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Carbonate gas reservoirs in the eastern Sichuan Basin are featured by low matrix permeability and well-developed fractures, caves, and faults, which result in complicated fluid flow and connectivity. The Wubaiti Carboniferous gas reservoir is an earlier developed block in Eastern Sichuan with a development history of 27 years. The geological features, e.g., block structure and fault development, have been extensively studied, but a few studies address the connection relationship and gas–water interface of the DT 2 well area in the north. To solve this problem, this paper proposes a reserve simulation method based on the conventional connectivity analysis, which calculates the reserves of different gas–water interfaces in the well area. Combined with production performance analysis, the well-controlled reserves and drainage area were also determined. The analysis verifies the connectivity between wells. Integrating with interference testing, fluid properties, and seismic and geological data, the connection relationship between well areas is further clarified. The results show that the northern water bodies of the DT 2 well area consist of two independent and disconnected water bodies. There is a blocking zone between the DT 2 and DT 3 and DT 4 wells, which causes the disconnection of water bodies but the connection of gas. The results also indicate that the eastern water body of the main area and the eastern water body of the DT 2 well area are part of a uniform water body with a uniform gas–water interface. The research method is significant for the connectivity research of similar gas reservoirs.
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INTRODUCTION
Connectivity evaluation is the key to designing a reasonable development policy for gas reservoirs and ensuring the efficient development of natural gas. Carbonate gas reservoirs in the Eastern Sichuan Basin have the characteristics of low matrix permeability, well-developed fractures and caves, and a high density of faults. The reservoirs are highly heterogeneous, and the fluid flow and connectivity relationships are very complicated. The Wubaiti Carboniferous gas reservoir has a long development history of 27 years in Eastern Sichuan. Geological features such as block structures and fault development have been studied extensively, but the connection relationship and the gas–water interface in the DT 2 well area, north of the development area, remain unknown. Understanding the gas reservoir connectivity and gas–water relationship has a significant meaning for finding water control measures and proposing technical countermeasures to extend the production life [1–4].
GEOLOGICAL SETTING AND DEVELOPMENT FEATURES
The Wubaiti block is located in Kaijiang County, Sichuan Province, and Kaizhou District, Chongqing City. It belongs to a local structure at the northern end of the Datianchi high-steep structural belt in eastern Sichuan, which is a short-axial anticline. The second member of the Huanglong Formation is the primary natural gas-bearing interval, and the first and third members of the Huanglong Formation are secondary. The accumulative thickness of the gas reservoir ranges between 25 and 35 m, and the total thickness of the reservoir is up to 25.12 m. The gas-bearing reservoirs are highly heterogeneous with an outstanding difference in permeability, and the high and low permeability intervals are staggered. Well-test interpretation results show that most wells have the flow characteristics of multilayer composite formations. The low permeability reservoir is commonly located at the edge of the gas field. Reservoir space includes four types of pores, caves, throats, and fractures, and the reservoir space is dominated by fracture pores. Additionally, the fractures are generally fault-related. The methane content of natural gas is over 95%, which is a dry gas reservoir. The gas reservoir is surrounded by edge water, and the type of formation water is CaCl2. The original formation pressure of the gas reservoir is 59.74 MPa with a pressure coefficient of 1.33. The depth of the middle part of the reservoir is -4,175 m above sea level with a formation temperature of 113.03°C. The gas reservoir type is a stratigraphic–structural composite trap gas reservoir with weak edge water. There are 53 gas wells and 23 water-producing gas wells within the study block, and the cumulative gas production is 201.6 × 108 m3. The gas production of each well varies dramatically with a high proportion of water-producing well (the absolute open flow rate of gas wells: 8–60 × 104 m3/day). Previous studies suggest that the reason and rule for water production are very complicated [5–8].
CONNECTIVITY AND GAS–WATER DISTRIBUTION IN THE DT 2 WELL AREA
There are currently six wells in the DT 2 well area in the northern part of the block, of which DT 3 and DT 4 are water-producing wells. The early production well (DT 2) has a higher gas production than the later production wells (DT 022-1, DT 002-2, and DT 002-3). The interference test results approved that with the exploitation of DT 2 well, the measured formation pressure of DT 3 and 4 wells keeps decreasing. The DT 3 well decreased from the original 64.93–58.03 MPa, and the DT 4 well dropped from 60.19 to 46.32 MPa. DT 002-1, 002-2, and 002-3 wells are located between Fault 1 and Da13 Fault (Figure 1). These three wells penetrate the same trap and intervals with the DT 2 well, and the formation pressure of these three wells maintains decreased since the start of production. It indicates that DT 2 well is connected with DT 3 and 4 and DT 002-1 and 002-2 wells.
[image: Figure 1]FIGURE 1 | Structure map of the lower Permian bottom of Wubaiti structure belt. Yellow block shows extent of study gas reservoir.
The initial formation pressure of DT 2 well converted to an altitude of -4,175 m in the middle of the main gas reservoir is 59.48 MPa, which is consistent with the converted formation pressure (59.53 MPa) of the main gas reservoir. To verify the connectivity between the DT 2 well area and the main area, interference tests were carried out in the study block. In January 1992, the formation pressure of the DT 2 well was 59.79 MPa after the completion of the well. TD 15 well was put into production in October 1993. DT 2 well measured formation pressure of 59.03 Mpa in July 1994, which was 0.76 Mpa lower than when the well was completed. (The shut-in casing pressure of the TD 15 well was 48.4 Mpa when the well was opened. In July 1994, the well's production casing pressure was 37.86 Mpa, and the pressure change value was 10.44 Mpa.) In addition, the Da 13 fault has a relatively small displacement at the northeastern end of the block, which does not completely breach the Carboniferous reservoirs. The discussed data all demonstrate that the DT 2 well area is connected to the main area of the gas reservoir.
The TD 23 well in the eastern part of the main area of the block is a water-producing well. The gas–water interface in the main area has been confirmed to be −4,700 m by many data. Because the DT 2 well area is connected to the DT 3 and 4 well water-bearing areas and the main gas reservoir area, the gas–water interface data determined by the gas and water well pressure intersection method are shown in Table 1. It can be seen from Table 1 that the calculated gas–water interface results are quite different. According to the actual drilling data of DT 3 and 4 wells, the gas–water interface is around −4,200 m (the calculation result has errors due to the previous pressure drop in DT 4), which is quite different from the main area. Two questions, therefore, arise: what is the depth of the gas–water interface in the DT 2 well area, and what is the distribution and connection of the surrounding water?
TABLE 1 | Table for calculating gas–water interface in the Datian 2 well area by the pressure intersection method.
[image: Table 1]CONNECTIVITY ANALYSIS
To solve the problems mentioned earlier, firstly, the seismic data, geological data, oil, gas, and water properties, and interference testing data are integrated to investigate the connection relationship between the well areas. Then, a reserve simulation method is introduced into the conventional connectivity analysis method. By simulating the reserves of different gas–water interfaces in the well area constrained by the well-controlled reserves and gas drainage range determined by the production data, the connection relationship between the well areas have been further clarified [9, 10].
Analysis of Oil and Gas Properties
According to the natural gas analysis results of each well, the natural gas composition in the main area of the gas reservoir is basically similar to that of the gas wells in the DT 2 well area. They all have a high-volume percentage of CH4 above 95%, a low percentage of heavy hydrocarbons below 0.6%, and a low percentage of non-hydrocarbons. Therefore, it is believed that the geological environment of oil and gas preservation in each well area is consistent, which indicates a high possibility of well connection.
Analysis of Production Characteristics
The DT 2 well was put into production in September 1994. The initial daily gas production was 32.1 × 104 m3. This well penetrated into a well reservoir with a high density of fractures. The formation water began to be produced in February 2003, but the initial water production was not high, with a daily water production of approximately 1–2 m3/day. Water production has been on the rise in the later stage, but the overall water production is not large. The water production types of gas wells in the Wubaiti block can be divided into two types: partially sealed water and edge water intrusion. Due to the limited energy of the water, the water–gas ratio of the partially sealed water is usually characterized by a gradual decrease. The water–gas ratio of the DT 2 well has increased year by year, which is in line with the type of water produced by edge water intrusion. The cumulative gas production of the DT 2 well before water breakthrough is 3.53 × 108 m3, and the calculated drainage radius is approximately 500 m. Therefore, the gas–water interface is estimated to be approximately −4,700 m.
Seismic and Geological Data Analysis
According to the seismic interpretation results, the seismic survey line 86DTC-D470 section shows that the carboniferous on the hanging wall of Fault 1 has not been thoroughly eroded and has a thick residual thickness (Figure 2). In contrast, the seismic reflectors of the carboniferous strata on the footwall of Fault 1 are weak, and the formation becomes progressively thin toward Fault 2. The reservoir thickness distribution map was conducted based on the latest geological research results, such as logging and cores. It shows that there is a thinning zone between DT 2 well and DT 3 and 4 wells (Figure 3). Consequently, it is inferred that a series of block zones exist between DT 2 well and DT 3 and 4 wells.
[image: Figure 2]FIGURE 2 | Seismic profile of line 86DTC-D470. Location is marked in Figure 1.
[image: Figure 3]FIGURE 3 | Reservoir thickness map of Huanglong Formation in Wubaiti Carboniferous gas reservoir.
Reserve Simulation Method
According to the analysis of single-well production characteristics and the calculation results of dynamic reserves, DT 2, DT 002-1, DT 002-2, and DT 002-3 wells have an accumulative gas production of 13.1 × 108 m3. The total dynamic reserves of the four wells are 24.3 × 108 m3. The ratio of dynamic and static reserves in the block is taken as the average value of 0.83, which translates into geological reserves to be approximately 29.3 × 108 m3. The gas reservoir numerical model method is used to simulate different gas–water interfaces, and then, the geological reserves are calculated. Two reservoir models are designed for reservoir numerical modeling. Comparing the calculated reserves with the geological reserves converted using dynamic data, we can determine which model is able to reflect the actual reservoir structure.
Model 1: DT 3, 4, and 2 wells are connected without blocking zone, and the gas–water interface is set as −4,200 m.
According to the structural map, there are two small traps in the east and west in the DT 2 well area in the north. The western small trap currently has no well control. Therefore, only the eastern trap of the DT 2 well area is considered for the reserve comparison. In the numerical model (Figure 4), the gas–water interface is set as −4,200 m. According to parameters such as porosity, saturation, and effective thickness, the geological reserves are calculated to be approximately 23.5 × 108 m3. It is far from the 29.3 × 108 m3 of geological reserves converted from the dynamic data and even smaller than the dynamic reserves. Therefore, this model cannot represent the actual reservoir structure.
[image: Figure 4]FIGURE 4 | Gas–water distribution map of Wubaiti Carboniferous gas reservoir (gas–water interface of Datian 2 well area is −4,200 m).
Model 2: There are blocking zones among DT 3, 4, and 2 wells, and the gas–water interface in the northeast of the DT 2 well area is set as −4,700 m.
In the numerical model (Figure 5), the gas–water interface of the eastern trap is set at −4,700 m. According to parameters such as porosity, saturation, and effective thickness, the geological reserves are calculated to be approximately 30.2 × 108 m3. It is very close to the geological reserves converted from the dynamic data, which is 29.3 × 108 m3. Therefore, it is inferred that the gas–water interface in the northeast of the DT 2 well area is −4,700 m, which reflects the actual situation of the gas reservoir.
[image: Figure 5]FIGURE 5 | Gas–water distribution map of Wubaiti Carboniferous gas reservoir (gas–water interface in the eastern trap of Datian 2 well area is −4,700 m).
In summary, in the eastern trap of the DT 2 well area, there should be some kind of blocking zone at the northeast end of Fault 1 between the DT 2 well and the DT 4 well. These blocking zones divide the water body in the northern part of the well into two independent and disconnected water bodies. However, the blocking zones are not high enough to block the gas flow in the upper gas cap and only block the lower water body (Figure 6). The water body in the east of the DT 2 well area and the water body in the main area should be the same water body and have the same gas–water interface.
[image: Figure 6]FIGURE 6 | Schematic diagram of gas–water distribution with blocking zone.
CONCLUSION

(1) Carbonate gas reservoirs in the eastern Sichuan Basin are affected by factors such as cracks and faults, and their internal structure is complex, which results in complex fluid flow and connectivity.
(2) The results show that the northern water body of the DT 2 well area should be two independent and disconnected water bodies. The eastern water body of the main body area and the eastern water body of the DT 2 well area should be the same water body with the same gas–water interface. There is a blocking zone among the DT 2 and DT 3 and 4 wells, which leads to the gas connection in the well area and the disconnection of the water body.
(3) The reserve simulation method is introduced into the connectivity analysis method. By comparing the calculated reserves of different gas–water interfaces through reservoir modeling with the well-controlled reserves determined by the dynamic analysis method, better analysis and verification of the inter-well connectivity relationship is achieved. It has a strong significance for similar gas reservoirs during the connectivity analysis.
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