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To understand the occurrence state of fracturing fluid in shale gas matrix-fracture system, an experimental method for evaluating fracturing fluid flow characteristics in matrix-fracture system was established. By using Nuclear Magnetic Resonance method, the flow characteristics of fracturing fluid were investigated from three processes of filtration, well shut-in and flowback. The T2 spectrum of fracturing fluid flow process and fracturing fluid saturation in matrix-fracture core model were clarified. The results demonstrate that the peak area of T2 spectra increases gradually during the filtration process, and the fracturing fluid quickly fills the fractures and matrix pores. During the well shut-in process, the fracturing fluid gradually flows from the fracture space to the matrix pores, and the signal of the matrix pores increases by 50.5%. During the flowback process, fracturing fluid flows out of the matrix and fracture. And when it reaches a stable state, the peak signal in the fracture decreases by 64.5% and the matrix signal reduces by 18.8%. The better the porosity and permeability characteristics of the core, the more likely the fracturing fluid is to stay in the formation and cannot be discharged. This paper would contribute to basic parameters for shale gas fracturing design and production strategy optimization.
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1 INTRODUCTION
As a kind of efficient and clean unconventional energy, shale resources account for 80% of global oil and gas resources and have broad development prospects (Jiang et al., 2016; Zou et al., 2016; He et al., 2021). Vigorously developing shale resource exploitation technology is also of strategic significance for alleviating the contradiction between energy supply and demand and solving the problem of energy security, and is the key field for increasing and stabilizing oil and gas resources in the future (Dehghanpour et al., 2012; Sun et al., 2018).
Shale reservoir is characterized by low porosity and low permeability, which is far lower than the permeability of conventional rock reservoir. At present, shale reservoir is mainly exploited by hydraulic fracturing technology (Dehghanpour et al., 2013; Huang et al., 2023a; Tan et al., 2023). Through continuous injection of fracturing fluid into the reservoir, fracture continue to expand with the migration of fracturing fluid, and a complex fracture network will be established in the reservoir (Huang et al., 2019; Tan et al., 2021). Shale reservoir has complex pore network, fluid flow characteristics in shale reservoir are affected by fluid-solid interaction, physical and chemical properties, adsorption and dissolution properties, etc (Huang et al., 2023b).
The flow characteristics of fluids in pores have been studied extensively (Driskill et al., 2013; Ren et al., 2015; Bi, 2018). You et al. studied the flow rule of nC8 in quartz pores under the condition of water film through molecular dynamics, and found that layered structures were formed on the surface of quartz pores and liquid-liquid slip occurred at the oil-water interface, revealing the migration mechanism of oil in quartz pores under the condition of water film (Zhou et al., 2017; Liu et al., 2019). By analyzing a variety of cationic surfactants, Yang et al. studied their adsorption mechanism on the quartz surface and found that a double-layer structure was formed at the critical micelle concentration, indicating that the surfactant affected the properties of the cationic adsorption film on the quartz surface (Wu et al., 2017; Su et al., 2019; Hou, 2020). Wang et al. investigated the flow pattern of oil-water two phases in calcite pores through molecular dynamics and found that liquid-liquid slip existed at the oil-water interface (Yang, 2016; You et al., 2018). Tong et al. used molecular dynamics to study the fluid behavior and flow in clay pores and concluded that the fluid properties in clay pores would affect the efficiency of oil recovery, indicating that diffusion, viscosity reduction and other factors are the main mechanisms affecting enhanced oil recovery (Tong et al., 2021; Wang et al., 2021). Shale fracturing has formed a complex porous - fracture dual medium, in which the fluid flow state is still unclear (Ma, 2018; Ma et al., 2019; Zhai, 2021).
In this paper, the basic physical properties of the shale core such as porosity and permeability are tested first, and the parameters such as the viscosity and surface tension of the fracturing fluid are tested after the fracturing fluid is configured. A matrix-fractured shale core model was developed, and the T2 spectrum characteristics of fracturing fluid in the process of filtration, well shut-in and flowback were tested by means of low-field nuclear magnetic resonance experiment. The saturation characteristics of fracturing fluid in matrix and fracture were analyzed, and the flow characteristics of fracturing fluid in shale core were compared under different porosity and permeability parameters. In this paper, the flow characteristics of fracturing fluid in shale matrix-fracture are defined, which provides basic parameters for shale gas fracturing design and production capacity construction.
2 EXPERIMENTAL METHOD
2.1 Experimental material
The experimental cores were shale cores from wells X9 and X7 of the Wufeng Formation and Longmaxi Formation in the Yongchuan area of southern Sichuan, both of which were processed into cylindrical specimens with a length of 3 cm and a diameter of 2.5 cm.
The experimental fluid was the slick water fracturing fluid provided by the fracturing site of PetroChina Southwest Oil and Gas Field Company, and was prepared by adding 0.025% drag reducer and 0.25% flowback additives to the formation water. The mineral composition of the formation water is shown in Table 1.
TABLE 1 | Formation water mineral composition.
[image: Table 1]2.2 Experimental instrument
Smart-Perm Pulse Decay gas permeability measuring instrument (ULP-613, Yineng, Beijing, China), Helium porosity measuring instrument (PMI-100, Yineng, Beijing, China), Core Cutting machine (D24000, Dewalt, Maryland, United States), Nuclear Magnetic Resonance Online Analysis system (MacroMR12-150H-I, Niumag, Suzhou, China), High temperature and high pressure interface rheometer (TRACKER-S, Teclis, Auvergne, France), Rheometer (Haake MARS60, Thermo Scientific, Massachusetts, United States).
2.3 Experimental method
2.3.1 Core porosity and permeability parameters
Because the permeability of shale is generally at the Nano Darcy level, the pressure pulse Decay method is generally used to measure the permeability of shale. The shale cores from Wells X7 and X9 were selected and processed into 2.5–3 cm long core sections. After drying in the 110°C oven for 48 h, the permeability and porosity were measured by Smart-Perm pulse decay gas permeability measuring instrument and helium porosity measuring instrument.
2.3.2. Fracturing fluid basic property
According to the industry standard Shale Gas Fracturing Fluids Part 3: Performance Index and Evaluation Method of Continuous Mixing fracturing Fluid (NB/T14003.3-2017). After preparation of fracturing fluid, the surface tension of fracturing fluid was measured by Teclis Tracker high temperature and high pressure interfacial rheometer, and the viscosity of fracturing fluid at 170 s−1 was measured by HaakeMARS60 rheometer.
2.3.3 Fracturing fluid flow test
Because the permeability of shale is generally at the Nano Darcy level, the pressure pulse Decay method is generally used to measure the permeability of shale. The shale cores from Wells X7 and X9 were selected and processed into 2.5–3 cm long core sections. After drying in the 110°C oven for 48 h, the permeability and porosity were measured by Smart-Perm pulse decay gas permeability measuring instrument and helium porosity measuring instrument.
2.3.3.1 filtration process
① Open the heating device so that the temperature of the core holder rises to the set value and remains stable, and open the cold slot for coil cooling; ② Open the NMR measurement and analysis software, put the standard sample into the core holder, connect the experimental pipeline, and load the constant confining pressure; ③ Click cumulative sampling, measure the base signal of the core holder, and set a collection plan with an interval of 15 min; ④ Open the ISCO pump, set the constant pressure 6,895 kPa, click the execution plan, and start displacing at the same time; ⑤ Stop the experiment when the sampling trend line is stable, click on the inversion data, and obtain the T2 curve.
2.3.3.2 well shut-in process
① After the filtration curve is stable, turn off the ISCO pump and close both ends of the core holder; ② Set a new well shut-in acquisition plan, set acquisition sequence, sampling interval and sampling frequency; ③ Click the execution plan and start sampling; ④ Stop the experiment when the sampling trend line is stable, click on the inversion data, and obtain the T2 curve.
2.3.3.3 flowback process
① After the curve of the well shut-in process is stabilized, open both ends of the core holder and set a new flowback process acquisition plan; ② Fill the target pressure of nitrogen into the middle container with the help of the gas cylinder; ③ Set backflow displacement parameters and turn on the pump for constant pressure displacement; ④ Reduce the confining pressure so that the liquid in the annulus of the core and the core holder flows out, and then increase the confining pressure to the target value; ⑤ Stop the experiment when the sampling trend line is stable, click the inversion data to obtain the T2 curve, turn off the heating device, relieve the confining pressure, turn off the instrument, and end the experiment.
The flow chart of the experimental device is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of NMR on-line displacement evaluation system.
3 RESULTS AND ANALYSIS
3.1 Basic properties of core samples and fracturing fluid
The permeability and porosity were measured by Smart-Perm Pulse Decay gas permeability measuring instrument and helium porosity measuring instrument. The results are shown in Table 2.
TABLE 2 | Core porosity parameters of Wells X7 and X9.
[image: Table 2]As can be seen from Table 2: The core permeability of well X7 ranges from 0.0022 to 0.0028 mD, and the porosity ranges from 5.30% to 5.65%; the core permeability of well X9 ranges from 0.0167 to 0.0284 mD, and the porosity ranges from 7.33% to 10.12%, which can provide basic data for the analysis of subsequent experimental results.
The surface tension of fracturing fluid was 44.5 mN/m by means of Teclis Tracker high temperature and high pressure interfacial rheometer. The rheometer was used to test the rheological property of fracturing fluid. The viscosity of fracturing fluid was 2.38 mPa·s at 170 s−1. Fracturing fluid surface tension and viscosity parameters meet the requirement of industry standards.
3.2 T2 spectrum characteristics of fracturing fluid flow in shale matrix-fracture system
3.2.1 T2 spectrum characteristics during filtration process
In the process of fracturing, it is sometimes difficult to avoid a large amount of fracturing fluid loss to the formation. Selecting a shale core of layer 1 in well X9 to make a matrix-fracture core model. In the experiment, 2.7 MPa filtration pressure difference was used to simulate the fracturing fluid filtration process, and T2 spectrum signals were collected every 15 min until the signals were stable. The spectrum diagram of typical T2 signals during the fracturing fluid loss process is shown in Figure 2.
[image: Figure 2]FIGURE 2 | T2 spectrum during filtration process of layer 1 in well X9.
It can be seen from Figure 2 that in the process of fracturing fluid filtration process, the T2 signal features obvious left and right peaks, with the left peak corresponding to semaphores in small matrix pores and the right peak corresponding to semaphores in fractures. Both matrix and fracture signals gradually increase with the increase of filtration time. The right fracture signal increases rapidly after the start of filtration process, and basically reaches the highest peak after 45 min of filtration process, and becomes completely stable after 180 min of filtration process, with the amplitude of fracture signal reaching 146.6 after stabilization. The left stromal signal rose slowly, but it was basically stable after 180 min, when the stromal signal amplitude was 126.8. During the filtration process, fracturing fluid gradually percolates into fractures and matrix pores under the action of filtration pressure difference, resulting in the rise of the T2 spectrum signal. The fracture space is larger than the matrix pores, and fracturing fluid is easier to flow in the fracture, so the fracture is quickly filled with fracturing fluid at the beginning of filtration process, and the corresponding fracture T2 spectrum on the right side increases rapidly with time. The pores of shale matrix are small, and the fracturing fluid flows slowly in the matrix, so the corresponding matrix T2 spectrum signal on the left side rises slowly. When fracturing fluid flows through the matrix, it preferentially fills large pores, and then gradually flows into small pores. Therefore, the T2 peak signal on the left side shows a trend of gradually shifting to the left.
3.2.2 T2 spectrum characteristics during well shut-in process
After fracturing is completed, the well is usually closed for a period of time to restore formation pressure. After the completion of the filtration test, to simulate the flow of fracturing fluid during the well shut-in process, both ends of the core holder were closed and the well shut-in period was 2.5 h, during which T2 signals were collected every 15 min. The typical T2 signal variation spectrum during the well shut-in process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | T2 spectrum during well shut-in process of layer 1 in well X9.
As can be seen from Figure 3, during the well shut-in process, the signal quantity in the right fracture gradually decreases with the well shut-in time. After the well shut-in process is over, the fracture signal amplitude decreases by 16.1%. The left matrix signal increased significantly and gradually shifted to the left with the time of well shut-in. After 195 min of well shut-in, the increase of matrix pore signal value was as high as 50.5% compared with that after the end of filtration process. The results show that the fracturing fluid in the fracture will gradually flow into the matrix during the well shut-in process, causing the signal value in the right fracture to decrease, and the signal value in the left matrix pore to increase gradually. Fracturing fluid will preferentially invades into the matrix with larger pores, and then gradually permeate into smaller micropores. Therefore, the semaphore of fracturing fluid in the left pore will gradually increase while it will show a trend of deviation to the left. The matrix signal changes obviously during the well shut-in process, fracturing fluid enters the matrix space in large quantities, and fracturing fluid utilization of the matrix is significantly improved after well shut-in closure.
3.2.3 T2 spectrum characteristics during filtration process
After the completion of well shut-in process, both ends of the core holder were opened, the flowback pressure difference of 1.3 MPa was adopted, and nitrogen was reverted into the core model from the outlet of the core holder to simulate the flowback process until the T2 spectrum signal was stable. The spectrum diagram of typical T2 signals during the flowback process is shown in Figure 4.
[image: Figure 4]FIGURE 4 | T2 spectrum during filtration process of layer 1 in well X9.
As can be seen from Figure 4, during the flowback process of fracturing fluid, the signals in both matrix and fracture decreased significantly, and the fracture signal decreased rapidly. The signal in fracture basically decreased to the lowest value 45 min after the flowback process began, and after the flowback reached a stable state, the peak signal in the right fracture decreased by as much as 64.5% compared with the end of well shut-in process. The left matrix signal decreased slowly and uniformly, and the decrease was smaller after stabilization, which decreased by 18.8% compared with the peak matrix signal after the completion of well shut-in process. Due to good fracture permeability, flowback fluid preferentially enters larger pores with a small pressure gradient, forming advantageous channels. During the filtration process, fracturing fluid mainly flowback from fractures, and the degree of matrix utilization is low. Therefore, the T2 signal of fractures decreases significantly, while the matrix signal decreases only slightly, so it is difficult to flowback fracturing fluid in shale reservoirs.
3.3 Fracturing fluid saturation characteristics in shale matrix-fracture system
3.3.1 Saturation characteristics during filtration process
According to the experimental results of T2 spectrum characteristics of fracturing fluid flow, the signal amplitudes of filtration process were calculated, and the variation curves of matrix and fracture signal amplitudes over time were plotted, respectively. The results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | The accumulated signal during filtration process of layer 1 in well X9.
It can be seen from Figure 5 that both matrix and fracture signal amplitudes increase with the increase of filtration time. The fracture signal amplitude increases rapidly at the beginning, and reaches a stable state 0.5 h after the filtration process begins. The amplitude of the matrix signal rose slowly, rising at a constant rate during 0–2 h of filtration process, and then reached a stable state. At the beginning of filtration loss, because the fracture permeability is good, the fracture is quickly filled with fracturing fluid, and the corresponding signal amplitude rises rapidly. When the fracture is completely filled with fracturing fluid, it reaches a stable state. The flow of fracturing fluid into the matrix is a slow percolation, so the signal amplitude in the matrix rises slowly. When the fracturing fluid enters the limiting small pores, the matrix-fracture model approaches the saturation state, and the matrix and fracture signal do not change.
3.3.2 Saturation characteristics during well shut-in process
The variation curves of matrix and fracture signal amplitudes over time during well shut-in process were plotted respectively, and the experimental results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | The accumulated signal during well shut-in process of layer 1 in well X9.
It can be seen from Figure 6 that the fracture signal gradually decreases during the well shut-in process and becomes basically stable 2 h after the start of well shut-in process. After stabilization, the fracture signal decreases by 27.3% compared with the initial value. The matrix signal gradually increased and reached a stable state after 2 h, and the matrix signal increased by 36.3%. Due to the closure of the two ends of the core holder, the core model is that the fluid is isolated from the outside world and the fracturing fluid is restricted to flow in the matrix and fracture space during well shut-in process. Under the action of capillary force, the fracturing fluid in the fracture invades into the matrix pores, and fluid exchange occurs in the fracture and matrix. In the absence of foreign fluid intrusion or fracturing fluid outflow, the fracturing fluid in the fracture is less and less, and the fracturing fluid in the matrix gradually increases. The fracturing fluid volume reduced in the fracture is the increased fracturing fluid volume in the matrix pores.
3.3.3 Saturation characteristics during flowback process
The signal amplitudes of flowback process were calculated, and the variation curves of matrix and fracture signal amplitudes over time were plotted, respectively. The results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | The accumulated signal during flowback process of layer 1 in well X9.
It can be seen from Figure 7 that both matrix and fracture signal amplitudes decrease with the increase of flowback time during the flowback process. The fracture signal amplitude decreased rapidly. The signal basically reached a stable state 1 h after the start of flowback process, and the signal after stability decreased by 55.1% compared with that at the end of the well shut-in process. The matrix signal amplitude decreased slowly during 0–2.5 h of flowback process, and then became basically stable, and the matrix signal amplitude decreased by 24.8%. During the flowback process, fracture permeability is high, which is the main body of fracturing fluid flowback, so the flowback rate is high, and the flowback is rapid, and the signal amplitude decreases and reaches the stable state faster. Due to the capillary force, fracturing fluid in the matrix is difficult to be driven out by nitrogen, so the matrix signal decreases slowly and the matrix flowback rate is low.
3.4 Comparison of fracturing fluid saturation in different porous cores
The difference in porosity and permeability parameters of shale reservoir is large, which will directly affect the flow behavior of fracturing fluid. In order to explore the influence of different porosity and permeability parameters on fracturing fluid flow behavior, three cores with different porosity and permeability parameters were selected for experiments. The selected cores simulated the three processes of fracturing fluid filtration, well shut-in and flowback, respectively, and calculated matrix saturation through T2 signal spectrum data. The core porosity and permeability parameters are shown in Table 3.
TABLE 3 | The core porosity and permeability.
[image: Table 3]3.4.1 Matrix saturation characteristics during filtration process
Under the same fracturing technology (experimental conditions), the porosity and permeability of the core itself will also affect the flow behavior of fracturing fluid. The histogram of changes in matrix saturation with core porosity and the curve of core porosity are drawn, and the experimental results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Comparison of matrix saturation during filtration process of different layers in well X7.
It can be seen from Figure 8 that after the filtration process, the matrix saturation gradually increases with the improvement of the porosity and permeability of the core, that is, the larger the porosity and permeability of the core, the more likely the fracturing fluid is to filter out and enter the matrix, and the higher the filtration loss of the fracturing fluid. Core X9-4 has the best porosity and permeability properties. Compared with core X7-4, which has the worst porosity and permeability, the porosity of core X9-4 increases by 0.84 times and the permeability increases by 170.9 times. Therefore, the matrix saturation of core X9-4 after the end of filtration process is 31.2% higher than that of core X7-4. The analysis shows that the larger the porosity of the core, the more sufficient the pore space, the greater the permeability of the core, the better the connectivity between the pores, and the stronger the fluid passing ability. Therefore, the core with more pores and larger pore volume is more prone to fracturing fluid filtration. However, when the core matrix pores are small and the pore space connectivity is poor, it is more difficult for fracturing fluid to flow in them, and it is more difficult for fracturing fluid loss to occur.
3.4.2 Matrix saturation characteristics during well shut-in process
After the completion of the simulated fracturing fluid filtration process, the well shut-in process was continued to be simulated, and the changes of the T2 spectrum were monitored in real-time during the experiment until the spectrum signal was stable. The change of matrix saturation was calculated and a histogram of core matrix saturation change was drawn. The experimental results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Comparison of matrix saturation during well shut-in process of different layers in well X7.
As can be seen from Figure 9, the matrix water saturation of core models with different porosity and permeability properties increased after the completion of the well shut-in experiment, and the better the core porosity and permeability properties, the greater the matrix saturation increase. Core X7-4 has low porosity and low permeability, and has the worst porosity and permeability parameters. Even after well shut-in process, the increase of matrix saturation is still small, only 4.5%. Core X9-4 has the best porosity and permeability properties, and the final matrix saturation reaches 68.4% after well shut-in process completion, 2.2 times higher than that of core X7-4, and 20.2% higher than that of core X7-4 after completion of filtration process. The analysis shows that there is no foreign fluid entering during the well shut-in process, fracturing fluid flows in the matter-fracture system, and fracturing fluid will spontaneously enter the matrix pores through the fractures. When the porosity and permeability of the core are good, fracturing fluid makes it easier to enter the matrix. In the process of restoring formation pressure after pressurization, the formation matrix with better porosity and permeability conditions is more likely to enter more fracturing fluid, and a large amount of fracturing fluid will invade into the matrix space from the fracture channel, which may cause fracturing retention and cannot be excluded.
3.4.3 Matrix saturation characteristics during flowback process
After the well shut-in process, high-purity nitrogen was reverted into the back end of the core holder to simulate the fracturing fluid flowback process in the production process. After the stability of the experimental T2 spectrum, the change of matrix saturation was calculated and a histogram of the change of core matrix saturation was drawn. The experimental results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Comparison of matrix saturation during flowback process of different layers in well X7.
As can be seen from Figure 10, the matrix water saturation of the three core models with different porosity and permeability parameters all decreased to a certain extent after the flowback experiment, and the reduction amplitude gradually increased with the increase of core porosity and permeability, and the better the core porosity and permeability properties, the higher the matrix residual saturation after the flowback experiment. Core X7-4 has the worst porosity parameters, and after the end of well shut-in process, the residual matrix saturation is only 13.6, which is 7.9% lower than that after the well shut-in test. Core X9-4 has the best porosity and permeability properties, and loses the most fracturing fluid in the filtration process, with a loss volume of 12.8%. However, its matrix residual saturation after flowback is still as high as 55.6%, which is 3.1 times higher than that of core X7-4. The analysis shows that, in the post-pressure production process, the core with better porosity and permeability parameters is more prone to fracturing fluid flowback, but due to sufficient pore space, a large amount of fracturing fluid still exists in the matrix after flowback process, while the matrix with poor properties is not prone to a large amount of fracturing fluid retention. Therefore, in the process of post-pressure production, there is a large amount of fracturing fluid retention in the formation matrix with good porosity and permeability conditions, which is more likely to cause formation damage and pollution, and more attention should be paid to the countermeasures for fracturing fluid damage.
4 CONCLUSION

(1) The fracture system has a fast filtration rate and is basically stabilized 45 min after filtration. The filtration in matrix is slow, and it takes 2 h to reach a stable state for our samples. In the process of filtration, fracturing fluid gradually percolates into fractures and matrix pores under the action of filtration pressure drop. It first fills the fracture space rapidly, and then enters the matrix pores slowly.
(2) Fluid exchange occurs in between fractures and matrix during the well shut-in process, and fracturing fluid in fractures migrates into matrix pores. 2 h after well shut-in, the matrix and fracture signals reached a stable state, and the fracture signal decreased by 27.1% and the matrix signal increased by 40.9% compared with the initial state.
(3) During the flowback process, the amplitude of fracture signal and matrix signal decreased rapidly. The fracturing fluid fluxed out of the fracture and matrix space. The fluid signal decreased by 55.1% in fracture and 24.8% in matrix, compared with the end of the well shut-in process. Some fracturing fluids are difficult to discharge from the matrix and fractures.
(4) The better the porosity and permeability parameters of the core, the easier the fracturing fluid is to filtrate into the core matrix. Core X9-4 has the best porosity and permeability, and the matrix residual saturation after filtration is as high as 55.6%, which is 3.1 times higher than that of core X7-4. At the same time, fracturing fluid with good porosity and permeability parameters is more likely to be retained, and more attention should be paid to fracturing fluid retention damage during hydraulic fracturing.
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