gas hydrates (NGHs) are ice-like substances formed by gas and water that remain stable under low-temperature and high-pressure conditions (Chong et al., 2016; Aydin et al., 2016; Yang et al., 2019). They are mainly deposited in deep-water sediments and permafrost and have huge global reserves. NGHs have been regarded as one of the most important future alternative energy sources and pilot production tests have been conducted in several countries including the US, Canada, China, and Japan (Collett et al., 2011; Song et al., 2014; Li et al., 2018; Ye et al., 2020). The main method for developing hydrate-bearing layers (HBL) is to break the phase equilibrium condition of NGHs, which leads to the dissociation of NGHs into gas and water (Boswell et al., 2019; Ruan et al., 2021). According to these mechanisms, the main development methods can be divided into depressurization, thermal stimulation, inhibitor injection, and CO2 replacement, among which the depressurization method is currently the most economical method (Wei et al., 2018).
Moridis et al. investigated HBLs and divided them into three classes (Moridis et al., 2011a). Class I HBLs comprise an overlying hydrate layer and an underlying free gas layer. Class II HBLs contain a hydrate layer and a bottom water layer, whereas Class III HBLs only have a single hydrate layer (Moridis and Reagan, 2011). For Class II HBLs, the bottom water significantly affects the gas production because the invasion of bottom water from the underlying layer to the hydrate layer supplements the pressure drawdown caused by gas production, and therefore, the depressurization speed decreases (Liu et al., 2018a; Esmaeilzadeh et al., 2020; Pang et al., 2021). Over the past few years, many researchers have investigated the performance of Class II HBLs using the experimental and simulation methods. Based on the geological parameters of HBLs in Malik, Canada, Moridis et al. (2011a; 2011b) carried out numerical simulation studies and compared the performance of the depressurization method under different perforation schemes. The results show that the method involves a gas production interval within the water layer, and heating of the outer surface of the wellbore gives the best performance. Reagan et al. (2008) studied the influence of permeability, porosity, and heterogeneity on the development of class II HBLs using the Tough + Hydrate simulator. The results show that the gas production is dependent strongly on the formation porosity and less on the anisotropy: The smaller the well spacing, the greater the gas production over short-time periods. Liu et al. (2018b) coupled the particle swarm optimization algorithm and HydrateResSim (open-source edition of Tough + Hydrate) and key parameters such as the conversion time of depressurization to hot water injection, injected water temperature, and injection–production ratio were optimized. Uddin et al. (2014) investigated the performance of a Class II HBL in the Mallik area using a numerical simulation method and found that owing to the low pressure and temperature, the production from the middle hydrate layer yields better performance than that from the upper layer. Li et al. (2021) analyzed the performance of Class II HBLs using the CMG-STARS module. The simulation results show that if the bottom water layer is perforated, water production significantly increases, and the bottom water layer should not be perforated if permeability is greater than 1,000 mD. Bhade and Phirani (2015) investigated the influence of heterogeneity on the depressurization performance of Class II HBLs. The results show that the characterization of the aquifer is important for the depressurization performance of Class II HBLs. Along with an increase in the permeability of the aquifer, gas production decreases, and water production increases.
From the above discussion, it is clear that the mechanisms and depressurization performance of Class II HBLs have been comprehensively investigated. However, in these simulations, the aquifer is represented by grids that are saturated with water and the calculation time is significantly extended if the bottom water layer is thick or if the grid size is small. Moreover, the influence of aquifer volume on the depressurization performance has not been fully studied. Given this, the Fetkovich analytic aquifer model, which has been widely used in commercial software of the petroleum industry, is coupled with an HBL simulator. Then, the simulation results are validated, and the calculation time is compared between the coupled model and the model in which the bottom water layer is only represented by grids. Finally, a model was built based on the geological parameters of an HBL in the Shenhu area of the South China Sea, and the influence of bottom water volume on the depressurization performance of Class II HBLs was analyzed.
COUPLING OF AQUIFER MODEL AND HYDRATE-BEARING LAYERS MODEL
Fetkovich Analytic Aquifer Model
The Fetkovich analytic aquifer model is based on the principle of material balance; that is, the volume of water at the initial time under the current pressure should be equal to the sum of the pore volume under the current pressure and the volume of water invading the adjacent reservoir (Fetkovich, 1971). When the source and sink are not considered in the aquifer, they can be expressed as
[image: image]
Equation 1 can be transformed to:
[image: image]
The rate of invasion water can be expressed as follows:
[image: image]
By combining Eq.2 and Eq.3, the following equation is obtained:
[image: image]
According to the above equations, the total water invasion rate in the time interval [image: image] can be obtained as follows:
[image: image]
Hydrate-Bearing Layers Numerical Simulation Model
At present, the commonly used numerical simulation tools for HBL development include the STOMP-HYD simulator of the Pacific Northwest National Laboratory in the United States, the MH21-HYDRES simulator of Japan, and the TOUGH + HYDRATE and HydrateResSim simulators of the Berkeley National Laboratory in the United States. (Li et al., 2016; Luo et al., 2020). Among these simulators, the phase equilibrium and kinetic models are the most widely used models (Moridis, 2003; Wan et al., 2020). The equilibrium model considers the hydrate formation and dissociation to occur at chemical equilibrium, and the system is always assumed to be equilibrium. For laboratory scale models, the timestep is quite small (seconds or minutes) and the assumption of equilibrium is hard to be satisfied. Therefore, the kinetic model should be selected under such circumstances. However, the timestep of field scale model is days or even months. The assumption of equilibrium is easily satisfied, and therefore, the equilibrium and kinetic model obtain quite similar results (Kowalsky and Moridis, 2007). The calculation process of the kinetic model is more complex, so the convergence is relatively poor, and the calculation time is longer. Therefore, a phase equilibrium model was used in this study considering that the field scale model is used. The components used only include methane and water, and the mass conservation equation for each component can be expressed as follows:
[image: image]
The energy conservation equation is as follows:
[image: image]
Hydrate formation and dissociation is based on the phase equilibrium condition. The phase equilibrium curve used in this study is the regression form proposed by Moridis et al. (2011b) as follows:
[image: image]
Coupling of the Fetkovich and Hydrate-Bearing Layers Models
Figure 1 shows a diagram of the coupling process of the Fetkovich aquifer model and the HBL model. As shown in this figure, the widely used two-way coupling method was used to couple the two models. First, the HBL and aquifer models were initialized, and the temperature of the aquifer was set to be the same as the initial temperature of the adjacent HBL grid. When the simulation began, the pressure, temperature, and hydrate saturation of the HBL were obtained according to the numerical simulation model of the HBL. When the pressure of the grids adjacent to the aquifer is lower than the initial pressure of the aquifer, the total water invasion rate from the aquifer to the HBL in the next time step is calculated using Eq. 5, and the aquifer pressure is updated according to Eq. 2. According to the principles of the numerical simulation, the mass flow rate of water from the aquifer to the grids adjacent to the aquifer can be calculated according to the following equation:
[image: image]
[image: image] is given by (Moridis, 2003):
[image: image]
The heat of the invading water was obtained according to the water temperature and the calculated invasion rate. Then, the mass flow rate and heat of the invasion water are considered the source and sink terms of mass and energy, respectively, in Eq. 6 and Eq. 7 to calculate the pressure, temperature, and fluid saturation of the HBL in the next step. The above steps are repeated until the predetermined simulation time TS is reached.
[image: Figure 1]FIGURE 1 | Coupling process of the Fetkovich and HBL models.
Validation and Computational Efficiency Analysis of the Coupled Model
No similar coupling model has been reported in the literature; therefore, no simulation results can be directly used to validate the coupled model proposed in this article. However, in the two-way coupling process, only related data are transferred, and the procedure used to compute outputs from the two models is not changed (Tran et al., 2005). Therefore, if the water invasion rate is computed correctly, the results can be considered reliable. Many commercial software packages of the petroleum industry have incorporated the Fetkovich model. In this study, the commercial software CMG-STARS module was used to validate the calculation results of the coupled model. To make the simulation results comparable, a single water phase that can be simulated by both the STARS module and the coupled model is used. The coupled model built is shown in Figure 2A and its basic parameters are listed in Table 1. As shown in Figure 2A, the model uses radial coordinates and is divided into 28 vertical grids, of which the top three grids represent the overburden with a total thickness of 10 m, and the remaining 25 grids represent a water layer with a total thickness of 25 m. According to the basic parameters in Table 1, the pore volume of the water layer is 9.42 × 105 m3. The analytical aquifer is connected to the bottom of the water layer, and the outer boundaries are all no-flux boundaries except the bottom (water in the aquifer will flow from the aquifer to the water layer through the bottom). The initial pressures of the water layer and the analytical aquifer were both 13 MPa. A vertical well is located in the center and produces water at a fixed pressure of 4 MPa, which means that the inner boundary (wellbore boundary) is the Dirichlet boundary.
[image: Figure 2]FIGURE 2 | The coupled model built and results used for validation. (A) Coupled model built. (B) Water production rate.
TABLE 1 | Basic parameters of the coupled model.
[image: Table 1]Three cases were compared in which the pore volumes of the aquifer were 4, 20, and 100 times that of the bottom water layer. Figure 2B shows a comparison of the water production rates obtained by the STARS module and the coupled model. It can be seen that the initial water production rate is almost the same for the three cases, which indicates that the elastic energy of the water layer is sufficient at the beginning. However, with an increase in time, the difference in water production rates among the different cases gradually increases. An aquifer with a larger pore volume can provide more water flow from the aquifer to the adjacent layer, and therefore, the larger the pore volume of the aquifer, the slower the deceleration of the water production rate. From the comparison, it can be seen that the water production rates of the coupled model established in this study are consistent with those calculated by the STARS module, and the coupled model is reliable.
The advantage of the coupled model is that it uses an analytical aquifer model to characterize the bottom water layer, while the single HBL model can only increase the pore volume of the bottom water layer by increasing the number of grids. Therefore, the calculation time of the single model increased significantly when the aquifer was large. Figure 3 shows a comparison of the calculation results and calculation time of the coupling model and the single model. Because the case in which the pore volume of the aquifer is 100 times that of the bottom water layer requires too many grids for the single model and the simulation time is too long, only the other two cases are compared. As shown in Figure 3A, the water production rates simulated by the coupled and single models are almost the same, which indicates that the analytical aquifer model can accurately simulate the water invasion, and the calculation results of the coupled model are reliable. As shown in Figure 3B, when the pore volume of the aquifer is four times that of the bottom water layer, the calculation time of the coupled model is approximately 2 min (CPU: Intel Core i7 7,700; Memory: 8 GB), while the calculation time of the single model is approximately 7 min. When the pore volume of the aquifer increases to 20 times that of the bottom water layer, the calculation time of the coupled model is approximately 3 min, which is not a significant increase. However, the calculation time of the single model was increased to 56 min owing to the increase in the grid number. The computation time of the single model is 18.7 times that of the coupled model. The above results show that the coupled model can ensure calculation accuracy and significantly reduce the calculation time.
[image: Figure 3]FIGURE 3 | Simulation results and calculation time comparison of the coupled model and single model. (A) Water production rate. (B) Calculation time.
CASE STUDY
Numerical Simulation Model
The numerical simulation model was demonstrated using the basic parameters of the HBL at station SH7 in the Shenhu area of the South China Sea, and the initial temperature and pressure of the model were 14.15°C and 13 MPa, respectively (Liu et al., 2012; Li et al., 2011). According to Eq. 8, the equilibrium pressure corresponding to 14.15°C is 11.53 MPa, and therefore, the hydrate is stable under the initial conditions. The model can be divided into overburden, hydrate, and bottom water layers as shown in Figure 4. The thickness of the overburden layer is 10 m and that of the hydrate layer is 20 m. It is recommended that aquifers be modeled at least partially using water-filled grid blocks because if flow reversal occurs, the model with no water-filled grid blocks will encounter convergence problems [CMG (Computer Modelling Group), 2020]. The aquifer used in this study is composed of two parts. One part is the bottom water layer with 10 m thickness and the other part is an analytical aquifer represented by the Fetkovich model. A vertical well was located at the center of the formation. Similar to the model built in Validation and Computational Efficiency Analysis of the Coupled Model Section, the outer boundaries are all no-flux boundaries except the bottom, and the inner boundary is the Dirichlet boundary. The vertical well maintained a constant bottomhole pressure of 4 MPa during the entire depressurization process, and the perforated section of the vertical well ran through the entire hydrate layer. In the model, the hydrate phase cannot flow, and its relative permeability is 0. The modified STONE model is used for the gas-water relative permeability, which is expressed as follows (Moridis, 2003; Liu et al., 2020):
[image: image]
The widely used van Genuchten function is used for the capillary pressure, and it can be expressed as follows (Hou et al., 2016):
[image: image]
The specific parameters of the model are listed in Table 2. Three cases were simulated with the analytical aquifer model, and the total pore volumes of the aquifer (the sum of the pore volumes of the water layer and the aquifer model) were 4 (case 2), 20 (case 3), and 100 (case 4) times that of the hydrate layer. A class III HBL model (case 1) which only has overburden, underburden, and hydrate layers was also simulated for comparison. This case does not have a water layer or an analytic aquifer model; therefore, the pore volumes of the water layer and aquifer model are 0. The simulation time for all the four cases was 10 years.
[image: Figure 4]FIGURE 4 | Layers of the model.
TABLE 2 | Main parameters of the model.
[image: Table 2]Influence of Aquifer on Gas and Water Production
The gas production rate and cumulative gas production for each case are shown in Figure 5. It can be seen that the pore volume of the aquifer has a significant impact on the depressurization performance. The peak daily gas production rates for cases 1 to 4 are 4.24 × 104, 3.33 × 104, 2.61 × 104, and 1.20 × 104 m3/d, respectively, and the peak gas production times are 250, 310, 550, and 1,270 days, respectively, indicating that the higher the pore volume of the aquifer, the lower the gas production peak, and the later the gas production peak appears. This is mainly because when the aquifer is large, the amount of water that can flow into the HBL from the aquifer is also large, and the depressurization rate of the HBL is accordingly low. The hydrate dissociation rate is positively correlated with the amplitude of depressurization; therefore, the larger the aquifer, the lower the dissociation and gas production rates. In the later stage of depressurization development, the gas production rate shows the opposite trend; that is, the larger the aquifer, the higher the gas production rate. This is mainly because hydrate dissociation is an endothermic reaction. When there is no aquifer, hydrate dissociation in the early stage of depressurization causes the reservoir temperature to rapidly decrease and move closer to the phase equilibrium temperature of the hydrate; thus, the dissociation rate decreases significantly, and the gas production decreases accordingly. When the bottom water layer exists, the heat energy contained in the invasion water can promote hydrate dissociation, and therefore, the gas production for case 4 with the largest aquifer is also the highest in the later stages of depressurization. However, it can be seen from Figure 5B that case 1 without an aquifer can achieve the highest cumulative gas production in 10 years of depressurization development, followed by cases 2, 3, and 4 in order, where the largest aquifer achieves the lowest cumulative gas production.
[image: Figure 5]FIGURE 5 | Influence of aquifer on gas production. (A) Gas production rate. (B) Cumulative gas production.
A comparison of the water production rate and cumulative water production for each case is shown in Figure 6. It can be seen that in the early stage of depressurization, the water production rates for all the four cases were high. However, when there is no bottom water (case 1), the water production rate decreases rapidly with a decrease in the dissociation rate of the hydrate, while in the cases with bottom water, the decrease in the water production rate is slower. In the late stage of depressurization, the water production rates for cases 2 and 3 are close to those for case 1 owing to the limited pore volume of the aquifer. However, because of the large pore volume of the aquifer and sufficient water supply, the water production rate for case 4 is still significantly higher than those for the other cases after 10 years of depressurization development.
[image: Figure 6]FIGURE 6 | Influence of aquifer on water production. (A) Water production rate. (B) Cumulative water production.
Influence of the Aquifer on the Pressure of the Hydrate-Bearing Layers
Figure 7 shows changes in the average pressure, and Figure 8 shows the pressure distribution of each case after 10 years of depressurization. It can be observed that the average pressure in all cases decreases with time. However, the larger the aquifer volume, the slower the pressure drop. After years of depressurization, the pressure of the entire HBL dropped to approximately 4MPa when there was no bottom water, as shown in Figure 8A. The pressure distributions for case 2 (Figure 8B) and case 3 (Figure 8C) are similar to those for case 1 owing to the smaller pore volume of the aquifer. However, when the pore volume of the aquifer was large (Figure 8D), only the reservoir pressure near the well was close to the bottom hole pressure, while the reservoir pressure far away from the well was still high, which indicates that the HBL can achieve effective depressurization when the aquifer is small, but it is difficult to achieve rapid depressurization when the bottom water is sufficient.
[image: Figure 7]FIGURE 7 | Changes of average pressure.
[image: Figure 8]FIGURE 8 | Pressure distribution of each case. (A) Case 1. (B) Case 2. (C) Case 3. (D) Case 4.
Influence of the Aquifer on the Temperature of the Hydrate-Bearing Layers
Figure 9 shows the changes in average temperature, and Figure 10 shows the temperature distribution for each case after 10 years of depressurization. It can be seen that the temperatures for all the cases decreased owing to the dissociation of the hydrate. The temperature of the whole HBL dropped to approximately 4.2°C, which corresponds to the phase equilibrium temperature of the bottom hole pressure of 4 MPa at the end of depressurization development because there is no external energy supplement for case 1 (Figure 10A). For cases 2 and 3 (Figures 10B,C), the temperature of the area far away from the vertical well also dropped to near the phase equilibrium temperature, but there was an evident cone-shaped high-temperature area at the bottom of the well. This is mainly because bottom water coning on the vertical well can supplement the heat energy consumed by hydrate dissociation near the bottom of the well. For case 4, the temperature of the HBL was significantly higher than the phase equilibrium temperature. This is mainly because it is difficult for the HBL to achieve rapid depressurization when the aquifer is large (Figure 10D); thus, the hydrate dissociation rate is lowered, and the thermal energy of the HBL is not fully utilized. Similar to cases 2 and 3, the temperature of the bottom water coning area in Figure 10D is also significantly higher than that of the non-coning area because of the energy supplement of the bottom water.
[image: Figure 9]FIGURE 9 | Changes of average temperature.
[image: Figure 10]FIGURE 10 | Temperature distribution of each case. (A) Case 1. (B) Case 2. (C) Case 3. (D) Case 4.
Influence of the Aquifer on the Hydrate Saturation of the Hydrate Bearing Layers
Figure 11 shows the changes in average hydrate saturation of the hydrate layer and Figure 12 shows the hydrate saturation distribution for each case after 10 years of depressurization. When depressurization begins, the hydrate near the well quickly dissociates because the near-well zone has the lowest pressure and the average hydrate saturation decreases. At the end of the depressurization development, the hydrate in the near-well zone was completely dissociated in all cases. However, the shapes of the hydrate dissociation region of the four cases were different. For case 1, the distribution of the hydrate saturation is approximately symmetrical in the vertical direction, while for other cases with bottom water, there is a cone-shaped dissociation zone near the bottom water; in addition, the larger the pore volume of the aquifer, the larger the area of the cone-shaped dissociation zone. This is mainly because the heat carried by the bottom water can effectively promote hydrate dissociation in the water invasion area. At the end of depressurization, there is still a large quantity of un-dissociated hydrate in each case, and the larger the aquifer, the greater the saturation of the remaining hydrate.
[image: Figure 11]FIGURE 11 | Changes of average hydrate saturation of the hydrate layer.
[image: Figure 12]FIGURE 12 | Hydrate saturation distribution of each case. (A) Case 1. (B) Case 2. (C) Case 3. (D) Case 4.
From the above analysis, it can be seen that bottom water can have a significant impact on the performance of the HBL. The larger the aquifer, the slower the depressurization rate, and the lower the corresponding gas production. Therefore, the invasion of bottom water is not conducive to the depressurization development of Class II HBLs.
DISCUSSION
Although the coupled model built in this study shows good performance and the calculated water invasion rates are consistent with those obtained by the commercial software CMG, the reliability of the simulation results should be validated by physical experiments. However, at present, it is quite difficult to construct a physical model in which the upper layer is a hydrate layer and the lower layer is a water layer. Moreover, if the aquifer volume is large, the large size of the model will cause considerable difficulties in the implementation of the experiment. Therefore, new experimental setups and procedures should be investigated in the future.
Furthermore, field tests and studies have shown that many HBLs are poorly cemented, and therefore, sediment deformation should be evaluated, and the influence of sediment deformation on depressurization should be considered for this type of HBLs (Wan et al., 2018). This study emphasizes the coupling of the HBL and aquifer models to reduce the simulation time of Class II HBLs, and sediment deformation is neglected. An integrated model that includes the HBL, geomechanical, and analytical aquifer models should be developed in the future to investigate the performance of Class II HBLs.
CONCLUSION
A coupled numerical simulation model of the analytical aquifer model and the HBL model was proposed and validated. Using the model, the influence of bottom water on the gas depressurization performance was analyzed. The main conclusions are as follows:
1) By coupling the HBL and analytic aquifer numerical simulation models, the simulation time of a Class II hydrate reservoir with a large aquifer volume can be significantly reduced while ensuring calculation accuracy. For the bottom water layer investigated in this study, for which the pore volume of the aquifer is 20 times that of the bottom water layer, the computation time of the single model is 18.7 times that of the coupled model.
2) The larger the aquifer, the lower the peak value of gas production, and the later the peak value appears. When the pore volume of the aquifer is large, the water production remains high in the later stages of depressurization. The invasion of bottom water slows down the depressurization of the HBL, and the hydrate dissociation and gas production rates decrease. Furthermore, the larger the aquifer, the higher the pressure, temperature, and residual hydrate saturation at the end of depressurization.
3) Owing to high levels of hydrate dissociation, the temperature of the HBL decreases rapidly to the equilibrium temperature when there is no bottom water layer. When a bottom water layer is present, the invasion of the bottom water provides heat to the water invasion area, creating a cone-shaped hydrate dissociation area near the well.
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Bg gas volume factor
Bw water volume factor
Bwi water volume factor at the initial pressure of the bottom water layer
cf rock compressibility (Pa-1)
Cr rock-specific heat capacity (J/kg/K)
[image: image] phase β mass flow rate (kg/m2/s)
Jw water productivity index (m3/Pa/s)
H grid thickness (m)
Hβ phase β enthalpy (J/kg)
Hd formation or dissociation enthalpy of HBL (J/m3)
k absolute permeability (m2)
Kr rock thermal conductivity (W/m2/C)
krg gas relative permeability
krw water relative permeability
Kβ phase β thermal conductivity (W/m2/C)
nG gas relative permeability index
nw water relative permeability index
[image: image] current average pressure of the bottom water layer (Pa)
[image: image] aquifer average pressure at timestep n (Pa)
[image: image] average pressure of aquifer at timestep n−1 (Pa)
Pcap capillary pressure (Pa)
Pco parameter in capillary pressure model (Pa)
Pe corresponding equilibrium pressure of temperature T (MPa)
[image: image] average pressure at the contact area of the aquifer and HBL (Pa)
pi initial pressure of the bottom water layer (Pa)
pwf aquifer internal boundary pressure (Pa)
[image: image] component κ source and sink term of (kg/m3/s)
qh heat source and sink terms (J/m3/s)
qw water invasion rate (m3/s)
qwj water mass flow rate from the aquifer to the adjacent grid j (kg/m3/s)
(qwi)max initial time maximum water invasion rate (m3/s)
re radius of outer boundary (m)
rw radius of wellbore (m)
S skin factor
SG gas saturation
SirG irreducible gas saturation
SirW irreducible water saturation
SW water saturation
Sβ phase β saturation
t time (s)
T temperature (K)
VB grid volume (m3)
W initial volume of bottom water in surface conditions (m3)
We volume of invasion water in reservoir condition (m3)
Wei total volume of invasion water when aquifer pressure decreases to zero (m3)
[image: image] mass fraction of component κ in phase β
Greek symbols: ϕ porosity
κ component of the HBL model
ρr rock density (kg/m3)
ρβ phase β density (kg/m3)
ρw water density (kg/m3)
ε blackness
σ Stefan-Boltzmann constant (W/m2/K4)
[image: image] capillary pressure index
[image: image] water phase relative mobility (1/Pa/s)
[image: image] gas phase relative mobility (1/Pa/s)
Conflict of Interest: JY, LZ, and WS were employed by the company CNPC Engineering Technology R&D Company Limited, and YC was employed by the company China Petroleum Technology Development Company Limited.The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Yu, Zhuo, Chen, Sun and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_6.gif
s ) oo (

(2






OPS/images/math_5.gif





OPS/images/math_8.gif
=RMIESAAS00 L7 + S80S 897G A0 T
5500264493806 x 10T + 2475911787059 10T
0165297879 ¢ 10T+ RRGISS3IGGS7S71 10°T°
AT « 10 477N 10T
7279127030502 < 10T + ESAIISBSSON724 10° T
036965682483« 1077 + LOVS2IBOATS307 10T

™

ra7aK Ik,

remaK b,






OPS/images/math_7.gif
v { - [(1 -9kt Y ¢s,;;<,]vr. Y HFy ctaVT‘}

e

il
5[“7¢)pr7'+ zﬁ,p};H;+H‘]:qh @





OPS/images/math_2.gif
@





OPS/images/math_12.gif





OPS/images/math_4.gif
lprp-«i{hfl

@





OPS/images/math_3.gif
qw =1 (P~ Pur)







OPS/images/math_10.gif
WID =

2mkh

InE+S—

(10)






OPS/images/math_1.gif
(1)






OPS/images/math_11.gif





OPS/images/logo.jpg
’ frontiers
In Energy Research





OPS/images/inline_7.gif





OPS/images/inline_6.gif
Pan-1





OPS/images/inline_9.gif





OPS/images/inline_8.gif





OPS/images/inline_3.gif





OPS/images/inline_5.gif





OPS/images/inline_4.gif





OPS/images/inline_11.gif





OPS/images/inline_10.gif





OPS/images/inline_2.gif





OPS/images/inline_12.gif





OPS/images/fenrg-09-702456-t001.jpg
Parameter

Grid number (<)
Overburden thickness
Plane permeabity of water layer
Plane permeabilty of overburden
Porosity of water layer

Value

36 x 28
10m
0.1 um?

1 % 107 ym
03

2

Parameter

Radius of reservoir
Thickness of water layer

Vertical permeabiity of water layer
Vertical permeabilty of overburden
Porosity of overburden

Value

200m
25m

0.02 p?

1% 107 pm
001

2





OPS/xhtml/nav.xhtml
Contents

		Cover

		Production Performance Analysis of Class II Hydrate-Bearing Layers Based on an Analytic Aquifer Model		Introduction

		Coupling of Aquifer Model and Hydrate-Bearing Layers Model		Fetkovich Analytic Aquifer Model

		Hydrate-Bearing Layers Numerical Simulation Model

		Coupling of the Fetkovich and Hydrate-Bearing Layers Models

		Validation and Computational Efficiency Analysis of the Coupled Model





		Case Study		Numerical Simulation Model

		Influence of Aquifer on Gas and Water Production

		Influence of the Aquifer on the Pressure of the Hydrate-Bearing Layers

		Influence of the Aquifer on the Temperature of the Hydrate-Bearing Layers

		Influence of the Aquifer on the Hydrate Saturation of the Hydrate Bearing Layers





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		References

		Glossary









OPS/images/fenrg-09-702456-g012.gif





OPS/images/inline_1.gif





OPS/images/fenrg-09-702456-t002.jpg
Parameter

Grid number (r x 2)
Thickness of overburden
Thickness of water layer
Plane permeabilty

Initial pressure

Initial hydrate saturation

Sio

g

Thermal conductivity of rock
Hydrate density

Value

36 x 26
10m
10m

0.075 pm?

13 MPa
0.44
002

25
29W/m/C
920 ka/m®

Parameter

Radius of reservoir
Thickness of HBL

Porosity of HBL

Vertical permeabiity

Initial temperature

S

ey

Thermal conductivity of hydrate
Rock density

Rock compressibility

Value

200m
20m
0.41
0.015 pm?
14.15C
033
22
0.47 W/m/C
2,650 kg/m®
15 x 10 1/Pa





OPS/images/fenrg-09-702456-g011.gif
med





OPS/images/fenrg-09-702456-g010.gif
900 (Unit: °C)





OPS/images/crossmark.jpg
©

|





OPS/images/fenrg-09-702456-g005.gif





OPS/images/fenrg-09-702456-g006.gif





OPS/images/fenrg-09-702456-g003.gif





OPS/images/fenrg-09-702456-g004.gif
Ansytel aqie

[






OPS/images/fenrg-09-702456-g009.gif
med





OPS/images/fenrg-09-702456-g007.gif





OPS/images/fenrg-09-702456-g008.gif
A B

c o °

[ i
[ = T re—

) 45 S5 (Unit: MPa)





OPS/images/cover.jpg
* frontiers
in Energy Research

Production Performance Analysis
of Class Il Hydrate-Bearing
Layers Based on an Analytic
Aquifer Model





OPS/images/fenrg-09-702456-g001.gif
Simalaicn bogn

| —

it i o






OPS/images/fenrg-09-702456-g002.gif





OPS/images/math_9.gif
©





