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Mahu Oilfield, the largest conglomerate oilfield around the world, is facing the severe problems of rapid production decline and low recovery ratio. Re-fracturing of horizontal wells is an effective method to improve this situation. The study of horizontal well re-fracturing has increased popularity recently, but the optimization of re-fracturing parameters has not been thoroughly investigated, especially for the conglomerate reservoir. The optimal selection of re-fracturing parameters such as length and conductivity is unclear, which significantly influences re-fracturing treatment and economic cost. In order to fill this gap, a series of numerical models are established based on filed data to predict horizontal well production after re-fracturing. The parameters of primary hydraulic fractures are calculated by net pressure matching and are imported into the numerical models. A production matching is conducted to confirm the reliability of numerical models. The cumulative productions of different re-fracturing stimulation methods, including lengthening old fractures and perforating new fractures, are simulated, and the corresponding re-fracturing parameters are optimized. The results have shown that the length of primary fractures is smaller than designed, which means lengthening old fractures is necessary. Lengthening old fractures and perforating new fractures between primary clusters can increase production. On the condition of the same fracture length, the increasing ranges of production corresponding to perforating new fractures are larger than that of lengthening old fractures. Lengthening old fractures is particularly suitable to the situation that the length of primary fractures is smaller than designed, and the optimal value in lengthening half-length of old fractures is 160 m. By contrast, perforating new fractures between old clusters applies to the case that the cluster spacing of primary hydraulic fracturing is larger than 35 m, and the optimal fracture half-length is 140 m.
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INTRODUCTION
For the horizontal wells of the unconventional reservoir, after a long period of production, the problems of rapid production decline and low recovery ratio happen due to the geological characteristics of low porosity, low permeability, and failure of hydraulic fractures (Zou et al., 2015; US Energy Information Administration, 2018; US Energy Information Administration, 2019; Li and Zhu, 2020). Currently, re-fracturing technology, such as restoring the conductivity of the primary fracturing fracture, increasing the fracture length, and generating new fractures, can reactivate the productivity capacity of oil and gas wells. Therefore, re-fracturing treatment has become an effective way for unconventional reservoirs to restore production and enhance oil recovery (Fleming, 1992; Potapenko et al., 2009; Wei and Tang, 2014; Tian et al., 2016; Yang et al., 2019).
Much research related to the re-fracturing technology of horizontal wells, including well selection and re-fracturing time optimization, has been conducted in the literature (Li et al., 2005; French et al., 2014; Xu J. et al., 2019). However, there are few studies and reports on the optimization of re-fracturing parameters of horizontal wells. The impacts of pressure depletion and the simultaneous production of new and old fractures after re-fracturing must be considered when the re-fracturing parameters are optimized. The conventional optimization methods for primary fracturing are no longer applicable to re-fracturing treatment. Guo et al. optimized the timing of re-fracturing for tight oil reservoir in Songliao Basin and studied the impact of different re-stimulation methods, including perforating new fractures and lengthening old fractures, on oil production. However, they did not continue to optimize the corresponding fracture parameters (Guo et al., 2019). Ren et al. optimized the re-fracturing parameters of horizontal wells under the condition of perforating new fractures in the Daqing tight reservoir. However, they did not consider the situation of lengthening old fractures (Ren et al., 2020). For tight reservoirs of Xinjiang in Northwest China, Fang et al. used the numerical simulation method to establish the productivity prediction model of re-fractured horizontal wells and comprehensively studied the impact of re-fracturing methods, fracture half-length, and fracture conductivity on production after re-fracturing. However, they did not quantify the optimal fracture parameters (Fang et al., 2017). Because the basic physical properties are highly heterogeneous, the aforementioned results based on other types of tight reservoirs are not directly applicable to the Mahu conglomerate reservoir in the Junggar Basin. Therefore, the influence of re-fracturing treatment on the oil production of the Mahu tight conglomerate reservoir and the corresponding optimal fracture parameters are still not clear. Taking a horizontal well in Ma131 Block of Mahu Oil Field as an example, the fracture parameters of the primary fracturing are firstly inversed through net pressure matching, and a numerical model is then established based on the geological model. Production history matching is conducted to verify the reliability of the established model. Considering the fracture-cluster spacing and fracture length of the primary fracturing, the re-fracturing stimulation measures and the corresponding optimal fracture parameters are determined.
The simulation results show a valuable guide to many other fields that rely on hydraulic fracturing, such as the development of geothermal and natural gas. In addition, it is helpful to use the carbon dioxide fracturing fluid to achieve carbon neutrality. Based on our optimization results, how much fluid should be injected into the well and how much liquid will be produced from the well can be calculated to make the development design. In summary, this study not only is very important for traditional oil exploitation but also has reference significance for the development of clean energy.
RESERVOIR INFORMATION
Description of Geological Parameters
The reservoir of Baikouquan Formation (Kuang et al., 2014; Xu T. et al., 2019; Li et al., 2020) in Ma131 Block is composed of gray sandy conglomerate, gravelly coarse sandstone, sandy conglomerate, medium-coarse conglomerate, and calcareous sandy conglomerate. The formation thickness evenly distributes with a range of 112.4–175.2 m and an average of 130.2 m. Baikouquan Formation is divided into three sections, including T1b1, T1b2, and T1b3, from bottom to top. The oil layers are mainly distributed in T1b3 and T1b2 Formation. According to the porosity and permeability obtained by core analysis, the porosity of T1b3 varies from 5.00% to 14.30%, with an average of 8.26%, and the permeability varies from 0.02 to 17.20 mD, with an average of 0.89 mD. The porosity of T1b2 varies from 5.00% to 13.90%, with an average of 7.63%, and the permeability varies from 0.02 to 19.40 mD, with an average of 1.33 mD.
Production History After Primary Fracturing
The bridge-plugging perforation combined with the staged fracturing process was employed for the primary fracturing of well MaHW1321. There are 15 stages consisting of 40 clusters, with an average interval of 38 m. The primary fracturing stimulation was completed on 7 September 2016, and the production data were being recorded from 28 October. During the initial production stage, natural flow exploitation was adopted, and the maximum daily oil production could reach 52 m3/d. After about 6 months, the production began to decline. After about 22 months of production, the well was repaired and converted to pumping. Rod pump was used, and the maximum daily oil production increased to 50 m3/d. However, about 4 months after the well was converted to pumping, the production decreased rapidly again, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Daily oil production of MaHW1321.
PARAMETER INVERSION OF PRIMARY FRACTURES
In order to select the optimized re-fracturing stimulation measure, the fracture parameters of the primary fracturing are required as the basis of a numerical model for predicting productivity. The difference of the maximum and minimum horizontal principal stress in the target layer is about 12–15 MPa, which is too large for creating a complex fracture network. In addition, the average minimum horizontal principal stress of the fracturing target layer is about 52.4 MPa, the elastic modulus is about 29,500 MPa, and Poisson’s ratio is 0.27. According to the formula of horizontal stress difference coefficient,
[image: image]
where [image: image] is the maximum horizontal principal stress, MPa, and [image: image] is the minimum horizontal principal stress, MPa.
The horizontal stress difference coefficient reflects the possibility of forming a complex fracture network. The larger the horizontal stress difference coefficient is, the less likely the complex network will be formed. In this case, the calculated horizontal stress difference coefficient is 0.47, larger than 0.3. Zhao (2021) stated that it is difficult to create a complex fracture network when Kh is larger than 0.3. In addition, according to the observation of 17 coring wells in the Ma131 Block, natural fractures are not developed in the two main oil layers. The interpretation data of imaging logs show that a small number of drilling-induced fractures is developed in Baikouquan Formation. Microseismic monitoring results also show that the shape of primary hydraulic fractures is simple generally. During the primary fracturing in the Ma131 Block, a complex fracture network can barely be created. Because the cluster spacing of primary fractures is large (e.g., generally more than 20 m), the interference among primary fractures can be totally ignored. Based on the conditions above, the parameter inversion of primary fractures considered as single fractures is carried out to provide a data basis for the numerical model.
During the process of primary fracturing of well MaHW1321, an adjacent vertical well is selected as the monitor to place the microseismic instrument and analyze the fracture parameters, including the length and height of the first seven stages. As shown in Table 1, comparing the available microseismic monitoring results of the first seven stages with the inverted fracture parameters, the errors of fracture length and height are 19% and 20%, respectively, confirming the accuracy of the net pressure matching results. The fracture parameters of the whole well inversed by net pressure matching are shown in Table 2.
TABLE 1 | Inversion results of fracture parameters and monitoring data.
[image: Table 1]TABLE 2 | Inversion results of fracture parameters in Well MaHW1321.
[image: Table 2]NUMERICAL MODEL
Based on the commercial reservoir simulation software (CMG), the numerical model was established by combining the actual geological model and the inverted fracture parameters as inputs. As shown in Figure 2, to consider the influence of adjacent wells and avoid the problem of boundary effects, the size of the numerical model is 2 × 2 km with a grid size of 10 × 10 × 10 m. The physical properties of reservoir model parameters are shown in Table 3.
[image: Figure 2]FIGURE 2 | Illustration of the numerical model using CMG software.
TABLE 3 | Digital and analog related parameters.
[image: Table 3]Because the flow pressure is always higher than the bubble point, the oil-water two-phase flow model is considered in the simulation. The relative permeability curves are shown in Figure 3, and the capillary pressure is shown in Figure 4.
[image: Figure 3]FIGURE 3 | Relative permeability.
[image: Figure 4]FIGURE 4 | Capillary pressure.
The history production data was used to match the daily production under the construction of monitor pressure. As shown in Figure 5, the matching degree between the observed daily oil production and the simulated daily oil production is very high, which confirms the reliability of the numerical model we established.
[image: Figure 5]FIGURE 5 | History matching curve of daily oil production.
RESULTS AND DISCUSSION
Based on the numerical model after history match, combining the fracture cluster spacing and half-length of the primary fractures, two kinds of re-fracturing stimulation measures, including perforating new fractures between primary fractures and lengthening old fractures, are investigated. Perforating new fractures means a new open perforation will be added between two existing perforations, and a new fracture will propagate during re-fracturing. On the contrary, lengthening old fractures means fluid of re-fracturing will flow into the existing fractures. There are no new fractures that will be formed during re-fracturing. The oil production after re-fracturing is calculated to optimize fracture parameters and provide theoretical guidance for field construction.
Perforating New Fractures
According to the oil saturation and pressure distribution after history match, as shown in Figure 6, the average oil saturation is about 49%, and the reservoir pressure is about 32 MPa, which shows sufficient potential to perforate new fractures to improve the oil production.
[image: Figure 6]FIGURE 6 | (A) Oil distribution after primary fracturing. (B) Pressure distribution after primary fracturing (KPa).
First, the cluster spacing most suitable for perforating new fractures is determined. Under the same length of horizontal section, the cluster spacing is set as 25, 35, 45, and 55 m, respectively. A new perforation is added between the two clusters to study the effect of perforating new fractures. It can be seen from Figure 7 that the cumulative oil production of the well after re-fracturing can increase compared to wells without re-fracturing under different cluster spacing. However, when the fracture cluster spacing is greater than 35 m, the cumulative oil production after re-fracturing can be greatly improved by perforating new fractures. Therefore, when the fracture clusters spacing of the primary fracturing is greater than 35 m, the positive effects of perforating new fractures on oil production are more significant.
[image: Figure 7]FIGURE 7 | Increment of cumulative oil production after re-fracturing under different cluster spacing.
As shown in Figure 8, the cluster spacing is different between old fractures in the primary fracturing of well MaHW1321. One new fracture is added between clusters whose spacing is larger than 35 m, including clusters 1 and 2, 2 and 3, 4 and 5, 5 and 6, 11 and 12, 18 and 19, 20 and 21, 21 and 22, 26 and 27, 32 and 33, 34 and 35, and 39 and 40. A total of 12 new fractures were added for re-fracturing. In addition, four new fracture magnitudes of 100, 120, 140, and 160 m are set to optimize the half-length of the new fracture.
[image: Figure 8]FIGURE 8 | Cluster spacing of each cluster of fractures.
As shown in Figure 9, after a period of production, the measure of perforating new fractures can effectively improve the daily oil production. During the production after primary fracturing, the maximum daily oil production is 42.5 m3/d. During the initial stage of production after re-fracturing, the daily oil production returns to the same level as the maximum daily oil production before re-fracturing. For example, when the fracture half-length is 160 m, the peak of daily oil production is 40.3 m3, which is 95% of the maximum daily oil production before re-fracturing. When the fracture half-length is 100 m, the peak of daily oil production is 38.5 m3, which is 91% of the maximum value before re-fracturing.
[image: Figure 9]FIGURE 9 | Daily oil production after perforating new fractures under different fracture half lengths.
As shown in Figures 10, 11, the cumulative oil production after re-fracturing also gradually increases as the length of new fractures increases. Without perforating new fractures, the cumulative oil production of 3,000 days is about 29800 m3. When the fracture half-length is 160 m, the cumulative oil production of 3,000 days increases to 35300 m3, with an increasing amount of 5500 m3 and an increasing ratio of 18.4%. When the fracture half-length is 100 m, the cumulative oil production at 3,000 days is 33900 m3, with an increasing amount of 4100 m3 and an increasing ratio of 13.7%. When the fracture half-length is greater than 140 m, the growth of cumulative oil production after re-fracturing slows down obviously. In this study, the most suitable half-length for perforating new fractures is 140 m.
[image: Figure 10]FIGURE 10 | Evolution of cumulative oil production after perforating new fractures under different fracture half lengths.
[image: Figure 11]FIGURE 11 | Cumulative oil production at 3,000 days after perforating new fractures under different fracture half lengths.
Lengthening Old Fractures
As shown in Figure 12, only the 22nd, 23rd, 26th, 28th, 29th, 33rd, and 34th clusters of old fractures meet the design requirements because the designed half-length of the primary fracturing is 140 m. Therefore, all old fractures are lengthened.
[image: Figure 12]FIGURE 12 | Differences of designed fracture length with the real length.
Lengthening the old fractures to 140, 150, 160, and 170 m, respectively, is designed to investigate the effect of re-fracturing under different lengthening magnitudes on oil production. As shown in Figure 13, with the increase of fracture lengthening magnitude, the daily oil production after re-fracturing increases correspondingly. When the half-length of the old fracture increases to 170, 160, and 140 m, the maximum daily oil production after re-fracturing reaches 32, 30.5, 28.9 m3, respectively, which are separately 79%, 75%, and 68% of the maximum daily oil production, (i.e., 40.3 m3) before re-fracturing.
[image: Figure 13]FIGURE 13 | Daily oil production under different lengthening magnitude of old fractures.
Figures 14, 15 show the evolution of cumulative oil production with respect to the old fracture half-length. When the half-length of old fractures is lengthened to 170, 160, and 140 m, the final cumulative oil production at 3,000 days is about 33,300, 32,650, and 33,200 m3, respectively, which are separately 3,500, 3,400, and 2,850 m3 more than that without increasing the old fractures' length. In addition, when the lengthened half-lengths of old fractures and perforated new fractures are 160 m, the final cumulative oil production at 3,000 days of the former is lower than the latter. When the half-length increases to 160 m, the increasing ratio of production slows down, and the optimal magnitude of the lengthened old fractures is 160 m in this study.
[image: Figure 14]FIGURE 14 | Time-serial cumulative oil production under different lengthening magnitude of old fractures.
[image: Figure 15]FIGURE 15 | Final cumulative oil production under different lengthening magnitude of old fractures.
CONCLUSION

1. Compared with the microseismic monitoring parameters, the error of the fracture parameters obtained by net-pressure matching is about 20%, which meets the accuracy requirement.
2. When the spacing between the primary fracture clusters is greater than 35 m, perforating new fractures is suitable for re-fracturing the wells.
3. Perforating new fractures can significantly improve the oil production after re-fracturing, and the optimal half-length of new fractures is 140 m.
4. Lengthening old fractures can improve the oil production after re-fracturing, and the optimal half-length of lengthened old fracture is 160 m.
5. At the same fracture length, the effect of perforating new fractures is more obvious than lengthening old fractures on increasing the production.
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