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Refracturing is an important method to improve the productivity of low-yield and low-efficiency horizontal wells. Due to the influence of geological factors and primary fracturing, it is of great importance to select suitable candidate wells and determine reasonable refracturing timing. Considering that production and pressure are the first-hand data available in the fields, they can be used to evaluate the dynamic drainage volume of fractured horizontal wells and to predict refracturing timing combined with fracturing parameters. In this study, the stimulation potential of refracturing is evaluated by introducing the dynamic drainage volume, and the refracturing timing discrimination model is established. Based on this model, the refracturing timing charts of different initial fracturing scales are drawn. In addition, the reservoir numerical simulation method is used to optimize the method of horizontal well refracturing. The results show that it is advisable to repeat fracturing when the change rate of dynamic drainage volume growth rate is less than 10%. The refracturing methods of restoring the conductivity of fractures or sealing the original fractures and refracturing the new fractures have good development effects. The research is of great significance to the design of horizontal well refracturing.
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INTRODUCTION
Horizontal well refracturing is one of the major technologies in unconventional oil and gas development, which can achieve greater utilization of single well reserves and further enhance recovery (Brown and Economides, 1992; Dou and Zhou, 2003). Due to the failure of fracture initiation, sand filling failure and other problems in the production of primary fractured horizontal Wells, fractures may lose their conductivity. Therefore, refracturing is required to restore or improve the production capacity of horizontal wells (Giger, 1985; Vincent, 2011; Ren et al., 2015; Wan et al., 2019). At present, a large number of wells in the early development stage have been refractured (Siebrits et al., 2000; French et al., 2014; Fu et al., 2017; Athavale et al., 2019; Garza et al., 2019), and considerable results have been achieved. The research on related technology types and operation schemes have gradually attracted the attention of scholars and experts around the wold. A large number of studies have been carried out at home and abroad on repeated fracturing well selection methods, production increase potential, and production increase measures (Yang et al., 2016; Aniemena and Kohshour, 2017; Xia et al., 2017; Wang, 2018; Ibáñez et al., 2020; Kong et al., 2020; Lu et al., 2020; Kong et al., 2021; Zhang and Sun, 2021), However, relatively few studies have been conducted on the refracturing timing and the modification method of refracturing. At the same time, many scholars have carried out research on reservoir capacity characterization and dynamic prediction (Lee et al., 2003; Williams et al., 2004; Blasingame and Rushing, 2005; Cheng et al., 2009), There are mainly four methods:type-curve analysis,flow-regime analysis, numerical simulation and empir-ical methods. Despite the diversity of models, they always require knowledge of the reservoir that may not be known, originally, such as the shape of the drainage volume.Moghanloo and Yuan (Moghanloo et al., 2015) put forward the concept of dynamic drainage volume (DDV) for the first time. Although the model is not suitable for any reservoir, such as a fractured reservoir, but the data required by the model is easy to obtain. DDV refers to a continuously expanding oil drainage volume formed when the pressure fluctuation begins to spread in the whole reservoir when the production well is produced. With the progress of production, the boundary of DDV expands outward. Using DDV to evaluate the productivity of fractured horizontal wells does not need any prior knowledge of complex reservoir characteristics, and considering the advantages of dynamic change process. Therefore, the results are more in line with reality (Yuan et al., 2016; Zheng et al., 2017).
Based on the material balance theory, we deduce the calculation formulas of the DDV of horizontal wells. Using the diffusion law of DDV, the stimulation potential of wells is calculated, and the relationship between stimulation potential and refracturing timing is established. Moreover, the charts of refracturing timing with different initial pressure scales are drawn. Finally, the reconstruction mode of horizontal well refracturing is optimized by numerical simulation.
DDV MODEL OF DEPLETED HORIZONTAL WELLS
When the horizontal wells are exhausted in the initial stage of production, it depends on the natural energy of the reservoir for production. The oil drainage volume in the reservoir reconstruction area directly reflects the productivity of the horizontal wells. Therefore, based on the material balance equation, the equations of DDV is established, the DDV is evaluated by using the pressure and production data, and the relationship between the refracturing timing and scale is established.
Material Balance Equations
Assuming that the oil-water two-phase flow in the reservoir is quasi-steady state with constant temperature, and the fluid and rock in the reservoir are slightly compressible, the material balance equation is
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where [image: image] is the water production rate, m3/day; [image: image] is water saturation; [image: image] is the pore volume of oil drainage, m3; [image: image] is the volume coefficient of formation water; [image: image] is the time, day.
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where [image: image] is the oil production rate, m3/day; [image: image] is oil saturation; [image: image] is the volume coefficient of formation oil. Combined with Eqs 1, 2, we can get
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Eq. 3 × [image: image], Eq. 4 × [image: image], we can get
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where: [image: image]; [image: image] is the isothermal compressibility coefficient of formation oil, MPa−1; [image: image] is the isothermal compressibility coefficient of formation water, MPa−1; [image: image] is reservoir pressure, MPa. The comprehensive compressibility coefficient of the reservoir can be expressed as
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Eq. 5 can be simplified as
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According to Eq. 7
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Integrate the Eq. 8 to obtain
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where [image: image] is the horizontal average volume coefficient of the formation; [image: image] is cumulative water yield, m3; [image: image] the average volume coefficient of formation oil; [image: image] is the cumulative oil production, m3.
DDV calculation of Oil
With the continuous exploitation of oil and gas reservoir, the reservoir pressure continues to spread outward, and the boundary of DDV continues to expand. This problem can be regarded as a dynamic boundary problem. It is considered that under the limitation of pressure range, the oil drain volume changes continuously and finally tends to the extreme value. The DDV of oil is defined as
[image: image]
Where [image: image] is the rate at which the DDV expands; [image: image] can be obtained by integrating [image: image]; [image: image] is the final pore volume of oil drainage, m3; [image: image] is the average formation pressure, MPa; [image: image] is the abandoned formation pressure, MPa. By substituting Eq. 10 into Eq. 11, the DDV of oil can be obtained
[image: image]
Calculation Process
Firstly, the average pressure of the studied reservoir is estimated to obtain the values of [image: image], [image: image], [image: image], [image: image] and [image: image]. Then the average physical parameter values between the original reservoir pressure and the average pressure are calculated by using the empirical formula and substituted into Eq. 10. Estimating [image: image] values, use an iterative process based on varying l to find the drainage pore volume and average reservoir pressure at any time in the production history of the well, when the error range is met, the DDV of oil and the corresponding average pressure value are output (Figure 1).
[image: Figure 1]FIGURE 1 | Dynamic drainage volume calculation flow chart.
DETERMINATION METHOD OF REFRACTURING TIMING BASED ON DDV
Because it is difficult to obtain a large number of production data of fractured horizontal wells, this paper set different fracture parameters and established the numerical simulation model of multi-stage fractured horizontal wells under depletion development mode. Based on the reservoir physical parameters and production data under different initial pressure modes, the variation law of DDV is obtained by using the numerical simulation model. The relationship between initial pressure scale and refracturing timing is also analyzed. The numerical simulation model of a typical ultra-low permeability reservoir in Changqing Oilfield is established: the number of grids is 81 × 131×3. The grid unit size is 20 m, the average porosity is 11%, and the average permeability is 0.5 × 10–3 μm2. The fluid physical parameters are listed in Table 1, the relative permeability curve is shown in Figure 2 and the initial fracturing parameters are listed in Table 2.
TABLE 1 | Parameters of depleted development liquid model.
[image: Table 1][image: Figure 2]FIGURE 2 | Relative permeability curve of depleted development model.
TABLE 2 | Initial fracturing parameters of depleted development well.
[image: Table 2]There are 27 fracturing parameter combinations in Table 2, which are shown in Table 3.
TABLE 3 | Initial fracturing scheme of depleted development.
[image: Table 3]The cumulative oil production and cumulative water production under different development modes are calculated and brought into the material balance equation. The production is normalized by considering the physical properties of the reservoir, and finally the variation value of the DDV with time is obtained. Figure 3 shows the variation of DDV with time when the interval of fracturing section is 40 m, the half length of fracture is 100 m, and the conductivity of initial fracturing fracture is 20 × 10–3 μm2 m. Figure 4 shows the change rate of DDV growth rate. The trend of drainage pore volume shows an asymptotic features, which is consistent with the previous studies (Yin et al., 2015).Due to the limitation of reservoir pressure, the DDV finally tends to a limit value.
[image: Figure 3]FIGURE 3 | Dynamic drainage volume variation over time.
[image: Figure 4]FIGURE 4 | Dynamic drainage volume growth rate.
See Figure 5 for the flow chart of determining the refracturing timing by using the DDV method. According to the cumulative water production and cumulative oil production under different initial fracture distribution, the DDV change law curve with time is obtained by using Eq. 12 respectively. The curve slope is then used to calculate the growth rate and change rate of the growth rate of DDV. When the change rate of the growth rate of DDV is less than 10%, the dynamic drainage boundary propagates slowly, the reservoir is in the development state of low production and low efficiency, and the output of the initially fractured oil well has not reached the expected effect. However, at this time, a large amount of residual oil still exists in the reservoir and between fractures. The horizontal well needs to be refractured to restore the oil well productivity. Through this method, we can obtain the refracturing timing of different initial fracturing scales under 27 groups of schemes, as shown in Figure 6.
[image: Figure 5]FIGURE 5 | Flow chart of determining refracturing timing by dynamic drainage volume method.
[image: Figure 6]FIGURE 6 | Refracturing timing sequence under different initial fracturing modes.
The refracturing timing under different initial pressure scales is classified, and the chart shown in Figure 7. The horizontal axis represents the interval and the vertical axis represents the half length of the fracture. There are 9 grids in the chart and each grid is divided into 3 layers according to the fracture conductivity. The fracture conductivity from bottom to top is 20 × 10–3 μm2·m, 120 × 10–3 μm2·m and 240 × 10–3 μm2·m, the chart is divided into 27 grids, representing 27 different schemes. We divided the grids into four categories: Class I is horizontal wells with poor initial development effect, which are production wells with low conductivity and large interval. It is recommended to carry out repeated fracturing in the first 20 months of the initial stage of production; Class II and III are horizontal wells with good development effect at the initial stage of production and low production after a period of time due to insufficient fracture length. It is recommended to extend the fracture length by half; Class IV is horizontal wells with good fracture length and conductivity and less influence of interval spacing. It is recommended to carry out refracturing finally. In conclusion, it is suggested that the sequence of refracturing for horizontal wells with different initial pressure scales should be followed: first, refracturing for horizontal wells of class I to restore the conductivity of fractures and add new fractures; Secondly, horizontal wells of class II and III are refractured to prolong the fracture length and restore the fracture conductivity; Finally, horizontal wells of class IV are refractured.
[image: Figure 7]FIGURE 7 | Chart of refracturing timing at different primary fracturing scales.
STUDY ON OPTIMIZATION OF HORIZONTAL REFRACTURING RECONSTRUCTION MODE
In the process of reservoir reconstruction, two types of refracturing are usually used: original fracture refracturing and new fracture refracturing. The main ways of refracturing the original fracture are: prolonging the old fracture, turning the old fracture and restoring the conductivity of the original fracture. There are mainly two ways to refracture new fractures: retaining the original fracture and sealing the original fracture. Choosing different refracturing reconstruction methods will lead to great changes in the seepage law and stimulation mechanism of horizontal wells after refracturing.
Reconstruction of Fractured Horizontal Well With original Fracture Refracturing
Restore the Original Fracture Conductivity
By restoring the conductivity of the failed fracture, the horizontal well can obtain higher productivity. Due to the crushing and migration of proppant, the fracture conductivity changes from time to time and decreases rapidly in the initial production stage. In view of this situation, it is recommended to use high-strength proppant during refracturing, as shown in Figure 8. The fracture conductivity before refracturing is 25 × 10–3 μm2 m, the recovery conductivity after refracturing is 300 × 10–3 μm2 m. Through the established numerical simulation model, the interval between segments is 80 m and the half length of fractures is 120 m.
[image: Figure 8]FIGURE 8 | Variation diagram of conductivity of recovery fracture.
In the simulation process, the horizontal well is normally produced for three years under the original fracture conditions, and refractureing production is carried out for ten years. Figure 9 shows the comparison of pressure and remaining oil distribution before and after restoring conductivity of failed fractures. By comparing and analyzing the simulation results, it can be seen that in the initial stage of development, the fracture conductivity is reduced due to fracture failure, and the pressure propagation near the horizontal well is difficult. The distribution of reservoir pressure directly affects the failure development effect of the horizontal well. After refracturing, the fracture conductivity is restored and the “pollution” in the fracture is relieved. The pressure can diffuse to the far well zone along the fracture, thus improve the effective production degree of low-permeability reservoir in the far well zone, and expand the DDV of horizontal wells.
[image: Figure 9]FIGURE 9 | Pressure distribution before and after recovery of fracture conductivity. (A) Pressure distribution of fracturing failure horizontal well before refracturing. (B) Pressure distribution after restoring conductivity. (C) Remaining oil distribution after 10 years without refracturing. (D) Remaining oil distribution after 10 years after restoring conductivity.
Increase the Original Fracture Length
Based on the basic model of numerical simulation, See Table 4 for parameter values of cracks. In the simulation process, similarily, the horizontal well is normally produced for three years under the original fracture conditions, and refractureing production is carried out for ten years. Figure 10 shows the comparison of pressure and residual oil distribution before and after increasing the original fracture length. From the simulation results, it can be seen that the depleted development production depends on the reconstrution of the reservoir. Extending the original fracture length expands the fracturing scale of the horizontal well, increases the effective reconstruction volume of the reservoir, expands the spread range of the pressure wave, and significantly increases the oil drainage volume of the horizontal well. Therefore, the far well reservoir fluid can flow into the wellbore and improve the production of the horizontal well.
TABLE 4 | Increase the original fracture length Fracture parameter table.
[image: Table 4][image: Figure 10]FIGURE 10 | Pressure distribution before and after increasing original fracture length and remaining oil distribution in 10 years of production. (A) Pressure distribution before refracturing (B) Pressure distribution after increasing the orginally fracture length. (C) Remaining oil distribution in 10 years without refracturing. (D) Remaining oil distribution after ten years after increasing the orginally fracture length.
Reorientation of Original Fractures
With the process of depletion development, the in-situ stress field near the hydraulic fracture of initial fracturing will change, and the tensile stress parallel to the original fracture will be less than the vertical tensile stress. When the stress difference caused by pore pressure is greater than the initial maximum and minimum horizontal stress difference, the maximum stress direction of the original stress field will change to the minimum stress direction. After that, the refracturing measures are implemented to add new fractures. Under the action of the stress field, the fractures will turn in the stress shadow area near the horizontal well, and then the fracture direction will be parallel to the original fractures and continue to expand to form new fractures, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Diagram of fracture diversion in horizontal well refracturing.
Using the reservoir numerical simulation method, ignoring the actual complex fracture network and the complex variation law of in-situ stress deflection area. The refracturing measures are implemented after three years of production, and the original fracture deflects 45° near the well zone. Figure 12 shows the residual oil and pressure distribution before and after fracture reorientation. After three years of production, the in-situ stress field of the reservoir changes, and the fracture continues to expand along the direction of the maximum principal stress after turning. Therefore, refracturing effectively expands the propagation range of pressure wave. At the same time, the fracture reorientation increases the contact area between the fracture and the reservoir. The steering fracture can extend to the far well area, which can expand the spread range of the fracture and significantly increase the oil drainage volume of the horizontal well.
[image: Figure 12]FIGURE 12 | Pressure distribution and remaining oil distribution before and after fracture turning. (A) Pressure distribution before fracture reorientation. (B) Pressure distribution after fracture reorientation. (C) Remaining oil distribution before fracture reorientation. (D) Remaining oil distribution after fracture reorientation.
According to the numerical simulation test scheme designed above, the model adopts constant bottom hole flow pressure production. Figure 13 shows the change results of cumulative oil increase in ten years of refracturing production in the test scheme. By analyzing the variation law of cumulative oil increment in depleted development horizontal wells, it can be concluded that the influence of refracturing ways on their effect is as follows. The growth of fracture half length and fracture reorientation effectively increase the scope of reservoir reconstruction, so as to increase the oil drainage volume of horizontal wells and obtain better refracturing effect. Restoring the conductivity of the original fracture dredges the seepage channel of crude oil in the reservoir. The crude oil in the fracture is easier to flow to the wellbore and increases the oil production. The fracture conductivity has a greater impact on the re fracturing effect than the half length and steering of the fracture.
[image: Figure 13]FIGURE 13 | Change of cumulative oil increment in ten years of test scheme.
Reconstruction of Fractured Horizontal Well With Refracturing New Fractures
Using the numerical simulation method, the initial fracture half length is set as 120 m and the fracture conductivity is 100 × 10–3 μm m, the interval before refracturing is 160 m, and that after refracturing new fractures is 80 m. The horizontal well normally produces for three years under the condition of original fractures, and then refracturing is implemented. Figure 14 shows the comparison of pressure distribution and remaining oil distribution of different refracturing methods. Figure 15 shows the results of ten-year cumulative oil increase under two refracturing modes.
[image: Figure 14]FIGURE 14 | Distribution diagram of pressure and remaining oil under different refracturing modes. (A) Pressure distribution refracturing before (B) Pressure distribution after remaining gold fracture and refracturing new fracture (C) Pressure distribution after plugging old fracture and refracturing new fracture (D) Remaining oil distribution before refracturing (E) Remaining oil distribution after remaining old fracture and refracturing new fracture (F) Remaining oil distribution after plugging old fracture and refracturing new fracture
[image: Figure 15]FIGURE 15 | Variation diagram of ten-year cumulative oil increase under compound pressure under different transformation modes.
By analyzing the variation law of seepage field and production, it is found that after refracturing, new fractures are added, fracture spacing is reduced, crude oil seepage resistance is reduced, pressure sweep range is expanded, and crude oil flow channel is increased. Therefore the crude oil production is improved. Moreover, sealing the original fracture and refracturing the new fracture changes the pressure distribution between the fractures, reduces the crude oil seepage resistance, and effectively initates the remaining oil around the original fracture. Compared with retaining the original fracture and refracturing the new fracture, it can obtain better development effect.
FIELD APPLICATION
One horizontal well in a typical ultra-low permeability reservoir in Changqing Oilfield was put into operation in October 2012. After 6 years of initial fracturing production, it was refractured, 19 old fractures were blocked, and 23 new fractures were refractured between the old fractures. After the measures, the daily oil production is 15.9 t and the daily oil increase is 13.3 t, as shown in Figure 16. At present, it has been produced for nearly one year, with a daily oil production of 14.29 t, a daily oil increase of 11.61 t, a cumulative oil increase of 3442 t and a cumulative oil production of 4407 t.
[image: Figure 16]FIGURE 16 | Production variation law of a well before and after refracturing.
CONCLUSION
In this paper, by introducing the calculation method and process of DDV, the discrimination model of refracturing timing is established. The refracturing timing chart under different initial pressure scale is formed, and the different reconstruction methods of refracturing are optimized and designed by numerical simulation method. The results show that.
1) With the depletion of the reservoir, the reservoir pressure continues to spread outward, and the boundary of the reservoir drainage volume continues to expand. However, the drainage volume finally tends to the extreme value under the limitation of the pressure range. The increase rate of DDV of horizontal wells shows a trend of first fast and then slow. When the change rate of growth rate is less than 10%, it can not meet the expected production requirements and needs to be refractured.
2) Considering the horizontal fracture distribution of horizontal wells, it is suggested that the sequence of refracturing of horizontal wells with different initial pressure scales is as follows: firstly, refracturing is carried out for horizontal wells with few fractures, poor fracture conductivity and poor initial development effect, so as to restore the fracture conductivity and infill new fractures; Secondly, the horizontal wells with insufficient fracture half length and poor development effect are refractured to prolong the fracture length and restore the fracture conductivity, so as to increase the reservoir reconstruction volume and obtain better development effect.
3) Through the implementation of refracturing reconstruction measures, the reconstruction effect of original fracture refracturing is as follows: restore the original fracture conductivity > increase the original fracture length > turn the original fracture. The development effect of plugging the original fractures and refracturing the new fractures is better than that of retaining the original fracturing and refracturing the new fracturing.
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