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Abstract

:

A variable sedimentary environment and accumulation process leads to a complex pore structure in deep carbonate gas reservoirs, and the physical properties are quite different between layers. Moreover, some pores and throats are filled with solid bitumen (SB), which not only interferes with reservoir analysis, but also affects efficient development. However, previous studies on SB mainly focused on the accumulation process and reservoir analysis, and there are few reports about the influence on development. In this paper, through scanning electron microscope analysis, SB extraction, gas flow experiments and depletion experiments, and a similar transformation between experimental results and reservoir production, the production characteristics of carbonate gas reservoirs with different pore structures were studied, and the influence of SB on pore structure, reservoir analysis and development were systematically analyzed. The results show that permeability is one of the key factors affecting gas production rate and recovery, and the production is mainly contributed by high-permeability layers. Although the reserves are abundant, the gas production rate and recovery of layers with a low permeability are relatively low. The SB reduces the pore and throat radius, resulting in porosity and permeability being decreased by 4.73–6.28% and 36.02–3.70%, respectively. With the increase in original permeability, the permeability loss rate decreases. During development, the loss rate of gas production rate is much higher than that of permeability. Increasing the production pressure difference is conducive to reducing the influence. SB also reduces the recovery, which leads to the loss rate of gas production being much higher than that of porosity. For reservoirs with a high permeability, the loss rates of gas production rate and the amount produced are close to those of permeability and porosity. Therefore, in the reservoir analysis and development of carbonate gas reservoirs bearing SB, it is necessary and significant to analyze the influence of reservoir types.






Keywords:


carbonate gas reservoir; pore structure; solid bitumen; gas production rate; recovery; gas production












1. Introduction


Based on geological statistics, carbonate reservoirs account for about 35.7% of global oil and gas resources, and deep and ultra-deep carbonate gas reservoirs (depth > 4500 m) have become one of the popular resources for exploration and development [1,2]. Abundant marine origin carbonate gas reservoirs have been found in Sichuan Basin, SW China [3,4]; the reserves of Sinian and Cambrian gas reservoirs exceed 1 × 1012 m3, and have become one of the important gas producing areas [5,6,7,8]. The variable sedimentary environment and accumulation process lead to a complex pore structure of deep carbonate gas reservoirs, including pores, cavities and fractures, and the physical properties are quite different between layers [9,10,11,12]. Moreover, some pores and fractures in the Sinian and Cambrian reservoirs are filled with solid bitumen (SB) [13,14]. Although SB can provide information about geological changes [15,16,17,18], it creates greater challenges for reservoir analysis and development.



To study the influence of SB on a gas reservoir, the first step is to research the distribution characteristics in the pore structure. Wood et al. [19] found that the reservoir quality of the Triassic tight gas siltstone area in the Western Canadian Sedimentary Basin was strongly affected by SB through organic petrological observation and scanning electron microscopy (SEM). Furthermore, Shi et al. [20] used geochemical and trace element analysis methods to classify the SB of the Longwangmiao and Dengying gas reservoirs into two types: high-maturity and low-maturity SB. Taheri-Shakib et al. [21] studied the physicochemical properties of SB in the adsorbed and non-adsorbed components of sandstone, dolomite, and calcite rock powders by spectroscopy, elemental analysis, and SEM. Meanwhile, Gao et al. [22] and Mastalerz et al. [23] analyzed the characteristics of SB in dissolved pores, intergranular pores, and sutures with optical microscopy and SEM. A large number of studies have shown that it is feasible to analyze the pore structure and SB distribution characteristics by SEM andthin-section casting. However, there is no systematic understanding of the distribution characteristics of SB in the pore structure.



As one of the components in bitumen, asphaltene is the most polar component with an uncertain molecular weight or structure [24,25]. In the oil reservoir, the deposition mechanism of asphaltene and its damage to the reservoir have been widely recognized [26,27,28,29,30,31]. In addition, SB can produce certain nuclear magnetic resonance (NMR) signals, which are confused with oil and gas signals, resulting in logging interpretation errors [32,33]. The most direct way to research the influence is to compare the changes in porosity and permeability after the removal of SB. As is known, bitumen is a heavy component in crude oil, which is soluble in aromatic solvents such as benzene and toluene, SB can be removed from cores by extraction [32,34,35]. However, there are few studies on gas reservoirs, and the related studies were mainly concentrated in the Longwangmiao Formation in Moxi Area, SW China. Lai et al. [13] found that the porosity and permeability increased by 1.01% and 0.04 mD after SB extraction. Moreover, regarding the use of pores with a lateral relaxation time (T2 spectrum) longer than 3 ms as effective pores, they found that the SB content is between 0.1% and 3.0% by NMR logging and conventional logging. However, Ji et al. [36] found that the T2 spectrum of SB has a peak within 3 ms and a peak outside 3 ms, and the NMR porosity of SB was about 1.01%. It can be seen that there were some differences in the methods and results of NMR testing. Considering the strong heterogeneity and the difference in SB content between layers, it is more pertinent and significant to study the influence according to the pore structure characteristics of the reservoir.



Pore structure is one of the key factors that restrict the gas production rate and the amount produced; the dominant pore structures are quite different between layers. Gas flow experiments and numerical simulation analyses showed that there was a starting pressure gradient in low-permeability reservoirs, and fracture was the main gas flow channel [13,37,38]. Meng et al. [12] found that high permeability can improve productivity in a short period, which can also lead to a sharp decline. Yue et al. [39] found that gas production was closely related to porosity. Meanwhile, some scholars have studied the influence of heterogeneity on the gas production rate and amount produced [40,41]. Wang et al. [42] found that, in the early stage of development, production was mainly contributed to by high-permeability layers, and permeability also affected the recovery. The filling of SB leads to a decrease in porosity and permeability, which will affect the gas production rate and overall recovery. When only referring to the changes in porosity and permeability, it is difficult to fully reflect the damage to reservoirs. However, there is no report about the influence of SB on gas production rate, recovery and production. Researching the influence on development, so as to improve the accuracy of productivity analysis, especially for reservoirs without porosity and permeability corrections, is of great significance.



The purpose of this study is to research the productivity characteristics of carbonate gas reservoirs, and systematically analyze the distribution characteristics of SB in the pore structure, and to further understand its influence on the porosity, permeability and productivity of reservoirs with different pore structures. On the one hand, the Cambrian carbonate gas reservoirs in Sichuan Basin are rich in reserves, with obvious pore structures and SB distribution characteristics [3,5,9]. On the other hand, the porosity and permeability of the reservoirs in the Gaoshiti–Longnusi area are relatively low, and SB has great influence on reservoir identification and development [13,14]. Based on this, we take the Cambrian Longwangmiao carbonate gas reservoir in the Gaoshiti–Longnusi area as our target. Firstly, the pore structure and distribution characteristics of SB were analyzed and classified by SEM and thin-section casting, thereby providing a theoretical basis for analyzing the influence. Then, cores with different pore types were extracted to quantitatively analyze the influence on porosity and permeability, and organic elements such as carbon, hydrogen, oxygen and nitrogen were tested. Finally, the cores with a similar porosity and permeability were used for gas flow experiments and depletion experiments under reservoir conditions, to analyze the gas production characteristics of different types of reservoirs. Based on the core experimental results and the changes in porosity and permeability caused by SB, the influence of SB on gas production rate and amount produced was predicted and analyzed.




2. Geological Setting


The Cambrian Longwangmiao formation carbonate gas reservoir in Sichuan Basin is one of the largest integrated reservoirs in China (Figure 1). In the early stage, marine transgression occurred rapidly, forming a gently sloped sedimentary environment dominated by carbonate deposition. The Moxi, Longnusi, and Gaoshiti areas, located in the high part of the structure, are rich in gas (Figure 1 and Figure 2) [43]. Based on both paleogeomorphology and provenance, the paleouplift in the Moxi area was found to be the highest in the sedimentary strata. The paleouplift around the Moxi area gradually decreased. The Gaoshiti–Longnusi area is located on the edge of the Moxi area (Figure 1), and the reservoir heterogeneity is high [44]. In the longitudinal direction, the Cambrian is between Sinian and Ordovician, and the Longwangmiao Formation is located in the upper part of the Lower Cambrian. The buried depth of the Longwangmiao Formation in the Gaoshiti–Longnusi area exceeds 4500 m, reaching a deep gas reservoir.



The reservoir rocks mainly comprise grain dolomite and calcite, and some pores are filled with SB [46]. According to the logging data, including Moxi-23, Moxi-207, Gaoshi-7 and Gaoshi-10 and other wells, the porosity is mostly between 2% and 8%, with an average between 2.6% and 5.4%. The permeability is between 0.036 mD and 1.36 mD, and some layers reach 8.70 mD. Therefore, the differences in porosity and permeability between layers are great. After the initial calibration of SB by conventional logging and NMR logging, the porosity and permeability decreased by 0.1–1.5% and 0.01–0.20 mD, respectively. As the water saturation of most reservoirs is below 36%, the proportion of water-producing wells is relatively low. The gas production rate of some reservoirs is more than 20 × 104 m3/day, while that of reservoirs with a low permeability is lower than 1.0 × 104 m3/day, which is quite different between reservoirs. At present, the pore pressure, overburden pressure and temperature of reservoirs are approximately 70–80 MPa, 126 MPa and 120–140 °C, respectively.




3. Samples and Experimental Methods


3.1. Samples Preparation


The depths of 109 cores acquired from the Longwangmiao carbonate gas reservoir in the Gaoshiti–Longnusi area were between 4547 m and 4967 m. From core surfaces, the development of cavities and fractures were quite different. According to Chinese National Standard GB/T 29172-2012, the helium porosity and permeability were measured by an OPP-1 (Temco, Tulsa, OK, USA) high-pressure porosimeter under standard conditions (Figure 3). The porosity and permeability of each sample were measured three times, and the errors of porosity and permeability were within 0.05% and 0.02 mD, respectively. Except for some cores with a low permeability (<0.01 mD), the porosity and permeability of cores were well matched with the logging data, which can truly reflect the reservoir characteristics. Considering the porosity, permeability and surface characteristics, these cores can be divided into four types, as pore (32 samples), cavity (26 samples), fracture-pore (27 samples) and fracture-cavity (24 samples) type cores, which can reflect the dominant pore structure of four types of reservoirs. According to the permeability, a reservoir with a permeability below 0.1 mD is called a low-permeability reservoir in this study, while a reservoir with a permeability above 1.0 mD is called a high-permeability reservoir, and the permeability of medium permeability reservoirs is between 0.1 and 1.0 mD.




3.2. SEM Testing


The electronic signals of the SEM analysis include secondary electrons, backscattered electrons, and Auger electrons [47]. Compared with secondary electronic signals, backscattered electronic signals can observe mineral properties more clearly; hence, they were selected to analyze the SB distribution characteristics. According to the Chinese National Standard GB/T 17361-2013, the samples were scanned by Helios NanoLab 650 double-beam SEM (Pixel size 0.8~800 nm), and the surface morphology and composition were qualitatively analyzed. The pixel size of the SEM analysis was 0.8–800 nm, the sample diameter was less than 25 mm, the thickness was 1–5 mm, and the surface was coated with 10–20 nm carbon conductive film. In order to improve the analysis results, thin-section casting was used for the auxiliary analysis. A Leica polarizing microscope was used to scan the thin-section cast samples to obtain their pore structure characteristics, and the diameters of the samples were less than 25 mm, with thicknesses of less than 5 mm. These tests were carried out under laboratory standard conditions.




3.3. SB Extraction


Based on the Chinese National Standard GB/T 29172-2012, the method of Dean–Stark was used to extract SB. Chloroform, toluene, ethanol and other solvents with different proportions were used as extraction solvents. Four cores of each type, 16 cores in total, were selected as Series 1 (Table 1). In Series 1, the average porosity of pore, cavity, fracture-pore and fracture-cavity types of cores was 3.17%, 5.51%, 3.19% and 6.12%, while the average permeability was 0.038 mD, 0.055 mD, 0.662 mD and 1.157 mD, respectively. All cores were dried in a constant-temperature drying oven (China, normal temperature ~300 °C) at 116 °C for 6 h, and the porosity and permeability were then measured. Then we, put the cores into the extraction sample chamber, and connected the condensing tube, long neck bottle and other devices. At the bottom of the long neck bottle, we set the constant temperature to heat the solvent to boiling, and the upper part for circulating cooled air. After 15–20 days of distillation, we took out and dried these cores, and their porosity and permeability were measured again. After extraction, Series 1 was named Series 3.




3.4. Core Experiments


3.4.1. Gas Flow Experiments


Experiments are one of the most direct and accurate methods to study the influence of pore structure on gas flow and production. Because of the different scales between cores and reservoirs, a similarity transformation is the key step in experiment design and analysis. According to the similarity of the pressure gradient and gas velocity, the transformation between experimental pressure difference and production pressure difference (Equation (1)), gas velocity and production rate (Equation (2)) can be realized, respectively [48]. Based on logging data, including a pore pressure of 75 MPa, a well control radius of 800 m, a reservoir thickness of 40 m, a wellbore radius of 0.06 m, a core diameter of 25 mm and a length of 45 mm, a similar transformation relationship between core experiments and reservoir production is shown in Figure 4. Therefore, the gas production rate of vertical wells can be deduced by testing the gas velocity under different pressure differences by changing the porosity, permeability and pore structure of cores to analyze the gas production characteristics of different reservoirs.
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The experiments were completed in a high-precision, high-temperature and high-pressure system (Figure 5), including an injection system (TC-260, China, 0–180 MPa, ±0.3%), temperature control system (TC-260, China, normal temperature~200 °C, ±5 °C), pressure acquisition system (Senex, China, >0.01 MPa, ±0.25%) and flow acquisition system (Qixing, China, >0.01 mL/min, ±0.25%). While ensuring the accuracy of the system, the thickened sleeves and high-performance sealing rings had improved the stability and safety. The specific experimental steps were as follows. First, vacuum the cores for 12 h and saturate the formation water. Then, connect the experimental devices, increase the pore pressure by water injection, and simultaneously increase the temperature and overburden pressure to the reservoir conditions, then stabilize it for 4 h. After that, reduce the outlet pressure and establish irreducible water saturation by gas flooding, then raise the outlet pressure to 75 MPa. When the pore pressure is balanced, reduce the outlet pressure with a pressure difference of 0.1–1.0 MPa, record the stable gas velocity under different pressure differences, and encrypt the records at the beginning. Finally, finish the experiment when the pressure difference reaches about 8 MPa.



Based on permeability and porosity, 16 cores, named Series 2, were used for gas flow and depletion experiments (Table 1). In Series 2, the average porosity of four types of cores was 3.18%, 5.82%, 2.94% and 6.53%, and the average permeability was 0.040 mD, 0.053 mD, 0.656 mD and 1.164 mD, respectively. The average porosity of Series 1 and 2 was 4.62% and 4.50%, respectively, and the average permeability was 0.478 mD for both. Moreover, the cores were matched one by one between Series 1 and 2, and it can be considered that Series 1 and 2 were the same. According to the experimental results of Series 2 and the change in porosity and permeability of Series 1, it is relatively accurate to study the influence of SB on gas production rate, recovery and production. On one hand, the porosity and permeability of the two series were very close; on the other hand, the influence of the pore cementation strength changes caused by extraction on core experiments was avoided.




3.4.2. Depletion Development Experiments


Gas flow experiments focus on the gas production rate and dynamic analysis, while depletion experiments are more suitable to analyze gas recovery and production, so as to analyze the quasi-static production characteristics. After the flow experiments, the depletion experiments were carried out as follows. First, increase the outlet pressure and stabilize the pore pressure at 75 MPa for 4 h. Second, close the inlet valve, reduce the outlet pressure by 1.0 MPa every 5–10 min, and record the upstream pressure (P2), downstream pressure (P1) and gas production in each stage. Finally, stop the experiments when the pore pressure is depleted to 45 MPa. In order to improve the accuracy of the experiment, the dead volume is controlled so that it remains 4 times that of the pore volume. In data processing, when fully considering temperature, pressure, the gas compression coefficient and dead volume, we did not include dead volume in the calculation of original reserves, production and recovery.






4. Results and Discussion


4.1. Pore Structure and SB Distribution Characteristics


There are no obvious fractures on the surface of the pore type cores; the pores are very dense and unevenly distributed (Figure 6a). The pores on the surface of the cavity type cores are more developed, mainly with a diameter of 2–5 mm, and the connectivity between the cavities is weak (Figure 6b). Fractures can be observed on the surface of fracture-pore and fracture-cavity type cores, and the development of fractures is quite different; the latter contains some cavities, which leads to a higher porosity (Figure 6c,d). The development and distribution characteristics of cavities and fractures lead to a weak correlation between porosity and permeability [14]. Fracture-pore type reservoirs show the characteristics of “low-porosity and high-permeability”, while pore-type reservoirs show “high-porosity and low-permeability” characteristics.



As shown in Figure 7, the pore structure is mainly intercrystalline pores, intercrystalline solution pores and fractures [13], and the pore radius is quite different. Intercrystalline solution pores are the main reservoir space; and the connectivity between the pores is weak, so the permeability is relatively low (Figure 7b,e). The diagenetic minerals are quartz and dolomite with a content of 98%; and the clay minerals are illite and kaolinite (Figure 7a,c). There is secondary biomass in pores, and some pores are completely filled with SB (Figure 7d–f). SB has two surface properties caused by different maturities; one is carbon–SB (CSB), with a high maturity, the other is oil–SB (OSB), with a low maturity (Figure 7f), which indicates that SB in reservoirs is formed in different geological periods [20]. Due to the large molecular size, SB entered or remained in larger pores more easily, so the SB content in the cavities and fractures is relatively high.



Based on more than 100 SEM images, the distribution characteristics of SB can be summarized into four forms. The first are SB-filled fractures (Figure 8a). The shape of the SB varies with the shape of the fractures. The second are pores completely filled with SB, with circular, square, and irregular shape distributions (Figure 8b). The third are SB distributions along the inner pore walls, without completely filling the pores and with an uneven thickness (Figure 8c). The fourth is SB covering the outer surface of debris in the pores (Figure 8d). Furthermore, SB reduced the pore and throat radius, which easily caused a blockage in the gas flow channels and reduced well production. Combined with the complex pore structure characteristics, different distribution forms will weaken the correlation between porosity and permeability.




4.2. Influence of SB on Porosity and Permeability


The contents of carbon, hydrogen, oxygen and nitrogen are 80.11%, 2.75%, 1.77% and 1.00%, respectively. The hydrogen to carbon ratio is 0.41 and the oxygen to carbon ratio is 0.02, indicating that the SB maturity is relatively high. After extraction, the porosity of Series 3 increased by 0.10% to 0.44%, with an average of 0.26%; the porosity increase rate was between 2.48% and 14.62%, with an average of 5.67% (Figure 9a). In the pore, cavity, fracture-pore and fracture-cavity types of cores, the average porosity increased by 0.15%, 0.29%, 0.20% and 0.38%, with increase rates of 4.78%, 5.17%, 6.27% and 6.28% (Table 2), respectively. These results were close to the logging interpretation, and the SB content in the edge of the Moxi area is slightly lower [12]. Consistent with the SEM test, the cavities were more easily filled with SB, and the SB content in pore type reservoirs was relatively low. Affected by fractures and cavities, the correlation between SB content and original porosity is not strong enough, but the porosity loss caused by SB is very obvious. If the SB is ignored, the geological reserves will be overestimated.



After extraction, the permeability of Series 3 increased by 0.005–0.139 mD, with an average of 0.027 mD; the increase rate was between 0.77% and 120.59%, with an average of 6.33% (Figure 9b). The average increment of four types of cores was 0.011 mD, 0.015 mD, 0.025 mD and 0.056 mD, with an increase rate of 29.07%, 26.60%, 3.74% and 4.81%, respectively (Table 2). If we ignore the influence of FP34 and FC34 cores, the average increase rate is higher than 11.50%, and that of fracture-pore and fracture-cavity types of cores is 8.89% and 9.54%. Although the increments of layers without fractures were less than 0.020 mD, the increase rate was mostly higher than 30%. For layers with a permeability between 0.1 mD and 1.0 mD, the permeability increase rate was 18.00–4.55%. With the increase in original permeability, the influence of SB decreased. Considering that the reservoir permeability is mostly below 1.36 mD, the permeability loss rate is relatively high.



Because of the strong heterogeneity between layers in Longwangmiao gas reservoir [11], analyzing the influence based on pore structures is of great significance, as this will effectively reduce the errors between layers. For pore and cavity type reservoirs, the permeability loss rate is relatively high, while the porosity loss rate is about 5%. Compared to pore and cavity types, the permeability loss rate of fracture-pore and fracture-cavity type reservoirs decreased obviously, but the porosity loss rate increased slightly. Therefore, it is better to pay attention to the changes in permeability for reservoirs with a low permeability, especially for cavity type reservoirs, while, for reservoirs with fractures, it is necessary to analyze the influence on porosity.




4.3. Gas Production Characteristics of Different Types of Reservoirs


4.3.1. Gas Production Rate


The average irreducible water saturation of Series 1 was 25.69%, and that of four types of cores was 17.25%, 19.70%, 30.83% and 35.00%, respectively, which was close to the reservoir water saturation. The irreducible water saturation of cavity and fracture-cavity type reservoirs was relatively highly affected by the residual water masses in the cavities [49]. In cores without fractures, the connected pores and throats are the main gas flow channels. Moreover, the starting pressure of gas flow was about 0.40–2.40 MPa, and the corresponding pressure gradient was about 8.89–53.30 MPa/m (Figure 10a). And the starting pressure gradient was negatively correlated with permeability. With the increase in pressure difference, the influence of capillary resistance decreased, and the gas flow tended to be linear. In cores with fractures, these fractures easily became high-permeability channels, which reduced the efficiency of gas flooding, increased the reservoir heterogeneity, and resulted in relatively high irreducible water saturation [50]. Due to the strong connectivity between pores, there was no obvious starting pressure gradient, and the gas velocity was greatly increased (Figure 10a,b). Therefore, the permeability and pressure differences are the key factors affecting gas flow. The gas flow in cores without fractures is more susceptible to the pore and throat radius, this is consistent with the significant increase in permeability after SB extraction.



According to the results of the production capacity conversion, under a production pressure difference of 20 MPa, the maximum gas production rate of low-permeability reservoirs was 0.32 × 104 m3/day, while that of medium permeability reservoirs was 0.82–6.13 × 104 m3/day (Figure 10d). Meanwhile, porosity has a positive influence on production rate. The gas production rate of high-porosity reservoirs increased slightly, such as cores C11, FC11 and FC12, and that of low-porosity reservoirs decreased significantly, such as cores P12 and FC13. In gas reservoir development, when the gas production rate reaches the lower limit, it provides economic benefits. Generally, the lower limit of a deep carbonate gas reservoir is 1.0–5.0 × 104 m3/day. Increasing the production pressure difference or permeability will make more layers provide economic benefits.



Theoretically, there is a linear correlation between permeability and gas velocity or production rate. However, under irreducible water saturation, according to gas–water two-phase relative permeability characteristics, the relative gas permeability of a high-permeability reservoir with fractures is relatively high, while that of low-permeability reservoirs is relatively low [49]. Meanwhile, affected by the starting pressure gradient, the relationship between gas production rate and permeability is not linear, but is closer to the power function. In multi-layer co-production modes, the gas production is mainly contributed by high-permeability layers (Figure 10c,d) [51]. Although the low-permeability reservoirs, especially cavity type reservoirs, are rich in reserves, increasing the production pressure difference cannot effectively improve the gas production rate. On the contrary, it will aggravate the interference between layers. Therefore, only by increasing the permeability can the gas production rate of reservoirs with a low permeability be improved and the influence of interlayer heterogeneity be reduced.




4.3.2. Gas Recovery and Production


Gas recovery and production are the key indicators for evaluating development. As shown in Figure 11, due to the low permeability, the depletion rate of pore and cavity type reservoirs was slow. Moreover, affected by the capillary resistance, the pressure difference between upstream (P2) and downstream (P1) was above 1.5 MPa Affected by the starting pressure, it is difficult to utilize part of the reserves in the far well area, which are called the unrecoverable reserves. In particular, at a pore pressure above 65 MPa, the pressure difference between P2 and P1 increased rapidly, which indicated that it is useful to improve the pressure difference to increase the depletion rate. However, it is difficult to reduce the unrecoverable reserves.



When the permeability increased, the gas velocity and depletion rate accelerated, and the upstream reserves were effectively utilized. The pressure difference between P2 and P1 was obviously reduced, the gas reserves were nearly completely depleted (Figure 11a,b). Therefore, with the increase in permeability, the recovery gradually increased and then tended to be stable [39]. When the outlet pressure was 45 MPa, the average recovery of pore, cavity, fracture-pore and fracture-cavity type reservoirs was 21.99%, 22.61%, 27.65% and 28.57%, respectively (Figure 11a). Because the permeability was relatively close, the recovery of cavity type reservoirs with higher reserves was lower than that of pore type reservoirs. Considering the influence of the gas production rate, if the depletion cycle is shortened, more reservoirs will be difficult to completely deplete, and the recovery difference between layers will be significantly increased.



The comprehensive influence of recovery and original reserves determines the gas production (Figure 11a,c). Theoretically, the gas production is directly related to the original reserves [39]. For reservoirs with similar porosity, permeability has a positive effect on production. For example, the porosity of core P1 and FP1 was 2.59% and 2.22%, and the production of core P1 was less than that of core FP1, due to the low recovery. Similarly, the production of core C2 was less than that of core FC3 (Figure 11d). This indicated that low permeability limited the effective development. For reservoirs with similar permeability, the stable production time of reservoirs with a high porosity is longer. For fracture-pore type reservoirs, the geological reserves are low, while the gas production rate and pore pressure drop are high. This easily leads to insufficient gas supply and interlayer interferences.



It is proven that fractures and permeability are the key factor affecting the gas production rate and recovery, while production is mainly affected by porosity [39]. The gas production rate and produced amount of fracture-cavity type reservoirs are relatively high because of well-matched fractures and cavities. For fracture-pore type reservoirs, the production pressure should be controlled to avoid insufficient gas supply and interlayer interference with low-permeability layers. For reservoirs with a low permeability, especially cavity type reservoirs, the permeability should be improved to increase the production rate and recovery.





4.4. Influence of SB on Gas Reservoir Development


4.4.1. Influence of SB on Gas Production Rate


According to the core experimental results of Series 2, the power function fitting of permeability and the gas production rate under different pressure differences was carried out. Based on the average permeability of four types of cores in Series 1 and 3, the gas production rate was obtained to analyze the influence of SB on gas production rate. As shown in Figure 12, after extracting the SB, the gas production rate of Series 3 was obviously increased. Within a production pressure difference of 10–50 MPa, the gas production rate of pore and cavity type reservoirs increased by 0.29 × 104 m3/day and 0.39 × 104 m3/day, and the increase rates were 45.68–33.92% and 41.58–30.99%, respectively (Figure 12a). The gas production rate of fracture-pore and fracture-cavity type reservoirs increased by 0.09–0.93 × 104 m3/day, 0.26–2.30 × 104 m3/day, with an increase rate of 5.50–4.25%, 7.17–5.52% (Figure 12b). Considering that the production pressure difference in a gas reservoir is generally below 20MPa, the loss rate of gas production caused by sb is 11–2% higher than that of permeability. With the increase in production pressure difference or permeability, the loss rate gradually decreased and approached that of permeability.



Under reservoir conditions, gas flow is affected by pore structure and water saturation. The connected pores and throats are the main gas flow channels in pore and cavity type reservoirs. After being filled with SB, the capillary resistance increases, and the loss rate of gas production is significantly higher than that of permeability. For reservoirs with fractures, fractures are the main flow channels, the capillary resistance has little effect on gas flow, and the loss rate of gas production is slightly higher than that of permeability [38]. In addition, the increase in porosity has a positive effect on gas production; the synergistic effect of capillary resistance and porosity results in a higher gas production loss rate than that of permeability. Affected by the complex pore structure and SB, the overall gas production rate of the Longwangmiao carbonate gas reservoir in the Gaoshiti–Longnusi area is relatively low.




4.4.2. Influence of SB on Gas Recovery and Production


According to the logarithm function relationship between permeability and recovery, the recoveries of Series 1 and 3 were fitted, and the gas production was deduced based on the change in porosity. For the pore and cavity type reservoirs with low depletion rates and high flow resistance, the permeability increased significantly after SB extraction, and the recovery increased by 0.01–0.52% and 0.01–0.48%, respectively, with an increase rate of 3.26–2.35% and 2.88–2.10% (Figure 13a,b). The increase rate of gas production was 8.19–7.23% and 8.20–7.38%, which was much higher than the porosity increase rate of 4.78% and 5.17%. Moreover, the recovery increase rate of fracture-pore and fracture-cavity type reservoirs was only 0.34–0.26% and 0.42–0.33%, respectively. The gas production increase rate was 6.60% and 6.70%, which was very close to the porosity increase rate of 6.27% and 6.28% (Figure 13a,b). On the whole, the increase rate of recovery and the gas production rate were 0.49% and 6.20%, respectively. With the decrease in pore pressure, the loss rate of gas production is close to that of porosity. If the depletion cycle is shortened, the influence of permeability will be more obvious, and the loss rate of gas production will be higher.



The results show that the loss rate of gas production is significantly higher than that of porosity. When the pores and throats are filled with SB, the capillary resistance and starting pressure increase, resulting in an increase in unrecoverable reserves in the far well area [52]. Therefore, the SB not only reduces the geological reserves, but also increases the unrecoverable reserves. It is not accurate to analyze the influence on gas production by porosity changes, especially for reservoirs with a low permeability. In addition, the influence on production decreases with the increase in permeability. Therefore, for reservoirs with a high permeability, the loss rate of gas production is close to that of porosity. For reservoirs with similar permeability, the recovery and gas production increase rates of reservoirs with a high porosity are relatively higher.



Our experiments showed that SB was harmful to the effective development of deep carbonate gas reservoirs, especially for reservoirs with a low permeability. The filling of SB not only reduces permeability and porosity, but also reduces the gas production rate, recovery and production. For low-permeability reservoirs, the permeability loss rate is relatively high, which leads to a significant reduction in gas production rate and recovery, so the gas production loss rate is higher than the porosity loss rate. With the increase in permeability, the influence of SB decreases. For reservoirs with a high permeability, the loss rate of permeability and the gas production rate are relatively low, and the loss rate of gas production is very close to that of porosity. Therefore, for different types of reservoirs, the damage caused by SB is quite different. In reservoir analysis and production prediction, it is necessary and significant to correct and analyze the influence of SB based on reservoir types.






5. Conclusions


Through SEM analysis, SB extraction and core experiments under reservoir conditions, the development characteristics of different types of reservoirs were analyzed, and the influences of SB on pore structure, reservoir porosity and permeability, gas production rate and gas production were also systematically analyzed. Permeability is one of the key factors affecting gas production rate and recovery. The production of deep carbonate gas reservoirs is mainly contributed by reservoirs with a high permeability. Improving permeability is one of the best ways to increase the gas production rate and recovery of low-permeability reservoirs. In the pore structure, there are four forms of SB distribution. The filling of SB reduces the pore throat radius, which reduces the porosity and permeability, while the loss rates of gas production rate, recovery and the amount produced are relatively higher, especially for cavity type reservoirs. With the increase in original permeability, the influence of SB decreases gradually. In reservoir identification and production analysis of carbonate gas reservoirs bearing SB, it is necessary and significant to analyze and correct its influence based on reservoirs characteristics.
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Nomenclature




	L
	Core length, m



	h
	Reservoir thickness, m



	d
	Core diameter, m



	Q
	Vertical well production, ×104 m3/day



	Qr
	Gas flow velocity, mL/s



	pe
	Original reservoir pressure, MPa



	pw1
	Bottom hole flow pressure, MPa



	pw2
	Outlet pressure of experiments, MPa



	re
	Well control radius, m



	rw
	Wellbore radius, m
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Figure 1. Location of the Gaoshiti–Longnusi area: (A) Sichuan Basin; (B) Longwangmiao carbonate gas reservoir [17,45]. 
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Figure 2. Schematic representation of the distribution of carbonate gas reservoirs in central Sichuan Basin [45]. 






Figure 2. Schematic representation of the distribution of carbonate gas reservoirs in central Sichuan Basin [45].



[image: Energies 13 03825 g002]







[image: Energies 13 03825 g003 550] 





Figure 3. Relationship between the sample porosities and permeabilities. 
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Figure 4. Similarity transformation results: (a) experimental pressure difference vs. production pressure difference; (b) gas velocity vs. gas production rate. 
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Figure 5. The high-temperature and high-pressure experimental system schematic diagram. 
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Figure 6. Cores with different pore structures: (a) pore type, Gaoshi-7 well, 4834.41 m; (b) cavity type, Moxi-56 well, 4965.83 m; (c) fracture-pore type, Moxi-107 well, 4828.86 m; (d) fracture-cavity type, Moxi-56 well, 4964.46 m. 
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Figure 7. Pore structure characteristics of carbonate gas reservoirs: (a) Moxi-23 well, 4805.71 m, cavity development; (b) Gaoshi-7 well, 4834.90 m, fractures; (c) Gaoshi-7 well, 4834.90 m, pore; (d) Moxi-23 well, 4802.60 m, SB-filled cavities; (e) Gaoshi-7 well, 4834.90 m, SB-filled pores; (f) Moxi-41 well, 4805.67 m, carbon–SB and oil–SB. 
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Figure 8. Microscopic distribution characteristics of solid bitumen (SB): (a) Gaoshi-7 well, 4834.90 m, SB-filled fracture; (b) Moxi-56 well, 4954.54 m, SB-filled pore; (c) Moxi-56 well, 4959.91 m, SB-filled edge; (d) Moxi-56 well, 4959.91 m, SB-filled surface. 
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Figure 9. Influence of SB on reservoir parameters: (a) porosity; (b) permeability. 
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Figure 10. Gas flow and production rate characteristics of different types of reservoirs: (a) gas velocity; (b) average velocity; (c) average production rate; (d) production rate under different pressure differences. 
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Figure 11. Gas recovery and production characteristics of different types of reservoirs: (a) gas recovery; (b) pressure difference between upstream and downstream; (c) gas production and (d) production under different pressure differences. 
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Figure 12. Influence of SB on gas production rate: (a) reservoirs without fractures; (b) reservoirs with fractures. 
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Figure 13. Influence of SB on reservoir development: (a) gas recovery; (b) gas production. 
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Table 1. Core parameters of Series 1 and 2.
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Category

	
Cores ID

	
Porosity (%)

	
Permeability (mD)




	
Series 1

	
Series 2

	
Series 1

	
Series 2

	
Series 1

	
Series 2






	
Pore

	
P11

	
P21

	
2.74

	
2.59

	
0.014

	
0.014




	
Pore

	
P12

	
P22

	
3.06

	
3.26

	
0.023

	
0.024




	
Pore

	
P13

	
P23

	
3.42

	
3.70

	
0.046

	
0.052




	
Pore

	
P14

	
P24

	
3.47

	
3.16

	
0.071

	
0.070




	
Cavity

	
C11

	
C21

	
5.53

	
5.40

	
0.020

	
0.020




	
Cavity

	
C12

	
C22

	
4.34

	
4.60

	
0.041

	
0.043




	
Cavity

	
C13

	
C23

	
6.45

	
7.27

	
0.062

	
0.059




	
Cavity

	
C14

	
C24

	
5.74

	
6.01

	
0.096

	
0.090




	
Fracture-pore

	
FP11

	
FP11

	
2.12

	
2.22

	
0.150

	
0.158




	
Fracture-pore

	
FP12

	
FP22

	
3.44

	
3.18

	
0.223

	
0.190




	
Fracture-pore

	
FP13

	
FP23

	
4.47

	
3.88

	
0.594

	
0.657




	
Fracture-pore

	
FP14

	
FP24

	
2.73

	
2.50

	
1.680

	
1.620




	
Fracture-cavity

	
FC11

	
FC21

	
7.26

	
7.63

	
0.413

	
0.377




	
Fracture-cavity

	
FC12

	
FC22

	
5.40

	
6.55

	
0.612

	
0.689




	
Fracture-cavity

	
FC13

	
FC23

	
4.03

	
4.22

	
0.983

	
1.060




	
Fracture-cavity

	
FC14

	
FC24

	
7.78

	
7.73

	
2.620

	
2.530




	
Average

	

	

	
4.50

	
4.62

	
0.478

	
0.478
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Table 2. Influence of SB on porosity and permeability.
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Sample ID

	
After Extraction

	
Increment




	
Porosity (%)

	
Permeability (mD)

	
Porosity (%)

	
Permeability (mD)






	
P31

	
2.97

	
0.030

	
0.23

	
0.016




	
P32

	
3.19

	
0.032

	
0.13

	
0.009




	
P33

	
3.57

	
0.060

	
0.15

	
0.014




	
P34

	
3.57

	
0.076

	
0.10

	
0.005




	
C31

	
5.96

	
0.040

	
0.43

	
0.020




	
C32

	
4.62

	
0.057

	
0.28

	
0.016




	
C33

	
6.67

	
0.070

	
0.22

	
0.008




	
C34

	
5.95

	
0.110

	
0.21

	
0.014




	
FP31

	
2.43

	
0.177

	
0.31

	
0.027




	
FP32

	
3.62

	
0.255

	
0.18

	
0.032




	
FP33

	
4.69

	
0.621

	
0.22

	
0.027




	
FP34

	
2.82

	
1.693

	
0.21

	
0.013




	
FC31

	
7.64

	
0.450

	
0.38

	
0.037




	
FC32

	
5.84

	
0.642

	
0.44

	
0.016




	
FC33

	
4.43

	
1.122

	
0.40

	
0.139




	
FC34

	
8.10

	
2.651

	
0.32

	
0.031




	
Average

	
4.76

	
0.504

	
0.26

	
0.027
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