[image: image1]Numerical Simulation Study on Optimal Shut-In Time in Jimsar Shale Oil Reservoir

		ORIGINAL RESEARCH
published: 26 April 2022
doi: 10.3389/fenrg.2022.849064


[image: image2]
Numerical Simulation Study on Optimal Shut-In Time in Jimsar Shale Oil Reservoir
Xi Chen1, Kai Liao2,3*, Zhao Lv1, Jian Zhu2*, Junchao Wang1, Yuqi Li2 and Fei Wang2
1PetroChina Xinjiang Oilfield Company, Karamay, China
2Education Ministry Key Laboratory of Petroleum Engineering, China University of Petroleum, Beijing, China
3Institute of Petroleum, China University of Petroleum-Beijing, Karamay, China
Edited by:
Mehdi Ostadhassan, Northeast Petroleum University, China
Reviewed by:
Sen Wang, China University of Petroleum, China
Jianguo Wang, China University of Mining and Technology, China
* Correspondence: Kai Liao, 2020592108@cupk.edu.cn; Jian Zhu, 504876341@qq.com
Specialty section: This article was submitted to Advanced Clean Fuel Technologies, a section of the journal Frontiers in Energy Research
Received: 05 January 2022
Accepted: 25 March 2022
Published: 26 April 2022
Citation: Chen X, Liao K, Lv Z, Zhu J, Wang J, Li Y and Wang F (2022) Numerical Simulation Study on Optimal Shut-In Time in Jimsar Shale Oil Reservoir. Front. Energy Res. 10:849064. doi: 10.3389/fenrg.2022.849064

The volume fracturing technology along with horizontal well is the main technology to obtain commercial oil flow in shale reservoirs because of the low porosity and low permeability. Whether the fracturing fluid has the potential of shale matrix imbibition oil recovery after a large amount of slickwater injected into the reservoir is a research hotspot at present. Therefore, it is of great significance to study the law of imbibition and replacement during the shut-in time. Aiming at the Jimsar area, there are several steps in this study in order to explore the new law of fracturing fluid imbibition and oil recovery in shale reservoirs. Primarily, the distribution of pressure and saturation during fracturing time and shut-in time is accurately described by the numerical simulation method. Furthermore, the sensitivity analysis is carried out from two aspects of geological and fracture factors. Eventually, the evaluation of optimal shut-in time is taken by imbibition replacement balance. According to the numerical simulation results, the pressure diffuses rapidly among the matrix during the shut-in time in the hydrophilic reservoir. After 65 days of well shut-in, the whole reservoir tends to be at the same pressure and reaches the equilibrium of imbibition replacement. Contrarily, the pressure of the lipophilic reservoir diffuses slowly and only propagates in the secondary fracture or the matrix near the fractures. The fracture system remains a “high-pressure area” for a long time during shut-in. Additionally, the optimal shut-in time chart of different geological parameters and fracture parameters is drawn to optimize the shut-in time. This research work has a certain reference value for the optimization of shut-in time after fracturing in Jimsar and similar shale oil wells.
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INTRODUCTION
Nowadays, oil and gas are still irreplaceable and non-renewable energy all over the world. However, with the decline of recoverable reserves of conventional resources year by year, shale oil, as a new unconventional resource with great potential, has become an important part of global oil and gas resources (Greene et al., 2003). This research focuses on a typical shale reservoir located in the Permian Lucaogou Formation in Jimsar Sag, Jungar Basin, with a total exploration area of about 13,000 km2 (Li et al., 2015; Guo et al., 2019; Erting et al., 2020). The discussed area has the characteristics of medium–low porosity and low–ultra-low permeability. The average overburden porosity is 6 ∼ 16%. The overburden permeability is less than 0.1mD (Wang et al., 2020). There are two sweet spots with great differences in physical properties developed in the study area. The upper sweet spot is weak hydrophilic, and the lower sweet spot is weak lipophilic (Wu et al., 2019; Ma et al., 2020). At present, the volume fracturing technology along with horizontal wells is the key technology for shale reservoirs to obtain commercial oil flow (Sun et al., 2019). Hydraulic fractures can communicate and expand natural fractures, or induce micro-fractures to secondary hydraulic fractures through large-scale segmented and multi-cluster fracturing (Zhou et al., 2007; Zhu et al., 2015; Khanna and Kotousov, 2016; Zhang et al., 2018). Then, interconnected complex fracture networks formed in reservoirs can increase the reconstruction volume and improve single-well productivity greatly. Slickwater is generally used in unconventional reservoirs compared to conventional low-permeability reservoir fracturing. On the one hand, the cost of slickwater is relatively low. On the other hand, slickwater helps to form a complex fracture network as a consequence of low viscosity (Qu et al., 2020; Shi et al., 2020; Zhang et al., 2021). The capillary pressure plays a significant role in the process of well shut-in time after fracturing. The main power of imbibition comes from a capillary force (Handy 1960; Li 2006; Li et al., 2007). The wettability of the reservoir determines the magnitude of the capillary force (Wang et al., 2017). The slickwater retained in the reservoir can be imbibed into the hydrophilic reservoir after long-term well shut-in. At the same time, part of the crude oil in the matrix will be replaced into the fracture. The imbibition and replacement could improve the productivity of the oil well and the recovery of crude oil (Sherman and Holditch, 1991; Bazin et al., 2010; Mohammadmoradi and Kantzas, 2018). A complex fracture network composed of hydraulic main fractures and open secondary fractures will be formed after large-scale slickwater fracturing. Then, the fractured network becomes the main seepage channel connecting the wellbore and matrix. The statistical study of the distribution of shut-in time and production after fracturing on some horizontal wells in the area is shown in Figure 1. Prolonging the shut-in time of the upper sweet spot wells can improve the initial oil production to some extent. However, there is a large difference between the wells, while the shut-in time of the lower sweet spot well has little impact on the initial production after fracturing. From Figure 1, the distribution of shut-in time is wide and irregular. The imbibition and replacement mechanism during shut-in time is indeterminate. At present, the selection of shut-in time of Jimsar horizontal well mainly comes from historical construction experience. The selection of well production time lacks scientific basis.
[image: Figure 1]FIGURE 1 | (A) Distribution of shut-in time after fracturing horizontal well in Jimsar; and (B) production distribution of horizontal well map after fracturing in the upper sweet spot; and (C) production distribution of horizontal well map after fracturing in the lower sweet spot.
Based on the abovementioned research on the production status of multistage fracturing of Jimsar horizontal well, in order to maximize the role of imbibition and replacement during well shut-in and improve the development effect of the shale oil fractured horizontal well, it is necessary to carry out the research on the law of imbibition and replacement during the well shut-in. Combined with the multiscale seepage characteristics of the Jimsar shale reservoir after fracturing, a triple-medium oil–water two-phase shut-in model is established to clarify the dynamic distribution of oil and water in the three flow areas of main hydraulic fracture, secondary hydraulic fracture, and matrix during well shut-in. Then, the water imbibition and oil replacement mechanism of fracturing fluid are explained by the simulation results. The results of this work can grasp the mechanism of fracturing fluid imbibition and oil replacement and clarify the oil–water dynamic distribution during the shut-in period to decide the reasonable shut-in time in Jimsar shale.
NUMERICAL SIMULATION METHOD
Assumptions

① Shale oil reservoir is composed of shale matrix, secondary hydraulic fractures, and main fractures. Also, the liquid can flow among triple media.
② The main fracture is a discrete vertical fracture with two symmetrical wings distributed at both ends of the horizontal wellbore. The fracture height is equal to the reservoir thickness.
③ The secondary hydraulic fractures are discrete vertical fractures and orthogonal to the main fractures, which are distributed in the matrix grid of the reconstruction area.
④ Two-phase (oil and water) flow among the triple media. Fluid and rock are slightly compressible.
⑤ The fluid flow is isothermal seepage.
Main Governing Equations
The governing equation of oil phase flow is as follows:
[image: image]
where So is the oil saturation; ρo is the oil viscosity (mPa·s); φ is the porosity of matrix; kro is the relative permeability of oil; ηo is the mobility of oil; Δpo is the pressure difference of oil in different media.
The governing equation of water phase flow is as follows:
[image: image]
where Sw is the water saturation; ρw is water viscosity (mPa·s); φ is the porosity of matrix; krw is the relative permeability of water (mD); ηw is the mobility of oil; and Δpw is the pressure difference of water in different media.
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where So is the oil saturation; Sw is the water saturation; and Pc is the capillary pressure (Pa).
Methodology
Various models are constructed by fully exploiting the functions of the commercial reservoir simulation software (CMG IMEX) based on the assumptions and equations. The reservoir consists of triple media: main hydraulic fracture (HF), second hydraulic fracture (SF), and matrix(M). The models show single-porosity, while the fracture system is set up by adopting logarithmic local grid refinement. Due to the great differences in reservoir properties and oiliness in different sweet spots in Jimsar, the upper and lower sweet spot of fracture element grid models are established. As shown in Figure 2, the horizontal wellbore is along the x-axis direction and the hydraulic fracture is along the y-axis direction. Diverse color represents different permeability. The red region represents the main hydraulic fracture with high conductivity, and the blue region represents the secondary hydraulic fracture with low conductivity. The whole numerical simulation process is divided into two stages: the fracturing fluid injection stage and the well shut-in stage. Through the numerical simulation of the fracturing fluid injection stage, the real distribution of different medium (HF, SF, and M) pressure and fluid saturation after fracture of formation is simulated.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of the grid structure of the numerical model in the upper sweet spot; (B) schematic diagram of the grid structure of the numerical model in the lower sweet spot.
Model Description
An upper sweet spot model based on J1 (a horizontal well in the upper sweet spot, Jimsar) and a lower sweet spot model based on Y1 (a horizontal well in the lower sweet spot, Jimsar) are established to explore the law of fracturing fluid imbibition and oil replacement during the shut-in time. The parameters of the reservoir, fracture, and engineering are obtained through field data (Wang et al., 2020; Zhang et al., 2021). The PVT properties of the oil are acquired from the indoor experiment (Liao et al., 2019). Relevant known model parameters are summarized in Table 1 and Table 2 (the data are obtained from Xinjiang Oilfield).
TABLE 1 | Parameter setting for the upper sweet spot model.
[image: Table 1]TABLE 2 | Parameter setting for the lower sweet spot model.
[image: Table 2]Relative Permeability and Capillary Pressure Curve
The reservoir capillary pressure is high because of the characteristics of low porosity, ultra-low permeability, and widely developed microscale pores (Zhang et al., 2021). Capillary pressure, as the main power for slickwater to enter the matrix, affects the distribution of fracturing fluid and crude oil in the matrix and fracture system (Li et al., 2007). From the experiment test, the capillary pressure curve and two-phase relative permeability curve used in models are assigned as presented in Figures 3A,B respectively. The two-phase relative permeability of the fracture system uses the classical relative permeability setting (Zhang et al., 2017).
[image: Figure 3]FIGURE 3 | (A) Relative permeability; (B) capillary pressure.
Model Validation
The oil and water transfer between different media and the pressure of these media are difficult to monitor in reality because the techniques are limited. Therefore, the well bottom-hole pressure falloff at the shut-in period and water cut at flowback time could be used to validate the model.
This work verifies the model by well bottom-hole pressure of J1 and Y1 and water cut of J1, J2, J3, Y1, Y2, and Y3 using actual monitoring data. The validations are shown in Figures 4A,B. As shown in Figure 4, the simulated pressure change, water cut and the actual well pressure change, water cut fit well, which verifies the accuracy of the model.
[image: Figure 4]FIGURE 4 | (A) Well bottom-hole pressure falloff; (B) water cut in the upper sweet spot; and (C) water cut in the lower sweet spot.
LAW OF OIL–WATER EXCHANGE DURING WELL SHUT-IN
Simulation Results of Pressure
Figure 5 displays the pressure distribution diagram in the different sweet spots at different shut-in times. Figure 6 displays the statistical diagram of pressure distribution at different distances from HF. From Figures 4A,B, it can be seen that at the end of pumping, the pressure in the center of the main hydraulic fracture is 66.5 MPa; the pressure of the matrix 5 m and above from the fracture is the initial reservoir pressure (38 MPa). After 200 days of well shut-in, the pressure in the center of the main hydraulic fracture decreases to 43 MPa, and the pressure of the matrix 5 m and above from the fracture increases to 40 MPa. Figures 4C,D displays that the pressure in the center of the main hydraulic fracture is 71.5 MPa; the pressure of the matrix 5 m and above from the fracture is initial reservoir pressure (44 MPa). After 200 days of well shut-in, the pressure in the center of the main hydraulic fracture decreases to 46.3 MPa, and the pressure of the matrix 5 m and above from the fracture increases to 45 MPa. Combined with the weak hydrophilic characteristic of the upper sweet spot reservoir and the weak lipophilic characteristic of the lower sweet spot reservoir (Zhang et al., 2021). It can be concluded that during the shut-in period, the main fracture fluid pressure in the upper sweet spot is continuously diffused to the secondary hydraulic fractures and matrix under the capillary force. The capillary force as the main power promotes the imbibition and replacement between the fracture system and matrix. As it can be seen from the pressure distribution diagram, the reservoir pressure distribution is relatively average after 200 days of well shut-in, while the main fracture fluid pressure in the lower sweet spot is continuously diffused to the secondary hydraulic fracture. As a repulsive force, the capillary force hinders the imbibition and replacement. A small amount of fracturing fluid retained in the fracture system enters the matrix under differential pressure. After 200 days of a well shut-in, an obvious “high-pressure zone” is formed near the fracture system. The matrix pressure at the far fracture increases by 2%. The pressure changes from beginning to end are small.
[image: Figure 5]FIGURE 5 | (A) Pressure distribution in the upper sweet spot at the end of pumping; (B) pressure distribution in upper sweet spot after 200days of shut-in; (C) pressure distribution in the lower sweet spot at the end of pumping; and (D) pressure distribution in the lower sweet spot after 200 days shut-in.
[image: Figure 6]FIGURE 6 | Pressure distribution of upper and lower sweet spots at different positions from HF.
Simulation Results of Saturation
Figure 7 displays the water distribution diagram in different sweet spots at different shut-in times. Figure 8 displays the statistical result. As shown in Figure 7A, at the end of pumping, 20.3% of the fracturing fluid is distributed in the HF, and 41.2% of the fracturing fluid is distributed in the RF. 38.5% of the fracturing fluid is filtered and imbibed into the near fracture matrix; As shown in Figure 7B, after 200 days of well shut-in, 3.2% of the fracturing fluid is distributed in the HF, 5.9% of the fracturing fluid is distributed in the SF, and 90.9% of the fracturing fluid is filtered and imbibed into the near fracture matrix. The water saturation of the fracture system is close to 0, and almost all the fracturing fluid is imbibed into the matrix. The long-term well shut-in helps to promote the oil-water exchange of the upper sweet spot reservoir (the fracturing fluid in the fracture i imbibed into the near fracture matrix, and the crude oil in the matrix is replaced in the fracture system), which is consistent with the conclusion by A. Almulhim. That work shows that the fracture water saturation in the fracture can be reduced from 100% to irreducible water saturation in a strong hydrophilic reservoir (Almulhim, et al., 2014). As shown in Figure 7C at the end of pumping, 28.1% of the fracturing fluid is distributed in the HF, and 40.2% of the fracturing fluid is distributed in the RF. 31.7% of the fracturing fluid is filtered and imbibed into the near fracture matrix; As shown in Figure 7D, after 200 days of well shut-in, 21.9% of the fracturing fluid is distributed in the HF, 27.9% of the fracturing fluid is distributed in the SF, 50.2% of the fracturing fluid is filtered, and imbibed into the near fracture matrix. The water saturation of the fracture system is 0.6–0.9. The water saturation still holds high water content. Long-term well shut-in has little impact on the oil-water exchange of the lower sweet spot reservoir.
[image: Figure 7]FIGURE 7 | (A) Water saturation distribution in the upper sweet spot at the end of pumping; (B) water saturation distribution in the upper sweet spot after 200 days shut-in; (C) water saturation distribution in the lower sweet spot at the end of pumping; and (D) water saturation distribution in the lower sweet spot after 200 days shut-in.
[image: Figure 8]FIGURE 8 | (A) Distribution of the fracturing fluid in the upper sweet spot at a different time; (B) distribution of the fracturing fluid in the lower sweet spot at different times.
Characteristics of Oil–Water Exchange
In this article, the oil-water changes among triple medium: HF, SF, and M are collected by setting different sectors. The oil-water replacement law during well shut-in is analyzed. It is defined that when the flow is less than 0.1 m³/d, the imbibition equilibrium is reached. During the well shut-in time, the oil is continuously replaced from the matrix to the fracture system in the upper sweet spot reservoir, as shown in Figure 9. The imbibition equilibrium is attained in about 65 days. When reaching the imbibition equilibrium, the cumulative oil volume replaced in sector SF is 161.2 m³, sector SF is 47 m³. A small amount of oil enters the fracture system in the lower sweet spot, as shown in Figure 9. The cumulative oil volume replaced in sector SF is higher than that of SF, reaching the imbibition equilibrium in about 14 days. The cumulative oil volume replaced in sector SF is 45.87 m3 and cumulative oil volume replaced into sector SF is 22.77 m³.
[image: Figure 9]FIGURE 9 | (A) Cumulative water imbibition volume and oil replacement volume of single fracture in the upper sweet spot; (B) cumulative water imbibition volume and oil replacement volume of single fracture in the lower sweet spot.
By counting the cumulative oil inflow of the fracture system, the simulation results of the two models are shown in Figure 10A. Combined with the fact that the SF density is low during the stimulation of the upper sweet spot reservoir, the complexity of the fracture system is low. In Figure 11, the initial oil saturation of the SF of the upper desserts is low. But the upper sweet desserts reservoir is hydrophilic with the capillary force as a power for imbibition. With the increase in shut-in time, the cumulative oil inflow changes gradually until the equilibrium state.
[image: Figure 10]FIGURE 10 | (A) Cumulative oil replacement of fracture system; (B) cumulative oil replacement of SF.
[image: Figure 11]FIGURE 11 | (A) Optimal well shut-in time chart of initial water saturation; (B) optimal well shut-in time chart of oil viscosity; (C) optimal well shut-in time chart of SF density; and (D) optimal well shut-in time chart of proppant proportion.
Because the density of SF is high during stimulation of the lower sweet spot reservoir. The complexity of the fracture system is high. In Figure 11B, the initial oil saturation of the SF is high, but the lower sweet spot reservoir is lipophilic. The capillary force is used as a resistance in the imbibition. The oil replacement is carried out only by the action of differential pressure between different media. The cumulative oil replacement hardly changes with the increase in well shut-in time.
OPTIMIZATION OF SHUT-IN TIME
In this section, according to oil-water exchange among different media in Characteristics of Oil–Water Exchange, it is necessary to extend the shut-in time to make the fracturing fluid fully in contact with the reservoir, to achieve the best imbibition and replacement effect. Different parameters are analyzed by numerical simulation (permeability, initial water saturation, oil viscosity, SF density, and proppant ratio). Figure 11 shows the optimal well shut-in time and 1-year cumulative oil PEF (production enlargement factor) under different parameter conditions based on the infiltration equilibrium time defined by flow in Model Description. For example, the initial water saturation of the upper sweet spot reservoir is 0.3; the matrix permeability is 0.008md. Then the x-axis is 0.008; the y-axis is 0.3. The optimal shut-in time is 66 days, and the p cumulative oil production enlargement factor is 1.168.
CONCLUSION

1) The pressure diffusion is significant during the well shut-in in the upper sweet spot. The reservoir pressure distribution is relatively average after 200 days of well shut-in, whereas in the lower sweet spot reservoir, the pressure diffuses slowly during the well shut-in. The pressure only diffuses in the SF and near fracture matrix. After long-term well shut-in, there is still an obvious “high-pressure area” in the fracture system.
2) After 200 days of well shut-in, 85.2% of the fracturing fluid in the fracture system in the upper sweet spot reservoir was imbibed into the matrix. The oil saturation in the fracture is close to 1. Appropriately prolonging the well shut-in time is conducive to the water imbibition and oil replacement; Only 27.1% of the fracturing fluid in the fracture system in the lower sweet spot reservoir is imbibed into the matrix. The average oil saturation of the fracture system is 30%. Prolonging the soaking time has little effect on the water imbibition and oil replacement.
3) The upper sweet spot reservoir reached the equilibrium time in about 65 days. The cumulative oil volume replaced in the fracture system increased from 72 to 208 m3. The effect of imbibition replacement in well shut-in is good; The lower sweet spot reservoir reached the imbibition replacement balance in about 14 days. The cumulative oil volume replaced in the fracture system increased from 65 to 68 m3. There is no potential for water imbibition and oil replacement.
4) Because of the great potential of oil replacement in the upper sweet spot reservoir the optimal well shut-in time chart is drawn to guide post-fracture operation. It is suggested that the well shut-in time of the lower sweet spot reservoir is 14 days.
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Reservoir parameters

Matrix permeability, mD
Matrix porosity

Matrix initial water saturation
Model boundary, m'm‘m
Oil viscosity, cp

Reservoir pressure, MPa
Reservoir temperature, °C

Values

0.011
0.12
0.22

1400'500*18
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90

Fracture parameters

Halt-length of HF, m
Conductivity of HF, D.cm
Density of SF, m™

Porosity of SF

Conductivity of SF, D.cm
HF compressibility, MINER%
SF compressibilty, MINER%

Values

130
15
1.08
0256
0.1
50

Engineering
parameters

Fracture stages
Stages spacing, m

Clusters

Injection rate, m%min

Maximum injection pressure, MPa
Injection time, min

Fracturing fluid viscostty, cp

Values

30
45
3 clusters in 1 stage
12
80
120
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