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For economic and efficient development of extremely high-condensate shale gas reservoirs, a numerical model of segmental multicluster fractured horizontal well was established considering the effect of condensate and desorption, and the optimization of fracturing segments, fracturing clusters, half-length of main fracture, fracture permeability, fracture mesh density, and fracture distribution patterns were studied. It is indicated that the horizontal well whose design length is 2,700 m performs best when it has 43 fracturing segments with three clusters in each segment and the fracture permeability is 300 mD. The production capacity of horizontal wells is positively linearly correlated with the half-length of fractures. Increasing fracture half-length would be an effective way to produce condensate oil near wellbore. An effective fractured area can be constructed to remarkably improve productivity when the half-length of the fracture is 50 m and the number of secondary fractures is four in each segment. On the basis of reasonable fracture parameters, the staggered type distribution pattern is beneficial to the efficient development of shale gas-condensate reservoirs because of its large reconstruction volume, far pressure wave, small fracture interference, and small precipitation range of condensate.
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INTRODUCTION
Extremely high-condensate shale gas reservoirs, whose content of condensate can be as much as 600 g/m3, undergo more sophisticated phase behavior compared with ordinary shale gas reservoirs, where issues such as low porosity, low permeability, adsorption, and desorption are investigated. Liquid phase would first precipitate and then reversely gasify during continuous isothermal depressurization (Ali et al., 1993).
This kind of gas reservoir is mainly distributed in North America. The exploration of this kind of liquid-rich shale condensate gas reservoir is still in initial stage. In recent years, scholars have carried out researches on different aspects (Behmanesh et al., 2013; Labed et al., 2015; Xu, 2016; Di et al., 2019; Guo et al., 2019; Qian et al., 2021; Zhi et al., 2021). Taylor et al. (2014) constructed an all-component dual-permeability model to simulate the flow after fracturing in the well group and studied the contribution of primary and secondary fracture systems to the production of liquid-rich shale gas reservoirs while ignoring the optimization of artificial fracture systems. Haghshenas et al. (2014) applied commercial numerical simulators to study the effects of factors such as recombination decomposition and absorption, pore structure and connectivity, fluid composition, and production conditions on the production of liquid-rich shale condensate gas reservoirs, without taking fracture systems into account. Jiang and Younis (2016) established a multicomponent model of complex fractured shale condensate gas reservoir and studied the productivity of CO2 huff and puff. Labed (2016) conducted a numerical study on the flow of condensate gas in shale matrix using a pore network model, revealing the flow characters of the condensate shale gas. Multicluster fracturing of horizontal well is an effective means to develop shale gas condensate gas reservoir. Complex fracture network is generated during hydraulic fracturing process, bringing with it multiscale flow of matrix, natural fracture, and artificial fracture. Current investigations on extremely high-condensate shale gas reservoirs hardly consider the complex fracture system brought by segmental multicluster fracturing on the productivity of shale gas. In this article, the flow behavior in complex fracture systems is investigated, with the effect of adsorption–desorption and condensation. A numerical model of segmental multicluster fractured horizontal well is established based on Duvernay shale gas formation. The impact of parameters, including the number of fracturing segments, number of clusters in each segment, the half-length and permeability of a fracture, the fracture mesh density, and the distribution pattern of fractures, on the productivity of shale gas is then investigated based on the model. An optimized set of parameters is proposed in order to maximize the productivity.
INTRODUCTION OF DUVERNAY SHALE RESERVOIR
The effective thickness of the Duvernay shale reservoir in Simonette block of Western Canada Basin is 30 to 45 m, TOC is 2% to 6%, effective porosity is 3% to 6%, and permeability is 0.0001 to 0.0003 mD. The content of condensate of this block is 630 to 1,125 g/m3, which is an ultrahigh-condensate gas reservoir by the international standard. The formation pressure is 77,000 kPa, and temperature is 116°C, so the reservoir fluid in the original state is gaseous, making it an unsaturated condensate gas reservoir. The dew point pressure is 28,550 kPa, and the maximum liquid precipitation is 29.51% (Figure 1A). The Langmuir isothermal adsorption curve is shown in Figure 1B. The average content of brittle minerals such as quartz and feldspar reaches 53%. Natural and induced fractures are easily formed under the action of external forces. As a result, complex fracture network probably dominates the pore system here. Large-scale multistage fractured horizontal wells were the main methods to produce the shale gas. Reasonable fracturing parameters of horizontal Wells are not clear yet.
[image: Figure 1]FIGURE 1 | Volume fraction change of condensate oil in CVD experiment (A) and Langmuir equilibrium absorption curve (B).
NUMERICAL SIMULATION MODEL
At present, numerical simulation models of shale gas include dual-media model (Bustin et al., 2008; Ozkan et al., 2010), multimedia model (Wu et al., 2009), and equivalent-media model (Moridis et al., 2010). Among them, the dual-media model is the most widely used. The model assumes that shale is composed of two kinds of medium: matrix and fracture. Gas exists in shale in two forms: free state and adsorbed state, only free gas exists in fractures, and not only free gas exists in matrix, but also some gas is adsorbed on the matrix pore surface (Sun et al., 2012). The types of hydraulic fractures generated by staged fracturing vary from simple to complex, as shown in Figure 2. They are simple fractures, complex fractures, and fracture clusters (Fisher et al., 2004), among which the fracture cluster model is more consistent with the distribution of fracture network in the formation after hydraulic fracturing (Li et al., 2017; Li et al., 2018; Xie et al., 2020; Zhang et al., 2021a; Zhang et al., 2021b).
[image: Figure 2]FIGURE 2 | Types of hydraulic fracture.
It is a very effective method to treat complex fracture network into equivalent fracturing reconstruction volume (SRV). SRV is composed of artificial main fracture and inner and outer areas of fracturing reconstruction. The inner zone is a complex fracture network system formed by fracturing transformation, which is treated as dual medium. The outer zone is treated as a single pore medium because it is not subject to fracturing transformation. In each region, the fluid flow is treated as a linear flow (Wu et al., 2017). Other basic assumptions are as follows:
1) The reservoir is horizontally equal in thickness, the horizontal well is located in the center of the reservoir, and the fracture runs through the whole reservoir.
2) Consider the compressibility of oil and gas and ignore the compressibility of rock.
3) The adsorption and desorption of gas follows the Langmuir monolayer adsorption model. As the adsorption mechanism of condensate is not clear, it will not be considered separately.
4) The fluid is composed of oil and gas. The gas component exists only in the gas phase. The oil component can exist in both oil and gas phases at the same time. The content of dissolved condensate in the gas phase is characterized by Rv.
The outer region is the matrix region, and the adsorption and desorption of gas are described by Langmuir theory.
[image: image]
where VL is Langmuir volume (m3/m3); pL is Langmuir pressure (MPa); p is pressure (MPa); V is the gas adsorption capacity in unit volume rock (m3/m3).
Therefore, the gas phase seepage equation of the outer zone (subscript A indicates the outer zone) is as follows:
[image: image]
where k is absolute permeability (10-3 μm2); krg is relative permeability (decimal); μg is gas viscosity (mPa · s); Bg is volume factor (rm3/sm3); φ is porosity (decimal); Sg is gas saturation (decimal).
Initial condition: [image: image]
Consider closed outer boundary conditions：[image: image]
The inner boundary is coupled with the fractured medium in the inner region, and the inner boundary condition is [image: image]
where pi is the original pressure (MPa); subscript f indicates the fracture in the inner area); y is the half-length of artificial fracture (m); ye is the outer boundary range (m).
The inner region is a dual medium, which is characterized by Kazemi model of unsteady mass transfer. Then, the gas phase seepage equation in the matrix of the inner area (expressed by subscript m) is:
[image: image]
Initial condition: [image: image]
Consider closed outer boundary conditions：[image: image]
The inner boundary is coupled with the fractured medium, and the inner boundary condition is: [image: image], where hm is the width of matrix block (m).
[image: image]
Considering that there is gas exchange between the fractures in the outer area and the inner area. The gas phase flow from the outer area is as follows:
[image: image]
Considering the fluid supply from the inner matrix and the outer zone to the fracture medium in the inner zone, the gas-phase seepage equation in the fracture (expressed by subscript f) can be obtained as follows:
[image: image]
Initial condition: [image: image]
Outer boundary condition：[image: image]
The inner boundary is coupled with the artificial fracture, so the inner boundary condition is [image: image].
Considering the fluid exchange from the inner fracture to the artificial fracture (expressed by subscript F), the gas phase exchange capacity can be obtained as follows:
[image: image]
Therefore, the gas phase seepage equation in artificial fracture can be obtained as follows:
[image: image]
Initial condition: [image: image]
Outer boundary closure: [image: image]
If the gas well is produced under constant bottom-hole pressure, the inner boundary condition is as follows: [image: image], where pwf is the bottom-hole pressure (MPa).
Then, the gas production of the well can be obtained as follows:
[image: image]
GOR can be used to predict the output of oil phase. At the initial stage of production, the pressure has not spread to the reservoir boundary, and the gas oil ratio is constant, and GOR can be predicted with the data at the initial stage of production. When the pressure spreads to the boundary, GOR can be predicted by the material balance method.
Based on the DK-LS-LGR (dual permeability–logarithmic spacing change–local grid refinement) method of commercial numerical simulation software CMG, the complex fracture network generated by staged fracturing was characterized, and a mechanism model of staged multicluster fractured horizontal well in dual-media shale gas condensate reservoir considering the effects of condensate and desorption was established (Figure 3). A locally infilled double-permeability mesh with logarithmic spacing variation was used within the staged fracture zone to simulate the primary and secondary fractures generated by fracturing near the wellbore zone, whereas a common double-permeability mesh was used outside the zone to simulate the effects of natural fractures.
[image: Figure 3]FIGURE 3 | Fracture distribution diagram of segmental fractured horizontal well mechanism model.
Based on the implementation of a large number of microseismic monitoring in the target block, it is clear that the effective half-length of fracture in the segmental fractured horizontal well is 50 to 75 m (Figure 4). The historical matching process of the model shows that the fitting effect is the best when the half-length of the fracture is 50 m. The permeability of hydraulic fractures is high in the near-well zone and low in the far-well zone. The fractures in each fracture stage are described as the fracture model in Figure 5, and the fracture permeability is set to decrease along the half-length of the fracture from the near-well to the far-well to further describe the actual situation of fractures in the formation.
[image: Figure 4]FIGURE 4 | Microseismic interpretation map.
[image: Figure 5]FIGURE 5 | Permeability distribution of hydraulic fractures in fracturing segment.
WinProp module was used to process the PVT experimental data of the original well fluid, and the equation of state was fitted to generate the fluid model. Considering the influence of parameters such as fracture permeability, porosity, and water saturation decreasing along the half-length of fracture, the single-well history matching is carried out for bottom-hole pressure and daily oil and gas production, so as to make the model truly conform to the actual performance of gas reservoir. The fracture stress sensitivity is introduced into the simulation, and the fitting formula is as follows:
[image: image]
where Kmult is dimensionless permeability multiplication coefficient, and P is formation pressure (kPa). Fracture permeability will decrease with the decrease in formation pressure, which can further improve the fitting accuracy of bottom-hole pressure. During the model prediction, the half-length of fractures is set to be 50 m, with two to four clusters of fractures in each fracture stage, and the cluster spacing is 18 m. The production at constant pressure of 20,000 kPa was carried out under the combined action of condensate and desorption for 25 years.
FRACTURE PARAMETER OPTIMIZATION
The typically designed well length in ultrahigh condensate zone is 2,700 m. In order to develop shale condensate gas reservoir economically and efficiently, reasonable fracturing parameters of horizontal well should be determined. Based on the single-well model, the effects of the number of fracture stages, the number of clusters in the fracture stage, the half-length and permeability of the main fracture, the fracture network density, and the fracture distribution pattern on the development effect were studied.
Number of Fracture Stages and Number of Clusters in Each Stage
By keeping the length of horizontal wells constant, the numerical simulation study was carried out on horizontal wells with different number of fracture stages including two cluster fractures, three cluster fractures, and four cluster fractures. The variation curves of accumulated gas and accumulated condensate under different number of fractures were obtained (Figure 6).
[image: Figure 6]FIGURE 6 | Cumulative gas and condensate production curves of different numbers of fractures.
It can be seen from Figure 6 that the number of fractures has a great influence on the amount of accumulated condensate oil and gas. When the number of fractures is small, the growth range of accumulated gas and accumulated condensate oil is large with the increase in the number of fractures, and the lower the number of clusters within the interval, the higher the accumulated oil production. This is because under the same number of fractures, the fewer clusters per stage, the more fracture stages, and the larger the transformation range, which is conducive to the communication of more natural fractures, so as to improve the seepage conditions and increase the production rate. When the total number of fractures reaches a certain number, the change of accumulated gas and accumulated condensate with the increase in fracture number is not significant, and the difference between different cluster numbers becomes small. This is due to the decrease in reservoir pressure during depletion development of shale gas reservoirs as production progresses. The more the number of fractures, the faster the formation pressure drops. On the one hand, it is advantageous to the adsorption of shale gas desorption, increasing the reservoir gas. On the other hand, when the pressure is lower than the dew point, the condensate oil precipitates, and two-phase flow begins to appear in the formation, which leads to the increase in seepage resistance, the decrease in gas and oil production speed, and the loss of a large amount of condensate oil in the formation. It is the contradiction between fracturing stimulation and fluid resistance reduction. At the same time, the increase in fracture number leads to the decrease in interval spacing, bringing with it the interfracture interference, which restrains the production of each fracture and the overall effect of fracturing stimulation. Because of the large number of fractures, the difference of fracture treatment range with different cluster numbers becomes smaller, so the difference of cumulative production becomes smaller too. The comparison shows that 129 fractures is the optimal value, corresponding to a reasonable number of fracturing stages of 43, with three clusters of fractures in each stage. In this way, the shale reservoir can be fully stimulated to significantly increase oil and gas production, and the cumbersome situation caused by too many fracturing stages due to the small number of clusters in a single stage can be avoided.
Half-Length of Primary Fracture
Artificial fracture half-length affects the control range of single horizontal well to some extent. Increasing the half-length can improve the contact area between fracture and reservoir. Based on the optimized number of fracturing stages and the number of clusters within the stages, the fracture half-lengths were set as 20, 50, 80, 110, and 140 m, and the relationship curve between the accumulated oil and gas volume and the fracture half-length was obtained through simulation (Figure 7A). As can be seen from the figure, horizontal well productivity basically goes positively linear with fracture half-length. For shale reservoirs with very poor permeability, increasing artificial main fracture half-length can significantly expand the scope of reservoir reconstruction, thus increasing gas well productivity. In the production process, there will be two phase zones and condensate accumulation around the fracture surface, which leads to the decrease in gas and liquid permeability and the decrease in production. As can be seen from the condensate saturation distribution diagram (Figure 7B) in the fracturing stage under different fracture half-lengths, as the fracture half-length increases, the condensate saturation in the fracturing stage gradually decreases, so the seepage resistance will decrease correspondingly and the flow state of the fluid will be significantly improved. It can be concluded that increasing the fracture half-length is an effective way to exploit the potential of condensate near the well. However, in the actual fracturing process, fracturing equipment cannot meet the construction requirements of excessively high fracture half-length, so the economic and technical constraints can be fully considered to optimize the economic and optimal main fracture half-length.
[image: Figure 7]FIGURE 7 | Cumulative condensate and gas production curves (A) and condensate saturation distribution of fracturing segment (B) under different half-length of fracture.
Primary Fracture Permeability
Domestic and foreign experience in the transformation of ultralow permeability reservoirs by staged fractured horizontal wells shows that such reservoirs do not require high conductivity of artificial fractures (Yin et al., 2014). Figure 8 shows the productivity prediction curves of horizontal Wells with different fracture permeability. The simulation results also confirm this view. Figure 9A shows that increasing the main fracture permeability has limited ability to improve the production status of shale condensate gas wells. When the main fracture permeability increases to a certain extent, the productivity of gas Wells does not increase significantly.
[image: Figure 8]FIGURE 8 | Productivity of segmental fractured horizontal well with different fracture permeability.
[image: Figure 9]FIGURE 9 | Cumulative condensate and gas production curves (A) and oil and gas saturation distribution of fracturing segment (B) under different fracture permeability.
The permeability of shale gas condensate reservoir is very poor, and the conductivity between the fractures and the surrounding reservoir after fracturing is an important factor restricting the productivity of horizontal wells. Insufficient fluid supply from unmodified reservoirs to artificial fractures restricts the high seepage capacity of artificial fractures. As can be seen from the oil–gas saturation distribution in Figure 9B, when the permeability of the main fracture increases to a certain extent, there is no significant effect on oil and gas stimulation. When the number and half-length of fractures remain unchanged, the pursuit of excessive seepage capacity will inevitably lead to the increase in the difficulty of construction and the increase in fracturing cost (Mao et al., 2020). Therefore, it is reasonable to set the main fracture permeability as 300 mD.
Fracture Mesh Density
Fracture mesh density means the number of secondary fractures in each half-fracture. On the basis of the above fracture parameter optimization results, the half-length of the fracture in the model is set to be 50 m. Numerical simulations in which the number of secondary fractures in a single fracture stage is 0, 2, 4, 6, 8, and 10 are conducted, respectively, to simulate the development effect of staged fractured horizontal wells in shale condensate gas reservoir under different fracture network densities. It can be seen from the cumulative oil and gas volume curves of different numbers of secondary fractures (Figure 10A) that when the number of secondary fractures increases from 0 to 2, the cumulative oil and gas volume does not increase significantly. This is because there are few secondary fractures at this time, and no effective fracturing area has been formed. The amount of oil and gas production increased dramatically when the number of secondary fractures increases to 4. While the fracture mesh density continues to increase, oil and gas production increment is slow, which is due to the overlapping waste of transformation volume when fracture mesh density increases to a certain degree.
[image: Figure 10]FIGURE 10 | Cumulative condensate and gas production curves (A) and local pressure distribution map of horizontal wells (B) under different number of secondary fractures.
Figure 10B shows the local pressure distribution of staged fractured horizontal wells with different fracture network densities during 1 year of production. The analysis shows that when there are fewer than two secondary fractures, the fracture network density is small, the pressure wave propagation is slow, and the spread range is small. When the number of secondary fractures reaches four, the main fractures and secondary fractures are staggered and connected, forming a complex fracture network. The reservoir between fractures is fully reformed, the pressure swept area increases, the pressure drop range is wide, and the stimulation effect is significant. As the fracture network density continues to increase, the pressure swept area does not change significantly, so the stimulation effect is no longer obvious.
Fracture Distribution Patterns
After optimizing the fracture parameters of segmented multicluster fractured horizontal wells, the effect of fracture distribution pattern on the productivity of shale gas condensate wells is further studied. In this case, a local horizontal well is fractured with six fractured sections, three clusters of fractures in each section, and main fracture permeability of 300 mD. Four fracture distribution patterns are designed (Figure 11) under the condition of maintaining the same total fracture length, which are of equal length type, staggered type, spindle type, and dumbbell type. Through simulation, the cumulative production figure (Figure 12) and the relationship curve between cumulative production and production time (Figure 13) were obtained under different fracture laying patterns.
[image: Figure 11]FIGURE 11 | Different fracture laying patterns.
[image: Figure 12]FIGURE 12 | Cumulative condensate and gas production of different fracture laying patterns.
[image: Figure 13]FIGURE 13 | Cumulative condensate/gas–time curves of different fracture laying patterns.
It can be illustrated from Figure 12 that the total fracture length is the same, and the final production of different fracture distribution pattern is different. The cumulative oil and gas production of staggered pattern is significantly higher than that of the other three types. It can be demonstrated from Figure 13 that the initial outputs of the four fracture laying patterns are the same, and the production capacity of the staggered type in the middle and later stages of production is obviously different from the other three types. This is because in the early stages of production, production is largely controlled by artificial fractures. Because the total fracture length is the same, the oil and gas productions are the same. With the extension of production time, the influence of pressure spread and the interference between fractures on productivity is greater. As can be seen from the pressure distribution diagram (Figure 14) of horizontal wells with different distribution methods after 5 years of production, the staggered type has a higher productivity due to more long fractures, larger volume of transformation, and longer range of pressure spread. At the same time, there is little interference between long and short cross-fractures, avoiding large scale of low pressure zones, and condensate precipitating (Figure 15), which reduces the reservoir damage, thus effectively improving the fluid flow state of the reservoir and achieving better stimulation effect.
[image: Figure 14]FIGURE 14 | Pressure distribution map of horizontal wells with different fracture laying patterns.
[image: Figure 15]FIGURE 15 | Oil saturation distribution map of horizontal wells with different fracture laying patterns.
DISCUSSION
A numerical model of segmental multicluster fractured horizontal wells is composed to discuss the flow of extremely rich gas condensate in complex fracture systems. The impact of factors including fracturing segments, fracturing clusters, half-length of main fracture, fracture permeability, fracture mesh density, and fracture distribution patterns on productivity were studied. The conclusions may provide meaningful support to the economic and efficient development of Duvernay gas-condensate shale reservoirs. However, some issues are still valuable to be further investigated and listed below.
1) The optimized fracture parameters are discussed via numerical simulation on the Duvernay formation, whereas those parameters have not yet been coupled with the field fracturing process. Whether the values of the parameters are applicable in the field practice needs to be further discussed.
2) In the optimization process, the parameters are discussed on the basis of other optimized values. Therefore, the interactions between parameters are not investigated. Further study could discuss the interaction between fracturing parameters by an orthogonal designed test.
3) The fracture patterns in this article are just in a theoretical way; the applicability of the fracture pattern should be discussed on the basis of field fracturing practice. The relationship between pump procedure and fracture patterns on the basis of stress interference is a significant issue.
CONCLUSION
For economic and efficient development of extremely high-condensate shale gas reservoirs, a numerical model of segmental multicluster fractured horizontal well was established considering the effect of condensate and desorption, and the optimization of fracturing segments, fracturing clusters, half-length of main fracture, fracture permeability, fracture mesh density, and fracture distribution patterns were studied. The results are as follows:
1) Based on the DK-LS-LGR method of CMG, the complex fracture network generated by staged fracturing is characterized with a single-well mechanism model of dual media staged multicluster fracturing horizontal well to simulate the multiscale flow of matrix, natural fractures, and artificial fractures in ultrahigh-condensate shale gas reservoir under the joint action of condensate and desorption. Considering the effect of fracture stress sensitivity and the decline of fracture permeability, porosity, and water saturation along the half-length of fracture, the accuracy of the history matching of the model can be further improved.
2) The fracture parameters of horizontal wells with a designed length of 2,700 m in the ultrahigh condensate area of Duvernay shale reservoir in the Simonette block of Western Canada Basin are simulated and optimized. The results show that the best development effect can be obtained when 43 stages are fractured with three clusters in each stage and 300 mD of the permeability. It not only can fully transform the shale reservoir and significantly increase the oil and gas production, but also can avoid the complicated situation caused by too many fracturing stages due to the small number of clusters in a single stage. There is a linear positive correlation between horizontal well productivity and fracture half-length. Increasing fracture half-length is an effective way to tap the potential of condensate near the well.
3) When the half-length of the fracture is 50 m, and the number of secondary fractures in a single fracturing stage reaches four, an effective fracturing area can be formed, with a large pressure sweep area, wide pressure drop range, and significant stimulation effect. As the fracture network density continues to increase, further increment of oil and gas production is slow, hindered by the overlapping waste of transformed volume.
4) On the basis of reasonable fracture parameters of staged multicluster fractured horizontal wells, the staggered fracture distribution method has the characteristics of a large reformation volume, far spread of pressure, small interference between fractures, and small range of condensate oil precipitation, which is conducive to the efficient development of shale condensate gas reservoir.
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