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Aiming at the problems of formation pressure distribution and productivity prediction after Horizontal Well Volume Fracturing in stress sensitive reservoirs, the methods of dynamic permeability and dynamic threshold pressure gradient are used to deal with the influence of stress sensitivity, a numerical simulation method of oil-water two-phase flow based on finite element method is established. History matching is performed on the basis of the prediction of formation pressure distribution after horizontal well volume fracturing of, which ensures high matching accuracy. Taking the ultra-low permeability sandy glutenite reservoir of Baikouquan Formation in M18 area of Aihu Oilfield as research object, the influence law of formation pressure level on productivity and stress sensitivity on formation pressure distribution is studied. Analysis of the calculation results shows that: the influence of formation pressure level on well productivity is mainly in the first year of production, and the effect of energy increasing by volume fracturing is clarified. Stress sensitivity mainly affects the middle and later stage of production. With the increase of sensitivity, the permeability loss of the formation tends to be concentrated in the low-pressure area near the artificial fracture, forming an isolation zone with high flow resistance, which make the development effect of far well zone worse.
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INTRODUCTION
Generally speaking, the lower the reservoir permeability, the weaker the stress sensitivity (Li, 2005, Li, 2009; Gao et al., 2014; Dou et al., 2016; Luo et al., 2019). However, due to its special geological characteristics, abnormally high pressure and low permeability reservoirs often have higher effective stress during development, and generally show stronger stress sensitivity. With the increase of effective stress, the loss rate of reservoir permeability gradually increases, showing greater seepage resistance, which affects the productivity of oil wells. Clarifying the influence of stress sensitivity on formation pressure distribution and productivity is of great significance for reservoir protection and design reasonable production system.
The research methods of stress sensitivity on productivity mainly include analytical method, semi analytical method, and numerical method. Analytical methods are used to establish productivity models for vertical wells (Liu et al., 2014; Shan et al., 2017; Chai et al., 2018; Zhu et al., 2018) and horizontal wells (Yang et al., 2017; Jiang et al., 2012; Ning et al., 2020; Guo and Wu 2007), most of which have to be studied for non-fractured wells. Fang et al. (2015) based on the perturbation theory and combined with the source function, established a semi-analytical method for calculating the production of fracturing horizontal wells in Laplace space, and analyzed the pressure and production dynamic curves of multi-angle and multi-stage fracturing horizontal wells in stress sensitive oil reservoirs. Numerical methods mainly use finite difference, finite volume method and finite element method. Song (2012) established the oil-water relative permeability curve under the combined effect of stress sensitivity and starting pressure on the basis of the stress sensitivity experimental results. Wang et al. (2013) established the dynamic model of threshold pressure gradient and dynamic permeability on the basis of laboratory experiments, and used the finite difference method to solve numerically. Liu et al. (2017) established a three-phase seepage mathematical model for shale oil considering the threshold pressure gradient and stress sensitivity, used the finite volume method to obtain the numerical solution, and compiled a numerical simulator. The finite element method has flexible grid division and is easy to deal with complex boundaries. It has unique advantages in the study of seepage problems in artificially fractured wells (Zhang et al., 2017; Feng et al., 2019; Su et al., 2019), and is very suitable for the development of numerical calculation programs.
The finite element-based numerical method is used to study the seepage problem of fractured wells in stress sensitive reservoirs. Innovatively establish the equivalent characterization method of stress sensitivity effect using dynamic permeability and dynamic starting pressure gradient based on the experimental data of core stress sensitivity, and improve the accuracy of history fitting of fractured horizontal wells based on the prediction of formation pressure distribution before production. In order to improve the programming efficiency, the calculation program is developed based on the Finite Element Automatic Generation System (FEPG) (Liang, 2011) of the Chinese Academy of Sciences, which can save a lot of programming work (Zhang et al., 2010; Zhang 2013; Shi et al., 2016).
MATHEMATICAL MODEL
Basic assumptions: There is an oil-water two-phase fluid in a homogeneous reservoir, and both fluid and rock are weakly compressible. The influence of starting pressure gradient and capillary force is considered, and the influence of gravity is ignored. The motion equation is brought into the continuity equation, the fluid densities ρo, ρw are treated as constants, and the rock state equation is considered to process the right-hand term of the equation, and the oil phase pressure equation is obtained:
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Where [image: image], [image: image], [image: image], [image: image]
Define the total seepage velocity as u, then
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Get:
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In order to improve the calculation stability of saturation equation, the relative mobility of water phase in the first term at the right end of the above formula λw is implicitly treated as a function of Sw. In the second term, the capillary pressure is also implicitly treated. Expand pc into Taylor series near Swn−1, and then take its first-order expansion and ignore the second-order small quantity, can get [image: image], then Eq. 5 becomes:
[image: image]
The water phase saturation equation can be obtained:
[image: image]
Artificial fracture characterization
The traditional fracture characterization method regards the fracture as a high-permeability zone, which has certain limitations in simulating complex fractures. The mixed element finite element method is used to simulate cracks with line elements. In order to facilitate mesh division, the implicit fracture line element is adopted, that is, the division of matrix mesh element and the fracture line element are carried out at the same time, and the fracture line element is hidden in the matrix element. This fracture treatment method needs to superimpose the stiffness of the fracture line element into the overall stiffness of the matrix, so as to improve the stiffness of the matrix element and improve the overall permeability of the matrix.
In the two-dimensional mathematical model of oil-water two-phase, artificial fractures are treated with line elements. The basic differential equations of artificial fractures have the same form as the matrix, and the dimension is one dimension lower than matrix. Due to the high fracture permeability, the threshold pressure gradient is not considered.
Oil phase pressure equation of artificial fracture:
[image: image]
Water phase saturation equation of artificial fracture:
[image: image]
Weak solution integral form of differential equations
Write the oil phase pressure Eq. 1 in integral form:
[image: image]
Integral by parts of the left-hand side of Eq. 9, can get:
[image: image]
When the oil-water well is at a constant pressure boundary, by selecting δp appropriately, make δp = 0 on the boundary and ignore the integral along the boundary [image: image] .The capillary pressure gradient is small compared to the formation pressure gradient near the bottom hole, so the boundary integral term [image: image] is ignored. The weak solution integral form of the oil phase pressure equation can be obtained:
[image: image]
When the oil-water well is producing at a constant production rate q, and the bottom hole is the constant flow boundary, the integral term along the bottom hole boundary can be changed to [image: image], can get:
[image: image]
Similarly, the weak solution integral expression of the water phase saturation equation can be obtained:
[image: image]
The u in the first term of the formula is treated explicitly, so this term does not need to be integral by parts. In the same way, the integral form of the weak solution of the fracture system can be obtained.
Algorithm
The oil phase pressure equation and the water phase saturation equation were solved by implicit pressure and explicit water saturation. The time was discretized by the Crank-Nicolson scheme. The linear equations were solved by the direct method of LDLT decomposition. Both the water cut and the pressure gradient were solved using the least squares method.
RESULTS AND DISCUSSION
Numerical model building
Baikouquan formation in well block M18 of Aihu oil field is a low porosity, ultra-low permeability and abnormally high-pressure sandy conglomerate reservoir with a pressure coefficient of 1.63. The reservoir rocks of the Baikouquan Formation are mainly glutenite, gravel-bearing coarse sandstone and sandstone, and the pore types are mainly residual intergranular pores, intragranular dissolved pores, matrix shrinkage pores and crushed fractures. The reservoir porosity is mainly distributed between 8 and 14%, with an average of 11.9%, and the permeability is distributed between 0.01 × 10−3 μm2 and 46 × 10−3 μm2, with an average of 0.5 × 10−3 μm2. Crude oil has low viscosity and good fluidity. Medium water sensitivity, velocity sensitivity and strong stress sensitivity. Stress Sensitivity index b = 0.385 ([image: image]) (Shi et al., 2016). With the natural energy development method of horizontal well + volume fracturing, the main problems faced are the large decline in the early stage and the prominent stress sensitivity problem. The fracturing construction time of each stage is 3 h, the time from the end of fracturing construction to putting into production is 10d, and the viscosity of fracturing fluid after gel breaking is 1 mPa s. Adjust the injection pressure and time of fracturing operation, and keep the total fracturing fluid volume unchanged to match the bottom hole flow pressure when it is put into production, so as to ensure the accuracy of pressure distribution prediction. A typical well in M18 well block is selected to establish a single well numerical model. The length of the horizontal section is 938 m, formation permeability is 0.5 × 10−3 μm2, porosity is 0.095, reservoir thickness is 14.2 m, oil saturation is 58.6%, original formation pressure is 64 MPa, formation crude oil viscosity is 0.66 mPa s, threshold pressure gradient is 0.027 MPa/m, fracture Conductivity is 25μm2 m, rock compressibility 1 × 10–41/MPa, crude oil compressibility 18 × 10–41/MPa, irreducible water saturation 26%, residual oil saturation 37.13%, water relative permeability at residual oil saturation is 12.99%.
The stress sensitive data adopts the results of laboratory experiments. When the net confining pressure is 44 MPa, the formation permeability is reduced to 20% of the initial value. In the numerical calculation, according to the net formation confining pressure value of each node, interpolate the data in stress sensitive data to obtain the formation permeability loss, and then update the formation permeability and threshold pressure gradient data of the node.
Well M1 fracturing 12 stages and 22 clusters, of which the 6th and 11th stages fracturing one cluster, and the half-length of the fractures is 55–164 m. In the M18 well block, natural fractures are not developed in the reservoir, and the rock is partially plastic and has a low brittleness value. The large stress difference between the two horizontal directions makes it difficult to achieve volume fracturing with complex artificial fracture network patterns in this area. The artificial fractures are mainly plane fractures. Building a 2D Model of Well M1.
History matching and productivity forecast
Well M1 adopts slick water + guar gum fracturing fluid, with a total fluid volume of 13,500 m3. In order to improve the accuracy of history matching, simulate the fracturing fluid injection process during fracturing construction, predict the formation pressure distribution before production under the influence of fracturing fluid energization, and use the total injected fluid volume and bottom-hole flow pressure during production to constrain Numerical calculation results.
The current production time of well M1 is 2.4 years, and the history matching is shown in Figure 1. The initial production of the well increased rapidly, and then decreased rapidly after reaching the peak. The history matching is carried out on the basis of the prediction of formation pressure distribution, which makes the matching effect in the initial stage better. When fracturing energization is not considered, the initial peak oil rate is only 60 t/d, and when fracturing energization is considered, it is 100 t/d, this is a very big difference. Therefore, if the influence of fracturing energization on the formation pressure distribution before production is not considered, history matching is difficult.
[image: Figure 1]FIGURE 1 | Historical matching curve of single well.(A) Water Content; (B) Fluid Rate; (C) Oil Rate; (D) Cumulative Production.
The two replacements of the nozzles caused large fluctuations in well production, and the matching effect was relatively poor in about half a year. This well lacks bottom-hole flow pressure data, which makes it difficult to accurately match production fluctuations, and can only match production trends. The cumulative oil production of well M1 in 2.4 years is 24,455 t, the cumulative oil production calculated by simulation is 24,564 t, and the fitting error is 0.45%.
The formation pressure and pressure gradient distribution of Well M1 are shown in Figure 2. At 2.4 years, the formation pressure in the simulation area of Well M1 was 35–61.23 MPa, and the permeability loss rate caused by stress sensitivity was 17.70%–2.22%.
[image: Figure 2]FIGURE 2 | Distribution of formation pressure and pressure gradient. (A). Distribution of formation pressure, (B). Distribution of formation pressure gradient.
On the basis of single well history matching, predicted cumulative oil production in 8 years is 43,187 t, and the recovery degree is 12.77%.
Influence of formation pressure level on productivity
An ideal model of a single well was established, the length of the horizontal section was 1,000 m, 24 clusters in 12 fracturing stages, and the half-length of the fractures were all 120 m, and other calculation parameters were the same as those of Well M1. Four pre-production formation pressure level schemes were established, and the average formation pressures [image: image] within the influence range of fracturing energization during production were: 64, 66.56, 68.34, and 70.15 MPa. Among them, scheme one, 64 MPa, is the original formation pressure, which does not consider the influence of fracturing fluid on the formation pressure Scheme [image: image] = 66.56 MPa, the maximum formation pressure is 68.07 MPa, and the maximum influence range at the fracture end is 65.0 m; scheme [image: image] = 68.34 MPa, the maximum formation pressure is 71.05 MPa, and the influence range is 78.5 m; scheme [image: image] = 70.15 MPa, the maximum formation pressure. The value is 74.00 MPa, and the influence range is 85.8 m. From the one-year production performance (Figure 3), it can be seen that the impact of different formation pressure levels on the productivity of oil wells is mainly in the first half of the year. The higher the formation pressure level, the greater the peak production and the sharper the peak. Compared with not considering fracturing, the cumulative oil production of the 68.34 MPa (close to the formation pressure level of Well M1) increased by 2,421 t, an increase of 16.70%. Judging from the actual situation in the M18 well area, the average flowback rate of the fracturing fluid is low, about 12% in half a year, which makes the fracturing energy enhancement have a good oil-increasing effect.
[image: Figure 3]FIGURE 3 | Influence of formation pressure level on initial productivity.
Influence of stress sensitivity on formation pressure distribution
The bottom hole flow pressure drop is 20 MPa when the horizontal well has been in production for 8 years. Four schemes are selected for the permeability loss caused by stress sensitivity. The maximum permeability loss rates (Ks) near the bottom hole are 20%, 40%, 60%, and 80%, of which 80% scheme is close to the actual situation of well block M18. The numerical calculation model and other parameters are the same as those in the previous section, and the influence of fracturing on formation pressure is not considered. The formation pressure is taken as the original formation pressure.
Comparing the formation pressure distribution of the four stress sensitivity schemes in 8 years (Figure 4), it can be seen that the formation pressure consumed increases with the increase of stress sensitivity. The average formation pressure of the four schemes in 8 years is 35.17, 30.30, 27.40, and 25.37 MPa.
[image: Figure 4]FIGURE 4 | Effect of stress sensitivity on formation pressure distribution. (A) Max Ks = 20%; (B) Max Ks = 40%; (C) Max Ks = 60%; (D) Max Ks = 80%.
The loss of formation permeability is calculated according to the distribution of formation pressure. As the stress sensitivity increases, the difference between the maximum and minimum loss rates of the four schemes becomes larger and larger. The lowest loss rate of scheme 4 is only 26.41%, which is lower than that of scheme 2 and 3. On the one hand, the existence of stress sensitivity reduces the pore volume and reduces the reservoir permeability, which is not conducive to oil recovery. On the other hand, it is beneficial to maintain pore pressure and oil production, so stress sensitivity within a certain range may be beneficial to increase productivity (Wang et al., 2003; Li and Tu 2008). However, when the stress sensitivity is very strong, an isolation zone with lower permeability and higher fracturing gradient with high flow resistance tends to be formed near the fracture, which makes the oil production in the far-well area worse and reduces the productivity of the oil well. This situation can also be explained from the formation energy consumption, that is, the average formation pressure of scheme 4 is higher and the total pressure difference is lower. In the middle and late stages of production in the M18 well area, it is necessary to formulate a reasonable oil recovery rate and supplement formation energy to reduce the impact of stress sensitive oil wells.
CONCLUSION
Based on the basic principle of finite element method, a numerical method for predicting formation pressure distribution and oil well productivity of ultra-low permeability sandy conglomerate reservoir considering stress sensitivity is established. An innovative method to characterize the fracturing reformed area with permeability and threshold pressure gradient that vary with spatial location. The single well history matching is carried out on the basis of the formation pressure distribution prediction considering the influence of fracturing energy increase. In the peak yield stage, which is difficult to fit, the historical matching coincidence rate is high, and the overall historical fitting effect is good.
The fracturing energization effect in the M18 well area has a good oil-increasing effect. In view of the low fracturing fluid flowback rate, it is recommended to combine the imbibition theory to study the feasibility of oil displacement fracturing to further improve the oil recovery.
In the middle and late stages of oil well production, stress sensitivity strengthens the threshold pressure gradient and seepage resistance in the low-pressure zone near artificial fractures, so that the pressure is mainly consumed near the artificial fractures, and the production effect becomes poor. Optimizing the oil well production system, supplementing the formation energy, and reducing the influence of stress sensitivity are the key issues that need to be paid attention to in the M18 well area.
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NOMENCLATURE
ϕ porosity, fraction
ϕ0 initial porosity, fraction
So oil saturation, fraction
Sw water saturation, fraction
t time, s
K permeability, m2
K0 initial permeability, m2
Kro oil-phase relative permeability
Krw water-phase relative permeability
μo oil-phase viscosity, Pa s
μw
water-phase viscosity, Pa s
po oil-phase pressure, Pa
p0 original formation pressure, Pa
pw water-phase pressure, Pa
pc capillary pressure, Pa
[image: image] average formation pressure, Pa
G threshold pressure gradient, Pa/m
Cf rock compressibility, Pa−1
Ct comprehensive compressibility, Pa−1
Co oil-phase compressibility, Pa−1
Cw water-phase compressibility, Pa−1
λ oil-water two-phase fluidity
λo oil-phase relative fluidity
λw water-phase relative fluidity
u total seepage velocity, m/s
vo oil-phase seepage velocity, m/s
vw water-phase seepage velocity, m/s
A seepage area, m2
Superscripts and subscripts
fo oil-phase of fracture system
fw water-phase of fracture system
fc fracture capillary pressure
‘ derivative
n-1 previous time step
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