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INTRODUCTION
For a carbonate gas reservoir, there are mainly three porous types: pores, natural fractures, and vugs. According to the different combinations of diverse pore types, in fact, the carbonate gas reservoirs usually have three formation types: fractured-porous formation, porous-vuggy formation, and fractured-vuggy formation.
Through the evaluation of activity for edge water, a fractured-porous gas reservoir can be divided into two types: a fractured-porous gas reservoir with inactive edge water and a fractured-porous gas reservoir with active edge water for some areas. In this kind of reservoir, pores are the main gas storage space, and fractures are the main seepage channels. Although this kind of gas reservoir has a low permeable porous medium, it is connected for every place, and the whole gas reservoir is a unified hydrodynamic system. However, due to the non-uniform distribution of fractures, the reservoir shows strong heterogeneity. In a place with rich natural fractures and a broad connected area, the gas production rate is usually very high and can remain stable for a long time. In general, the natural fractures are abundant in the structural axis and steep zones, and there are few fractures in the gentle wing. Therefore, the gas production for wells located in in the wing area is low and cannot be stable. In the original state, there is a unified gas–water interface in the reservoir, and after the water breakthrough into the bottom of gas wells, the edge water will intrude along the stripes with rich fractures (Liu et al., 2021; Guo et al., 2020).
For a porous-vuggy gas reservoir with active bottom water, the pores are the dominant storage space, and there are a few vugs and fractures. Pores, caves, and natural fractures interpenetrate with each other, and the reservoir has strong heterogeneity. Fractures are the main seepage channels for gas and water, and the bottom water well intrudes along the fractures from horizontal and vertical directions. Due to the heterogeneity of gas reservoirs and the irregular intrusion of bottom water in the longitudinal and horizontal directions, each well has a certain control volume, such as the Dengying formation, Sinian reservoir, and Weiyuan gas field.
For a fractured-vuggy gas reservoir with active bottom or edge water, there are multiple natural fracture systems in a gas field, which are disconnected and well-trapped. In these natural fracture systems, generally the formation water surrounding the gas reservoir formation is active. As the natural fractures are dispersed, and the distribution range is complex, the heterogeneity of the production layer is very strong indeed. Therefore, for the same gas reservoir in a gas field, there is no uniform gas–water interface. The distribution of water is controlled by the natural fracture system, and even for the same fracture system, the distribution of gas and water is quite complex indeed. The primary patterns for gas reservoir and formation water can be summarized into four types: edge water, bottom water, gas isolation, and water isolation (Meng et al., 2018; Meng et al., 2020; Wang et al., 2020).
At present, most of developed gas reservoirs in the world are typical water-drive gas reservoirs with different aquifer potentials, and the gas reservoirs with active bottom or edge water can account for 40–50% in practice. Particularly for the Sichuan Basin, the gas reserves for water-bearing gas reservoirs account for more than 80% of the total reserves. Due to the serious influences of edge and bottom water invasion on the gas recovery, the mechanisms, dynamics, and influences for water influx are always the research hotspots in the field of natural gas exploitation. After the occurrence of water breakthrough, the gas flowing resistance will increase significantly, which leads to the decrease of gas well productivity. Meanwhile, influenced by the accumulation of fluids in the wellbore, the ability of blowing for gas wells is weakened, and in some cases, the gas production will stop due to serious liquid loading, which seriously affects the recovery of gas reservoirs (Meng, et al., 2021; Yan, et al., 2021).
Currently, the J2 gas reservoir of the HB gas field is in the early stage of development, and the issue of water influx is greatly serious, which significantly affects the gas production rate. However, the recognitions of water influx characteristics for this gas reservoir are insufficient, and it is difficult to guide the future development of gas reservoirs. Therefore, it is urgent to carry out the research on the water influx mode of gas reservoirs, which can provide some guidance for the strategies of water control measures on gas reservoirs or single wells in the later period.
The area of the J2 gas reservoir is about 66.41 km2, and the gas reserve is 1.405 billion cubic meters through the calculation by the volumetric method. The reserves controlled by the Heba 101 well and the surrounding wells are 50.3 billion cubic meters. This gas reservoir was put into production in 2010. After that, four gas wells began to produce water successively. For these wells, the water production is large, and the decline rate of gas production is diverse, which has great impacts on future gas production. Therefore, it is essential to study the water production performance of gas wells from the aspects of gas–water distribution, well logging interpretation, structural position, natural fracture locations, and water source tracing. The obtained results are very important for proposing the reasonable strategies to deal with water breakthrough and ensuring the stable production of gas wells (Wu, et al., 2019; Tabatabaei, et al., 2012; Kolawole et al., 2008).
Classical Water Influx Mode of Gas Reservoirs

(1) Typical issues for carbonate gas reservoirs with edge water
The J2 gas reservoir was firstly found in 2005 after the testing of the HJ 1 well in the J2 layer. In 2010, the HJ 203H well was put into production, and three wells (HJ201H, HJ202H, HJ206H) began to produce after 2020. At present, there are four production wells in total, and three of them remain in an open state. The daily gas and water production for these wells is 240,000 and 113 cubic meters per day, respectively, and the cumulative gas production is 296 million cubic meters. The decline rate for gas production is about 24%.
The gas bearing property for the J2 gas reservoir is dominated by the structure and beach body distribution. This gas reservoir has no uniform gas–water interface, and the structure is low, which causes that partial wells produce gas and water simultaneously, and the gas–water differentiation is incomplete indeed. Micro-fractures are rich in HJ201H, HJ202H, and HJ206H wells.
Formation distribution for the J2 gas reservoir is stable, and there is no water zone in the vertical direction. Through the preliminary analysis, the formation water may come from the areas in the edge or intermediate of beach that are located in the lower part of the ancient structure. Dynamically, there are obvious characteristics that the water is produced from natural fractures, and the comprehensive analysis results show that the water is more likely to come from the lower part of the south wing structure.
In the process of development, the gas reservoir exhibits several problems: rapid decline of gas well production, oil pressure, and water production and reduction of dominant reserves.
(2) Classification of water influx modes
Based on the investigation and analysis of more than 100 water-producing gas wells for water-bearing gas reservoirs in the Sichuan Basin, and the references on water influx patterns for water-bearing gas reservoirs, according to the production dynamic characteristics of water-producing gas wells, the recognition technology for water influx patterns in the J2 gas reservoir is proposed (Ruan et al., 2020). According to the curve shapes in the presented diagram, the influx modes for a reservoir with edge water can be divided into four types:
(1) Weak tongue water influx: The water–gas ratio rises slowly, and the water–gas ratio is relatively low, while the value is very stable.
(2) Strong tongue water influx: The water–gas ratio rises drastically, and the initial water–gas ratio is low, whereas it will increase faster in the later period.
(3) Water channeling along fractures: The water–gas ratio increases rapidly, and the time of water breakthrough for gas wells is earlier.
(4) Water channeling along high-conductivity fractures: The water–gas ratio rises dramatically, and the water–gas ratio rises faster after water breakthrough.
To show the aforementioned four water influx types clearly, the recognition diagram for water influx modes and the schematic for a geological section are presented in Figure 1.
[image: Figure 1]FIGURE 1 | Recognition diagram for water influx modes and schematic for a geological section in a typical gas reservoir.
CONCLUSION
(1) According to different combinations of diverse pore types, the traditional carbonate gas reservoir can be divided into three types: fractured-porous formation, porous-vuggy formation, and fractured-vuggy formation.
(2) The J2 gas reservoir has rich fractures, and there is no unified gas–water interface. Comprehensive analysis results show that the water comes from the lower edge of the southern structure.
(3) There are four classical water invasion modes: weak tongue water influx, strong tongue water influx, water channeling along fractures, and water channeling along high-conductivity fractures.
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