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The success in the pilot testing of offshore fracture–flooding provides a new technical idea for the development of low-permeability and under injection oilfields. However, the lack of criteria for well and layer selection has hindered further implementation of fracture–flooding technologies. The establishment of such criteria requires a deep understanding of the production enhancement mechanisms during the fracture–flooding operation. Currently, there is still a lack of a numerical simulation model for fracture–flooding operations that combines the mechanisms of energy replenishment, porosity and permeability increase, crack initiation, and oil displacement using surfactant and imbibition. Furthermore, the influence of individual mechanisms, i.e., how each mechanism contributes to the overall production enhancement, is not quantified. To fill the current knowledge gap in the mechanisms behind fracture–flooding practices, we have conducted experimental studies, established a numerical simulation method for fracture–flooding production enhancement mechanisms, and quantitatively characterized the effects of crack initiation, surfactants, and imbibition during well shut-in. Further studies on establishing the layer selection criteria for fracture–flooding were carried out with the key indexes identified and ranked based on the quantification result of their influence on production enhancement. The results show that the oil-bearing condition has first-order control on production enhancement compared to the physical properties of the reservoir; i.e., it is necessary to ensure that a certain amount of residual reserves exists in the formation first. The established criteria have been tested in the field practice of fracture–flooding, which shows an initial daily oil increase of 50 m3•d−1, and the production capacity of the target layer was increased from 1.2 m3 (d•MPa)-1 to 9.2 m3 (d•MPa)−1, and the cumulative oil increase reached 101,000 mcf in half a year. The field results indicate that the production enhancement effect has met the requirements of the fracture–flooding design. The field practice has proved the feasibility of using our numerical simulation method for the design of fracture–flooding and well/layer selection in the development of offshore low-permeability reservoirs.
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1 INTRODUCTION
Low-permeability reservoirs often exhibit poor physical properties, scattered distribution of residual oil, and difficulties in water injection. Conventional fracture stimulation and flooding technologies can increase the recovery rate of low-permeability reservoirs to some extent. However, recovery enhancement depends highly on fracture development and is usually economically costly. The low-permeability nature of the reservoir also makes flooding inefficient. Considering such problems, the fracture–flooding technology is proposed and has received some satisfying results from practice (Yujuan, 2021; Zhang et al., 2022; Huang et al., 2022; Yong et al., 2023; Zhenfu et al., 2023; Wang et al., 2020). The fracture–flooding technology combines single-well fracturing, conventional water flooding, and chemical flooding. During the fracture–flooding operation, rapid injections of water and displacement agents into the formation replenish the formation energy and increase the local pressure condition. Porosity and permeability increase, crack initiation, oil displacement through agents, and imbibition mechanisms are activated during the process (Guo et al., 2022; Liu et al., 2022). In field development practice, the effect of production enhancement and the quality of fracture–flooding work performance depend largely on the target well and layer selection. Currently, the selection of wells and layers quite often relies on experience and is difficult to quantify. Statistics show that the target wells selected for fracture–flooding commonly show low reserve production, low water cut, and imperfect injection–production relationship (Yujuan, 2021; Yong et al., 2023; Wang et al., 2020; Guo et al., 2022; Liu et al., 2022), while the target layers are often thick layers with high formation energy and abundant residual oil (Guo et al., 2022).
Some efforts have been made in developing well and layer selection methods for fracture–flooding practices (Wang et al., 2019; Cao, 2020; Shang et al., 2017; Chenglong, 2021; Mei et al., 2023; Fengqiang, 2010; Zhang, 2009; Luming et al., 2023; Zhu et al., 2021; Bing, 2019; Zhang et al., 2023; Zhu et al., 2023). Common methods can be categorized as analogical optimization methods based on field practice experience; comprehensive evaluation methods based on mathematical analysis such as fuzzy mathematics, artificial neural networks, and optimal decision-making; as well as optimization methods based on numerical simulation.
The comprehensive evaluation methods are widely used during production capacity prediction, profile control, and flooding (Wang et al., 2019; Cao, 2020; Shang et al., 2017). For example, Chenglong (2021) studied the factors affecting the production enhancement of fracture–flooding wells and established a production enhancement prediction model based on multi-kernel learning. Mei et al. (2023) established a prediction model for reversed fracture–flooding in oil wells based on the AdaBoost-SVM algorithm. Fengqiang (2010) proposed an evaluation model for fractured wells based on gray correlation, analytic hierarchy processes, and fuzzy comprehensive evaluation methods. However, most comprehensive evaluation methods fail to consider the reservoir properties and ignore the mechanisms of production enhancement. The heavy dependence on data has also become a barrier to further application of comprehensive evaluation methods.
The numerical simulation method has advantages in characterizing mechanisms during reservoir development. Research has been conducted on fracturing, fracture–flooding, chemical flooding, and energy replenishment through water injection (Zhang, 2009; Luming et al., 2023; Zhu et al., 2021; Bing, 2019; Zhang et al., 2023; Zhu et al., 2023). These studies either focus on exploring the mechanisms and fail to consider their use in field applications, which cannot be directly used for guiding field operations, or only consider part of the mechanism that is activated during fracture–flooding practices (Cao et al., 2024; Cui et al., 2025; Jiang et al., 2022; Lu et al., 2023; Wang et al., 2025; Wang et al., 2024; Yang et al., 2022; Zhao et al., 2025; Zhi et al., 2021; Cao et al., 2025). Currently, there still is a lack of a numerical simulation model for the fracture–flooding operation that combines the mechanisms of energy replenishment, porosity and permeability increase, crack initiation, oil displacement using surfactants, and imbibition. Furthermore, the influence of individual mechanisms, i.e., how each mechanism contributes to the overall production enhancement, is not quantified.
Overall, although progress has been made in the field operation of fracture–flooding, there is still a knowledge gap in the understanding and quantitative characterization of various production-enhancement mechanisms. This becomes a barrier to developing a systematic guide for the fracture–flooding operation of low-permeability reservoirs. In this study, we developed a detailed numerical simulation method describing the production-enhancement mechanisms during the fracture–flooding operation based on the results obtained from laboratory studies. Mechanisms such as porosity and permeability increase, crack initiation, oil displacement through agents, and imbibition are described and quantified. Using our model, we have further conducted sensitivity tests on factors such as porosity, permeability, effective thickness, water saturation, formation stress index, and distance to the fault. We developed correlation functions to describe the combined influence of different factors and established standards in the evaluation of unit oil production enhancement. The established criteria provide guidance for future well and layer selection and the optimization of operation designs.
2 NUMERICAL SIMULATION OF THE PRODUCTION ENHANCEMENT OF FRACTURE–FLOODING
2.1 Production-enhancement mechanisms of fracture–flooding
2.1.1 Stress disturbance and fracture development
For the fracture characterization of conventional fracturing, the fracture length and orientation are often calculated based on a constant or initial in situ stress field. However, when it comes to the fracture–flooding operation, the reservoir has been put into production for a period of time, which causes a change in the stress field. Water injection before fracturing results in energy replenishment, which further intensifies the stress disturbance. Therefore, it is necessary to carry out a study on the field evolution for exploring the mechanisms of fracture–flooding-generated cracks. In this study, the elastic deformation of rocks and in situ stress are calculated using the geomechanical model, in which the in situ stress and discharge are fully coupled, i.e., in each time step, the discharge and the in situ stress equation are solved simultaneously.
The flow chart in Figure 1 lists the steps for solving the fracture development and propagation. First, traditional reservoir numerical simulation calculations are carried out using the finite volume method while the pressure field at each time step is stored. The pressure is then fed into the finite element geomechanical solver to calculate the in situ stress field at this time step, from which the physical properties such as porosity and permeability are determined. The updated physical property field is used for the determination of the stress field in the next time step. The Mohr–Coulomb failure criterion is introduced to characterize fracture development during fracture–flooding. The dynamic embedded discrete fracture model is used to represent the formation fracture when the failure criterion is met.
[image: Figure 1]FIGURE 1 | Flow chart of steps used in solving the coupled model of stress and discharge.
2.1.2 Micro-crack initiation and porosity/permeability increase
Fluid injection during fracture flooding is accompanied by larger discharge volumes and higher injection pressures compared to conventional injection. This results in an increase in the local stress and could generate several micro-cracks in the near-wellbore reservoir. The low-viscosity nature of the fluid used for fracture–flooding allows easier entry of fluid into the matrix pore space. The increase in the pore pressure causes an increase in the pore space and pore connectivity, resulting in an increase in both porosity and permeability.
To quantify permeability improvement during fluid injection of fracture flooding, experiments were conducted using rock cores collected from low-permeability reservoirs in the studied area. Three cylindrical cores with a diameter of 2.5 cm are selected (see Table 1 for details). A cylindrical hole with a diameter of 6 mm and depth of 1.5 cm is drilled in the representation of the injection well bore and its adjacent area. The confining pressure is kept constant at 20 MPa, while the displacement pressure is varied. During the displacement experiments, the pressure and flow rate data are automatically recorded every 0.2 s, and the permeability is calculated using the pressure difference and discharge volume. The results indicate that as the displacement pressure varies, changes in the permeability can be characterized into three stages. High displacement pressure represents the early stage, with high horizontal stress, during which there is a slow increase in permeability. In the second stage, the horizontal stress decreases, and the differential stress gradually approaches the strength of the sample. Micro-cracks are generated, which induces a turning point in the permeability evolution. In the third stage, a further decrease in the horizontal stress allows the propagation and coalescence of micro-cracks and the formation of effective flow channels, which cause a rapid increase in the permeability. Figure 2 shows the absolute and normalized value of the permeability evolution. The permeability change K/K0 shows an exponential decay with increasing horizontal stress. The relationship can be quantified using the following Equation 1:
[image: image]
where K is the permeability of the rock sample, 10−3μm2; K0 is the initial permeability prior to displacement, 10−3μm2; ∆σ is the net horizontal stress, i.e., the difference between the minimum principle stress and the pore pressure, MPa. The evolution of permeability during stages 2 and 3 is combined, where the effective pressure is negative, i.e., the pore pressure is lower than the confining pressure.
TABLE 1 | Properties of rock core samples used for fluid injection experiments.
[image: Table 1][image: Figure 2]FIGURE 2 | Fracture–flooding experiment results. (a) Relationship between the core permeability and the net horizontal stress; (b) relationship between the normalized change in permeability and net horizontal stress.
The evolution of porosity is calculated by using the geomechanical model based on the principles of mass conservation, as given in Equation 2 (Nasrollahzadeh et al., 2021):
[image: image]
where [image: image] is the density of the rock, kg/m3; ϕ is the porosity, %; u is the displacement vector of the formation, m; t is time, s. For the standard approach, the porosity ϕ is considered a function of pressure and coordinates ϕ = ϕ(p,x,y,x). In the coupled approach, porosity is considered to be one of the unknown values ϕ = ϕ(t,x,y,x).
2.1.3 Imbibition and surfactant effects
During the shut-in period of wells after fracture–flooding, imbibition takes place, driven by the capillary force and osmotic pressure. The surfactant is used to decrease the surface tension at the oil–water interface and increase the effectiveness of oil displacement (Guo et al., 2022). Experiments on the oil–water relative permeability, capillary force measurement for the imbibition effect, and interface tension measurement for oil and the surfactant are conducted to characterize the mechanism during the shut-in period.
① Evolution of relative permeability curve
The oil–water relative permeability tests are conducted in concordance with the standard operation procedure. Experiments are conducted at low, normal, and high pressures using water and surfactants as displacement fluids (Figure 3). The composition of the surfactant is as follows: 0.35% oil displacement agent, 0.1% resistance-reducing agent, and 0.3% clay stabilizer. Results show that the osmotic equilibrium point for water flooding is the lowest. The equilibrium point for the surfactant and high-pressure water flooding moves toward the upper right. The highest equilibrium point is observed in the high-pressure surfactant flooding experiment, while the oil saturation point is the lowest. The recovery rate calculated from the relative permeability curve increases from 48.49% in water flooding to 71.24% in high-pressure surfactant flooding, i.e., the high-pressure surfactant flooding can substantially increase the oil displacement effectiveness.
[image: Figure 3]FIGURE 3 | Relative permeability curve at different conditions.
The wettability of cores is measured using the Amott method (Amott, 1959). Results show that flooding with water or surfactants could change the wettability of cores from weak oleophylic to neutral or weak hydrophilic, as shown in Table 2.
TABLE 2 | Wettability of cores measured using the Amott method.
[image: Table 2]The relative permeability calculation function is interpolated using the pressure and surfactant concentration as variants. The relative permeability at a certain pressure (curve A) and surfactant concentration (curve B) is interpolated separately, which is then used for the interpolation of the relative permeability curve at a given pressure and surfactant concentration using the following Equation 3:
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where ω is the weighting factor; So is the oil saturation, %; Kro and Krw are the relative permeability of oil and water, respectively.
② Evolution of capillary force
The high-pressure mercury injection experiments were carried out on seven cores from the target block. The mercury withdrawal curves and their fitted lines are shown in Figure 4a. Figure 4b shows the tension at the oil–water interface with different surfactant concentrations.
[image: Figure 4]FIGURE 4 | Mercury injection/withdrawal curves and interface tension measurement. (a) Fitted mercury injection/withdrawal curves; (b) interface tension measurement.
The J-function transformation is used in the establishment of the relationship between surfactant concentration, interface tension, and the capillary force based on which the model for the evolution of capillary force with a change in the surfactant concentration is constructed. The expression of the J-function is shown in Equation 4:
[image: image]
where J is the J-function; pc is the capillary force, dyn/cm2; Sw is the water saturation; K is the permeability, cm2; σ is the interface tension, dyn/cm, θ is the wetting angle, and ϕ is the porosity.
2.2 Numerical model and solution
The aforementioned mechanisms are integrated into the numerical model using tNavigator software. By calling the stress calculation module of tNavigator, the evolution of stress and crack initiation caused by fracture–flooding is considered, allowing a fully coupled calculation of the reservoir seepage model and the geomechanical model. The permeability increase caused by crack initiation is integrated by the self-constructed function, where the porosity evolution is characterized based on the rock mass conservation. We have also established functions in describing the evolution of the relative permeability and capillary force while considering the diffusion of surfactants in water during imbibition and surfactant displacement. Other production-enhancement mechanisms such as energy replenishment, flooding, and displacement are controlled by the seepage model. Necessary simplification and assumptions are made during the modeling of fracture–flooding, which include the following:
① The morphology of the main crack is simplified as a planar feature surrounded by regions of modified porosity and permeability.
② The initiation, propagation of the main fracture, and the associated change in its physical properties are affected by the evolution of stress field, geomechanical properties, and fluid pressure field and governed by the Mohr–Coulomb failure criterion.
③ Changes in the formation and properties of the modified region are affected by the evolution of the stress field and fluid pressure field.
④ The fluid within the formation contains only two phases: are oil and water (i.e., no degassing during the process). The surfactant is dissolved in the water phase. Viscosity and density of the water phase and the surface tension at the oil/water interface are controlled by the composition of the surfactant.
⑤ The flow of fluid within the reservoir is governed by Darcy’s law, with additional consideration of capillary force.
Running matching simulations for the history is necessary in order to obtain the seepage model and the physical property field of the geomechanical model. The stress field before fracture–flooding operations can be obtained by solving the coupled model of seepage and the geomechanics without considering the aforementioned production-enhancement mechanisms. During the production after fracture–flooding, the influence of the stress field change on the production simulation is small. Therefore, no coupled solution is reached for the model of seepage and the geomechanics in consideration of the computational efficiency.
3 CRITERIA OF WELL AND LAYER SELECTION FOR FRACTURING–FLOODING PRACTICE
3.1 Well and layer selection criterion and model
A homogeneous reservoir model is established based on the aforementioned production-enhancement numerical simulation characterization method in order to explore the selection of the target well and layer for fracture–flooding practices (Figure 5). The thickness of the reservoir is set at 60 m. The grid number of the model is 41 × 41 × 3 with a size of 25 m × 25 m × 20 m. A producer well is set at the center of the model. Other parameters are set based on the actual operation and production data. The volume of the fracture–flooding fluid injected is 4,000 m3, with 450 m3 of the fracturing fluid. The shut-in period is set for 24 h. The physical properties of the reservoir are set according to geological data from an oilfield in the western South China Sea, with a reservoir depth of 3300 m and a pressure index of 1.46 (initial pressure 39 MPa). The oil is characterized as light oil with a viscosity of 5 mPa·s, a density of 0.85 g/cm3, and a saturation pressure of 18.6 MPa. Parameters associated with the seepage, capillary force, and pressure sensitivity of porosity and permeability were obtained from laboratory core tests. Simulation shows that symmetric fractures with double-wing features are developed vertically. The length, width, and conductivity of the fractures are controlled by the geomechanical characteristics at the selected timestep during fracture–flooding operations.
[image: Figure 5]FIGURE 5 | Numerical model of the homogeneous reservoir.
A study on Daqing, Jiangsu, and other oilfields (Yujuan, 2021; Zhang et al., 2022; Huang et al., 2022; Yong et al., 2023; Zhenfu et al., 2023; Wang et al., 2020) shows that porosity, permeability, effective thickness, water saturation, pressure maintenance, and distance to fault are key parameters taken into consideration during the selection of target wells and layers. Using the Latin hypercube sampling method, a total of 100 combinations are constructed with the ranges of each variable, as shown in Table 3. The variable range is selected based on the geological conditions of the studied area. For each variable combination, the cumulative oil production with and without fracture–flooding is predicted. The porosity, permeability, and oil saturation are modeled as direct inputs in the model settings. The effective thickness is modeled using the reservoir net-to-gross ratio. The distance to fault refers to the distance from the oil well to the model’s boundary and can be simulated by changing the location of the well. Pressure maintenance is defined as the ratio between the reservoir’s current average pressure and its initial pressure. The parameter is set in the optimization of the timing for fracture–flooding operations, i.e., the pressure threshold below which simulations of fracture–flooding starts.
TABLE 3 | Value range of key variables.
[image: Table 3]3.2 Key parameter optimization
The quantitative production enhancement, i.e., the difference between the cumulative oil production with and without fracture–flooding, is selected as the standard for parameter optimization. Figure 6 shows the distribution of production enhancement as a function of different parameters.
[image: Figure 6]FIGURE 6 | Production enhancement as a function of (a) porosity, (b) permeability, (c) effective thickness, (d) water saturation, (e) distance to fault, and (f) pressure maintenance.
3.2.1 Porosity and effective thickness
As shown in Figures 6a,c, the influence of porosity and effective thickness on production enhancement remains unclear as the porosity and effective thickness determine the Original Oil in Place (OOIP), while OOIP increases with the increase in the porosity and effective thickness. When other parameters affecting the reserves remain constant, the product of porosity and effective thickness (ΦH) is used as an indicator for the OOIP. Its relationship with production enhancement is shown in Figure 7, where larger enhancement in the production is commonly associated with a larger OOIP. This indicates that the selected formation should possess a certain amount of reserves to ensure success in the fracture–flooding operation. The cost of fracture–flooding operations requires a production enhancement of >10,000 m3 for economic development, which corresponds to a lower threshold of ΦH = 1.5.
[image: Figure 7]FIGURE 7 | (a) Relationship between production enhancement and indicator for the OOIP; (b) residual analysis or the production enhancement fitting.
3.2.2 Permeability
Figure 6b shows that the relationship between permeability and enhanced production is obscured by the other variants. So, we have selected combinations with ΦH>1.5 and defined the unit enhanced production as the ratio between enhanced production and ΦH, ΦH2. Its relationship with permeability is shown in Figure 8 and Equation 5. The plot shows that the variant enhanced production/ΦH2 shows a positive linear correlation with permeability (R2 = 0.9128) at a permeability <5 × 10−3μm2. At the permeability >5 × 10−3μm2, the variant enhanced production/ΦH2 becomes negatively correlated with permeability and can be fitted using a logarithmic function (R2 = 0.8907). The two fitted lines define the boundary of 10,000 m3 production enhancement, below which the conditions are preferable for fracture–flooding development.
[image: image]
[image: Figure 8]FIGURE 8 | Effect of permeability on enhanced production.
3.2.3 Oil/water saturation
Figure 6d shows that higher water saturation correlates with lower enhanced production. At the water saturation range of 22%–50%, an increase in the water saturation generally causes a linear decrease in enhanced production. The scattering of the data point shows that other parameters also have a significant impact on the enhanced production at this saturation range (Figure 9). There is low enhanced production when the water saturation ranges between 50% and 60%. The compact data distribution also indicates that the water saturation is a dominant factor in affecting the enhanced production and that the impact of other parameters has become insignificant. Further increase in the water saturation above 60% causes a decrease in the mobility of the oil phase, and the enhanced production has become insignificant. Therefore, water saturation of 60%, i.e., oil saturation of 40%, is selected as the threshold limit for fracture–flooding well and layer selection.
[image: Figure 9]FIGURE 9 | (a) Relationship between production enhancement and oil saturation; (b) residual analysis for the production enhancement fitting.
3.2.4 Distance to fault
Figure 6e shows that there is a weak correlation between distance to fault and enhanced production. The lower limit of distance to fault of 60 m is selected in consideration of the operation safety.
3.2.5 Pressure maintenance
The data points are scattered in the multi-parameter analysis of pressure maintenance and show no direct correlation with enhanced production. Further analysis of the relationship between injection volume and pressure maintenance is conducted. The range of injection volume in the simulation is set between 0.5 × 104 m3 and 2.5 × 104 m3. We defined the oil displacement efficiency as the ratio between enhanced production and the total volume of fluids injected and plotted the oil exchange rate against pressure maintenance (see Figure 10). The common oil exchange rate limit is set at 0.8, which corresponds to a pressure maintenance level of 0.4 (a pressure index of 0.5).
[image: Figure 10]FIGURE 10 | (a) Effect of pressure maintenance on oil displacement efficiency; (b) residual analysis for the oil displacement efficiency fitting.
3.2.6 Interbedding thickness
During the fracture–flooding operation, injected fluids could sometimes penetrate through the interbedded layer and cause additional fluid loss. Therefore, it is important to study the influence of interbedding thickness. We separate the model into layers of oil, water, and interbedding (Figure 11a). The vertical permeability of the interbedded layer is set to be 0.001 × 10−3μm2, with varied thicknesses between 0.1 and 5 m. Figure 11b shows that an increase in the interbedding thickness beyond 1.5 m causes no significant change in the enhanced production, which indicates that the fluid cannot penetrate through the interbedding layers of thickness more than 1.5 m. Therefore, the thickness of 1.5 m is selected as the lower limit for interbedding layers to ensure the safety and effectiveness of fracture–flooding operations.
[image: Figure 11]FIGURE 11 | (a) Schematic representation of model settings. Oil, water, and interbedding layers are shown in green, yellow, and red, respectively. (b Influence of interbedding thickness on the enhanced production.
3.2.7 Multi-parameter analysis
The simulation from multi-parameter analysis allows the ranking of different parameters based on their impact on the enhanced production (Figure 12). These parameters can be categorized into three groups of oil-bearing indicators, reserve indicators, and reservoir characteristic indicators. The oil-bearing indicators include oil/water saturation and pressure indexes. The reserve indicators include porosity and effective thickness. The reservoir characteristic indicators include permeability and distance to fault. The result shows that oil-bearing indicators are the dominant parameters affecting the production enhancement as it determines the remaining reserve to be excavated. Following this, further selection of the target well and layer should consider reservoirs with insufficient energy, low porosity and permeability, and incomplete injector–producer networks.
[image: Figure 12]FIGURE 12 | Ranking of parameters affecting the production enhancement base on their impact.
Table 4 lists the well selection criteria for the studied block. For broader application, wells can be ranked by calculating the selecting index using weight average of normalized parameters given in Table 5. The weight is calculated based on the standardized regression coefficient. Among all parameters, the recovery rate and water cut are the two fundamental parameters that determine the production enhancement potential of fracture–flooding operations. Higher water cut commonly indicates water flooding or channeling, which could easily lead to failure of fracture–flooding operations and is, therefore, assigned higher weight. Other key parameters such as oil saturation, pressure maintenance level, effective thickness and porosity are identified from aforementioned studies. These parameters ensure sufficient energy within the formation for the production of oil. The influence of the initial permeability is limited as the operation leads to modification of the matrix permeability through crack formation. Influences of fault and interbedding thickness are small as seen in the numerical simulations and are, therefore, assigned with the two lowest weights in the calculation of the well-selecting index.
TABLE 4 | Criteria for well and layer selection.
[image: Table 4]TABLE 5 | Reference table for well-selecting index calculation.
[image: Table 5]3.3 Economic feasibility of fracture–flooding
The purpose of the economic feasibility analysis is to evaluate the net present value (NPV), internal rate of return (IRR), and payback period. The production costs can be divided into operation cost and oil production cost. Using the four fracture–flooded wells in the target oilfield as an example, the operation cost ranges from 14.2414 million CNY to 18.6518 million CNY per well, with an average cost of 16.50 million CNY. In 2023, the average production cost of China National Offshore Oil Corporation (CNOOC) was 28.83 US dollars per barrel. Assuming that the unit sales price of crude oil is 80.55 US dollars per barrel, with 10% discount rate and taking 3 months as one period, the production enhancement of 10,000 m3 with the effective duration of 3 years, the NPV for the fracture–flooding operation is calculated to be 4.40 million CNY, the payback period is 15 months, and the IRR is 39.33%. At 0 NPV, the oil price is 69.66 US dollars per barrel. Figure 13a shows that the NPV impacted by the fluctuations in crude oil prices and uncertainties of operation costs and the estimated production increase. Figure 13 demonstrates that with the crude oil price being approximately 75 US dollars per barrel and the operation cost of 15 million CNY, the enhanced production of 10,000 and 15,000 cubic meters could produce NPVs of 3.65–13.27 million CNY. An analysis on the effect of oil price on the net price value is conducted, assuming no change in the cost. The result shows that when the oil price is lower than 42 US dollars per barrel, the cost cannot be covered even if the production enhancement is over 30,000 m3.
[image: Figure 13]FIGURE 13 | (a) Impact of the fluctuations in crude oil prices and uncertainties of operation costs and the estimated production increase in the NPV; (b) plot of sensitivity on oil price volatility.
3.4 Evaluation procedure for fracture–flooding operation
The numerical simulation study allows us to identify the key parameters and established criteria in the well and layer selection for fracture–flooding. During field practice, the values of the key parameters are determined, which is further evaluated by their economic feasibility.
The procedure for the target well and layer selection is as follows:
① Selection of the oil field and ground facilities.
Medium- to low-permeability oilfields with light oil are preferred. The target block should avoid major development test areas. The target field and platform should be equipped with fracturing string, water injection pipeline network, injection–production well pattern, and high-pressure pumping equipment. The working environment should meet requirements for water extraction from water source wells, water tank storage, liquid preparation by equipment, separate tank liquid storage, vehicle group construction, and operation under pressure.
② Preliminary selection of target wells.
The selected wells should be low-production and low-efficiency oil wells, directional wells, and non-heavy oil wells. The target wells should experience no complex well conditions such as casing damage or major repairs with excellent cementing quality. Wells exhibiting an imperfect injection–production relationship or production without injection are generally targets for the fracture–flooding practice.
③ Further selection of target wells.
Based on the experiences from Daqing and Jiangsu Oilfields and results from this study on the characteristic parameters such as porosity, permeability, effective thickness, water saturation, pressure maintenance level, and distance from faults, we have established well and layer selection criteria for the target block (see specifications in Table 4).
④ Post-operation production forecast.
Post-operation production can be predicted using the provided numerical simulation characterization method for fracture–flooding. This requires a geological model of the target well and data on the reservoir production dynamics.
4 APPLICATIONS AND RESULTS
4.1 Selection of fracture–flooding wells
Multiple producer wells in the target block are studied in the verification of the well and layer selection criteria (Figure 14). Reservoir properties of the wells are listed in Table 6.
[image: Figure 14]FIGURE 14 | Radar diagram for the comparison of potential target wells. All parameters are normalized following the calculation methods listed in Table 5.
TABLE 6 | Comparison of potential target wells for fracture–flooding operations.
[image: Table 6]Analysis shows that well X1 exhibits a potential risk in casing damage, while well X2 has a complete injection–production well pattern but low-pressure maintenance and low controlled reserves, which results in low profit in fracture–flooding operations. Well A21 started production in 2018, and its initial production was 7,070 m3·d−1, with a production index of 9.7 m3·(d·MPa)−1. However, its stable production did not last long and exhibited a fast decrease in production. The oil production rate has decreased to 20 m3·d−1, with a production index of 3.2 m3·(d·MPa)−1. The reservoir shows problems such as poor physical properties and insufficient energy. The well-selecting index is calculated for the three wells, among which well A21 shows the highest value. Based on the result of our analysis, well A21 was selected as the target well for the fracture–flooding operations, with a predicted production enhancement of 22,000 m3.
Following the design, fracture–flooding fluid with a total volume of 3,700 m3 was injected together along with a fracturing fluid of 436 m3. The designed half-length of fracture is 120 m, with a fluid conductivity of 20 D·cm. The predicted initial production enhancement is 30 m3·d−1 per well, with a 3-year cumulative production enhancement of 22,000 m3. The fracture–flooding operation for well A21 was completed in September 2023. Production resumed after a 3-day shut-in period. The initial production after fracture–flooding was 50 m3·d−1, with the production index increased from 3.2 m3·(d·MPa)−1 to 9.2 m3·(d·MPa)−1 (Figure 15). Cumulative production enhancement in the first two quarters was 1.01 × 104 m3, which has met the expectation.
[image: Figure 15]FIGURE 15 | Comparison of production dynamics before and after operation.
4.2 Fracture–flooding evaluation
We plotted the data from wells experiencing fracture–flooding and compared them with the threshold boundary established in this study (Figure 16). The plot shows that data from all four operated wells fall below the boundary, which verifies the permeability selection criteria. Among these four wells, well B44 shows higher permeability (44.3 × 10−3μm2), which results in the data point falling marginally on the fitting boundary and lower production enhancement results, which demonstrates that high-permeability reservoirs are less ideal for the fracture–flooding operations with low economic retribution.
[image: Figure 16]FIGURE 16 | Production enhancement statistics from field operations.
5 CONCLUSION
In this study, we have established a method for developing the well and layer selection criteria for fracture–flooding development in low-permeability reservoirs based on laboratory experiments and numerical simulations. The quantitative evaluation of different mechanisms activated during the process provides a deeper and more accurate understanding of the fracture–flooding process. The study has broadened the application of fracture–flooding in the development of offshore low-permeability reservoirs.
(1) The fracture–flooding model considered production enhancement mechanisms of porosity and permeability increase, crack initiation, and oil displacement through agents and imbibition characterization, which filled the current knowledge gap and increased the accuracy in simulations.
(2) Analysis revealed that the oil-bearing condition is the dominant factor to be considered and fundamentally determine the overall enhanced production. In general, fracture–flooding is suitable for wells with a certain volume of residual oil low in porosity and permeability with incomplete injection–production relationships.
(3) Criteria for the selection of wells and layers for offshore fracture–flooding operations are established considering factors covering reservoir, engineering, and well-control conditions. The use of such criteria has been verified in this study and could increase the efficiency of the operational design procedures.
(4) Field application has received satisfactory results and met all expectations and specifications. However, the use of fracture–flooding in high-permeability reservoirs is not recommended in consideration of the operation’s economic efficiency.
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