[image: image1]Study on flow model of multi-stage fracturing horizontal well in stress-denpendent dual medium reservoir

		ORIGINAL RESEARCH
published: 16 September 2022
doi: 10.3389/feart.2022.990684


[image: image2]
Study on flow model of multi-stage fracturing horizontal well in stress-denpendent dual medium reservoir
Zhang Jiaming1, Ren Zongxiao2,3*, Zhang Guiyi4, Peng Zhenhua5, Chen Minjing6, Wang Liang2, Lou Erbiao7 and Meng Xinggang2
1CNPC Economics and Technology Research Institute, BeiJing, China
2College of Petroleum Engineering, Xi’an Shiyou University, Xi’an, China
3Xi’an Shiyou University Shanxi Key Laboratory of Well Stability and Fluid and Rock Mechanics in Oil and Gas Reservoirs, Xi’an, China
4Engineering Technology Research Institute Xibu Drilling Engineering Company, Karamay, China
5Sinopec Northwest China Petroleum Bureau, Urumqi, China
6Xi'an Traffic Engineering Institute, Xi'an, China
7Research Institute of Oil and Gas Engineering, Tarim Oilfield Company, PetroChina, Korla, China
Edited by:
Jianlin Zhao, ETH Zürich, Switzerland
Reviewed by:
Zhiming Chen, China University of Petroleum, China
Qinglin Shan, Shandong University of Science and Technology, China
Hun Lin, Chongqing University of Science and Technology, China
* Correspondence: Ren Zongxiao, zxren@xsyu.edu.cn
Specialty section: This article was submitted to Geochemistry, a section of the journal Frontiers in Earth Science
Received: 10 July 2022
Accepted: 17 August 2022
Published: 16 September 2022
Citation: Jiaming Z, Zongxiao R, Guiyi Z, Zhenhua P, Minjing C, Liang W, Erbiao L and Xinggang M (2022) Study on flow model of multi-stage fracturing horizontal well in stress-denpendent dual medium reservoir. Front. Earth Sci. 10:990684. doi: 10.3389/feart.2022.990684

Often with abundant of natural fracture, Carbonate reservoirs are characterized with the stress sensitive and dual media. Mostly, its flow model solved by numerical method. In this paper, the semi-analytical solution for this problem is presented: firstly, the point source function considering stress sensitivity in infinite dual medium reservoir is obtained in Laplace space by Perturbation Transformation and Laplace Transformation; Secondly, the Laplace space solution of multi-stage fracturing horizontal well in infinite plate reservoir is obtained by Image Principle and Superposition Principle; Finally, the spacial solution of multi-stage fracturing horizontal well is obtained by Stehfest numerical inversion and perturbation inverse transformation. The calculation results show that the flow regime of multi-stage fracturing horizontal well can be divided into six stages: Ⅰ- linear flow, Ⅱ-first radial flow, Ⅲ-double radial flow, Ⅳ-radial flow of natural fracture system, Ⅴ-channeling flow regime and Ⅵ-radial flow of the whole system. The impact of stress sensitivity of formation permeability on linear flow is lower, and mainly affecting the last five flow regimes, and the dimensionless pressure drop derivative curve tends to rise in the later stage of development, showing the characteristics of closed boundary. In this paper, when the reservoir stress sensitivity is not considered, the calculation results will produce a large error, and the wrong well test interpretation will be obtained.
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1 INTRODUCTION
Most carbonate reservoirs are rich in natural fractures, which were first described by Barenblatt et al. (1960) (Barenblatt and Zheltov, 1960). They assume that there are two flow systems in reservoir:matrix and fracture, and matrix provides main storage space; then fracture is main flow channel. The system is evenly distributed in the fracture system, and the flow rate between them is proportionate to pressure difference. Warren and Root (1962) (Warren and Root, 1963) Based on Barenblatt (Barenblatt and Zheltov, 1960) established the double well test model of heavy medium reservoir; It provides a theoretical basis for well test analysis of natural fractured reservoir. Later, scholars (Kazemi, 1969; De Swaan, 1976) established the flow equations of unsteady channeling flow between matrix and fracture system, and these models laid the foundation for the study of dual medium flow. Based on these models, scholars (Ozkan, 1988; Ozkan and Raghavan, 1991; Chen and Raghavan, 1996; El-Banbi and Wattenbarger, 1998; Bello and Wattenbarger, 2010; Brown et al., 2011; Zhao et al., 2014; Chen et al., 2015; Jia et al., 2015; Luo and Tang, 2015) established unsteady pressure models for vertical wells, horizontal wells, staged fracturing horizontal wells and volumetric fracturing horizontal wells. However, these models assume that the permeability of fracture system and matrix system is fixed, and the permeability stress sensitivity effect is not considered.
Stress sensitive effect refers to that compression of rock causes the reduction of porosity, permeability due to the pressure decrease increase confining pressure as production of oil wells. Since the early 1950s, foreign scholars (Fatt and Davis, 1952; Fatt, 1953; Wyble, 1958; Gray et al., 1963) have studied the stress sensitivity effect of single medium through lab experiments; It is found that the influence of rock stress sensitivity on permeability is greater than that on porosity. In 1971, Vairogs (Vairogs et al., 1971) carried out stress sensitivity experiments on rock samples of different initial permeability (0.04md ∼ 191md) and different properties (whether with micro-fractures and shale zones). The experimental results show that the lower the initial permeability is, the greater the stress sensitivity effect is; The existence of micro-fractures and shale zones aggravate the stress sensitivity effect. Stress sensitivity has a great impact on reservoir flow law and oil well productivity, and can reduce the production of oil wells by 50% (Vairogs and Rhoades, 1973). Pedrosa and Petrobras (1986) (Pedrosa, 1986) found that the change of rock sample permeability was exponentially related to the pressure drop based on the stress sensitivity experiment; The permeability modulus is proposed and the quantitative relationship between permeability and pressure to drop is established. Then, an analytical model of unsteady pressure under the fixed production condition of infinite stress sensitive reservoir is established by perturbation transformation. The calculation results show that with the progress of production, the dimensionless bottom hole pressure will rise like the influence of “closed boundary”. After that, scholars (Zhang and Ambastha, 1994; Chin et al., 2000; Franquet et al., 2004; Raghavan and Chin, 2004; Guo et al., 2005; Ali and Sheng, 2015; Wang and Marongiu-Porcu, 2015) conducted a lot of research on the flow law of stress sensitive reservoir. The research results show that in stress sensitive reservoir, if the change of permeability with pressure is not considered, it will cause large errors. However, the above calculation models are based on single heavy medium reservoir.
Vairogs et al, (1971) conducted stress sensitivity experiments on fractured reservoirs, scholars (Jia-Jyun et al., 2010; Cho et al., 2012; Han et al., 2013) also conducted stress sensitivity experiments on dual media reservoirs. The experimental results show that stress sensitivity has a great influence on permeability in dual medium reservoir. Scholars (Tong et al., 1999; Su et al., 2000; Tong et al., 2001; Tong et al., 2002; Tong and Zhang, 2003; MA et al., 2007) established the flow control equation considering the influence of stress sensitivity based on the dual medium flow model, and solved the model by numerical method. So far, no scholar has given a semi analytical solution to the flow model based on Kazemi, (1969) dual medium reservoir considering the influence of stress sensitivity. Based on Kazemi (Kazemi, 1969) dual medium model, this paper applies Pedrosa (Pedrosa, 1986) permeability calculation formula; The flow model of dual media reservoir considering stress sensitivity is established. Then, through perturbation transformation and Laplace transformation, the point source function of infinite dual medium reservoir considering stress sensitivity is obtained in Laplace space. Secondly, the Laplace space solution of staged fracturing horizontal well in infinite plate reservoir is obtained by image principle and superposition principle. Finally, the spatiotemporal solution of staged fractured horizontal wells is obtained through Stehfest (Stehfest, 1970) numerical inversion and perturbation inverse transformation.
2 Physical model description
Dual media reservoir is composed of matrix system and fracture system, which provides main reservoir space; The fracture system provides a channel for fluid flow. Kazemi (Kazemi, 1969) gives a simplified schematic diagram of dual media reservoir, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of dual medium reservoir. (A) Actual reservoir; (B) Hypothetical reservoir. 
Assume that there is a point source in the infinite dual medium reservoir, which is infinitely small on the reservoir scale; Large enough on the micro scale. When t = 0, the generated production at this point is [image: image], and the fluid flow is caused near this point due to the output of liquid.
Assumption of the mode.
a. The reservoir is composed of matrix system and fracture system. The flow between the two systems is unsteady channeling flow, and the matrix system is evenly distributed in the fracture system;
b. Matrix system is the main storage space and fracture system is the main flow channel; All oil well production comes from the inflow of fracture system;
c. Considering the permeability sensitivity of fracture system, the permeability of matrix system is assumed to be constant;
d. There is a point source in the reservoir in production, the initial pressure of the reservoir is, and the temperature is constant during production;
e. The fluid in the reservoir can be either oil or gas. When the gas pressure is expressed by pseudo pressure, the form of flow control equation is consistent with that of oil; Therefore, the model established in this paper is also applicable to gas reservoirs.
The flow model of formation pressure change caused by the output of fluid at the point source is established below.
3 ESTABLISHMENT OF POINT SOURCE FUNCTION FOR INFINITE STRESS SENSITIVE DUAL MEDIA RESERVOIR
3.1 Flow in matrix system
The flow control equation of matrix system is:
[image: image]
If the dimensionless parameter in Appendix 1 is introduced, Eq. 1 can be dimensionless as:
[image: image]
Laplace transform Eq. 2 to obtain:
[image: image]
The general solution of Eq. 3 is expressed as
[image: image]
Substitute in the boundary conditions and simplify
[image: image]
The derivative of Eq. 5, then the derivation of [image: image] is obtained:
[image: image]
The calculation formula of channeling flow from matrix system to fracture system is (Nanba, 1991):
[image: image]
Laplace transform equation (7) to obtain:
[image: image]
Eq. 6 is introduced into Eq. 8 and simplified to:
[image: image]
The expression of [image: image] in Eq. 9 is:
[image: image]
3.2 Flow model of fracture system
The flow control equation of fracture system is
[image: image]
Considering the stress sensitivity of fracture system, fracture permeability can be expressed as (Pedrosa, 1986):
[image: image]
Substitute equation (12) into equation (11):
[image: image]
If the dimensionless parameter in Annex A is introduced, Eq. 13 is dimensionless as follows:
[image: image]
Eq. 14 is a strongly nonlinear partial differential equation, and perturbation transformation is introduced:
[image: image]
Eq. 15 is substituted into Eq. 14 and simplified to:
[image: image]
The neutralization [image: image] and [image: image] in formula (16) is written as a power series in the form of:
[image: image]
[image: image]
Due to the low permeability modulus [image: image], scholars Yeung et al. (Yeung et al., 1993) believe that the 0-order perturbation solution fully meets the needs of engineering calculation. Take Eq. 17–18 and substitute the 0-order perturbation transformation into Eq. 16 and simplify it to:
[image: image]
By Laplace transformation of Eq. 19 and combining with the initial condition equation (B-12), it is simplified as follows:
[image: image]
Eq. 9 is substituted into Eq. 20 and simplified to:
[image: image]
Then:
[image: image]
Then Eq. 21 can be written as:
[image: image]
Then:
[image: image]
Then equation (22) can be transformed into:
[image: image]
Eq. 24 is a conventional unary differential equation, and it is easy to obtain the general solution. Then, the solution of the equation can be obtained based on the initial conditions and boundary conditions (for specific steps, see reference (Ren et al., 2017)). Through the mirror image principle, the calculation formula of unsteady pressure of vertical fractured wells in plate reservoir is as follows:
[image: image]
4 UNSTEADY PRESSURE MODEL OF STAGED FRACTURING HORIZONTAL WELL IN INFINITE CLOSED PLATE RESERVOIR
Considering the mutual interference between fractures, according to the superposition principle, the dimensionless pressure drop [image: image] of any fracture expressed as:
[image: image]
In formula (26), [image: image] is the dimensionless rate of the jth fracture; [image: image] is the dimensionless pressure drop of the jth fracture at the ith fracture (this value can be calculated by Eq. 25).
Without considering the flow resistance of fractures, then:
[image: image]
[image: image] is the dimensionless pressure drop at the bottom of horizontal well in Eq. 27
The sum of dimensionless production of each fracture is 1, which is expressed as:
[image: image]
Eqs. 26–28 are written in matrix form as follows:
[image: image]
There are unknowns in Eq. 29, including [image: image] [image: image] and [image: image] the number of equations is N+1 as well. Therefore, the equations are solvable, and the solution of the unknown in Laplace space can be obtained by Gauss Jordan elimination method. Using Stehfest (Stehfest, 1970) numerical inversion, Laplace space solution can be transformed into space solution [image: image]. Then, the dimensionless bottom hole pressure is obtained from the perturbation inverse transformation (15).
5 ANALYSIS OF CALCULATION RESULTS OF PRESSURE MODEL OF STAGED FRACTURING HORIZONTAL WELL IN DUAL MEDIUM RESERVOIR
5.1 Flow regime divisions of staged fracturing horizontal wells in stress sensitive reservoirs
There are three vertical fractures with equal spacing and length in the stress sensitive dual medium reservoir. When the fracture half length [image: image], spacing [image: image], storage capacity ratio [image: image], cross to flow coefficient [image: image] and permeability modulus [image: image] are 0, 0.05, 0.1 and 0.12 respectively, the initial pressure of the reservoir is 34.5 MPa and the production is 15.8 m3/d. The relationship curve between dimensionless bottom hole pressure drop, dimensionless pressure drop derivative and dimensionless time in the double logarithmic coordinate system is shown in Figure 2.
[image: Figure 2]FIGURE 2 | well test curves of three vertical fracture horizontal.
According to the relationship curve between dimensionless pressure drop derivative and time in Figure 2, the flow of staged fracturing horizontal well reservoir in stress sensitive dual medium reservoir can be divided into six flow regimes. I is linear flow. Because the reservoir pressure drop is small, the reservoir stress sensitivity has little effect on this stage. The reservoir fluid flows into the artificial fractures linearly, and the slope of the pressure drop derivative curve in Figure 2 is 0.5. The reservoir only uses the area between the artificial fractures. II. The first radial flow. In this flow process, there is no mutual interference between artificial fractures, and the slope of the corresponding pressure drop derivative is almost 0. It is known from the curve in Figure 2 that the reservoir pressure drop is affected by stress sensitivity. III. double radial flow, mutual interference between artificial fractures has occurred; The reservoir pressure decreases further, and the greater the permeability modulus, the higher the well test curve. Ⅳ radial flow in natural fracture system. V. in the stage of channeling flow, there is channeling flow from bedrock system to fracture system in dual medium reservoir; This stage shows a “groove” on the dimensionless pressure derivative curve. The position and depth of the “groove” are affected by the cross flow coefficient and storage capacity ratio respectively. At this time, the influence of stress sensitivity on bottom hole pressure is very obvious. Ⅵ for the radial flow of the whole system, the well test curve rises significantly with the increase of permeability modulus; It shows the characteristics of closed boundary influence (Huang et al., 2015; Ren et al., 2017; Ren et al., 2019a).
5.2 Effect of permeability modulus on bottom hole pressure and oil well production
Other data are the same as 4.1, when the permeability modulus [image: image] is 0, 0.05, 0.1 and 0.2 respectively; The relationship curve between bottom hole flow pressure and production time is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Sensitivity analysis of permeability modulus to BHP.
It can be seen from Figure 3 that when the production of fractured horizontal wells remains unchanged, the greater the permeability modulus, the greater the bottom hole differential pressure required to produce the same production. At times t1 (2000 days), the maximum bottom hole flow pressure is 28.5 MPa and the minimum bottom hole flow pressure is 26.3MPa; The difference between them is 2.2 MPa. At t2 time (5000 days), the maximum bottom hole flow pressure is 27.3 MPa and the minimum bottom hole flow pressure is 24.2mpa; The difference between them is 3.1Mpa. Through the comparison of bottom hole flow pressure data at two times (it can also be seen from the curve trend in the figure), with the progress of production, the stress sensitivity has a greater and greater impact on bottom hole flow pressure (Ren et al., 2016; Ren et al., 2019b; Ren et al., 2019c).
The bottom hole flowing pressure is 24MPa, and other data are consistent with 4.1. When the permeability modulus [image: image] is 0, 0.05, 0.1 and 0.2 respectively; The relationship curve between cumulative production and production time of fractured horizontal wells is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Influence of permeability modulus on cumulative production of fractured horizontal Wells.
It can be seen from Figure 4 that when the production differential pressure on horizontal wells remains unchanged, the greater the permeability modulus, the smaller the cumulative production of horizontal wells. The maximum cumulative production at t1 time (3000 days) is 9.9×104 m3, with a minimum cumulative yield of 8.1×104 m3; The difference is 1.8×104 m3。 The maximum cumulative yield at t2 time (6000 days) is 1.6×105 m3, with a minimum cumulative production of 1.25×105 m3. The difference between the two is 3.5×104 m3。Through the comparison of the accumulated production data onto two moments, it can be seen that the stress sensitivity has an increasing influence on the accumulated production of horizontal Wells with the progress of production.
5.3 Sensitivity analysis of wellbore storage factor
Other data are consistent with 4.1. When wellbore storage factor is 0.1, 0.5, 2, 5, respectively, the well test curve of fractured horizontal well is shown in Figure 5. It can be seen from Figure 5 that the larger the wellbore storage factor, the longer the wellbore storage phase lasts. Wellbore storage factor has little influence on other seepage stages.
[image: Figure 5]FIGURE 5 | Sensitivity analysis of cross-flow coefficient.
5.4 Sensitivity analysis of well skin factor
Other data are consistent with 4.1. When well skin factor is 0.5,1,3,5, respectively, the well test curve of fractured horizontal well is shown in Figure 6. As can be seen from Figure 6, the larger the skin coefficient of oil well, the longer the duration of transition flow phase and the shorter the duration of radial flow phase, and the larger the dimensionless pressure drop.
[image: Figure 6]FIGURE 6 | Sensitivity analysis of cross-flow coefficient.
5.5 Sensitivity analysis of cross flow coefficient
Other data are consistent with 4.1. When the cross flow coefficient is [image: image] , [image: image] , [image: image] respectively, the well test curve of fractured horizontal well is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Sensitivity analysis of cross-flow coefficient.
The larger the cross flow coefficient, the faster the liquid supply speed of matrix to the fracture system, and the earlier the channeling stage appears. The position of “groove” in Figure 7 is closer to the left. However, because the total liquid volume in the matrix system is certain, the dimensionless pressure drop curve tends to be consistent in the later stage of development.
5.6 Sensitivity analysis of storage capacity ratio
Other data are consistent with 4.1. When the storage capacity ratio is 0.0001,0.001,0.01, 0.1, the well test curve of fractured horizontal well is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Sensitivity analysis of storage ratio.
It can be seen from Figure 8 that the storage capacity ratio has a great impact on most production stages; With the increase of storage capacity ratio, the dimensionless pressure drop decreases and the duration of channeling becomes shorter and shorter; The dimensionless pressure drop derivative curve shifts to the right as a whole. Compared with the reservoir with low reservoir volume ratio, when the pressure of fracture system decreases, the reservoir with high reservoir volume ratio can quickly increase the pressure of fracture system; The pressure drop of fracture system changes little, so the “groove” duration of dimensionless pressure drop derivative is shorter.
6 CONCLUSION
Based on Kazemi’s dual medium flow model, the flow equation of dual medium reservoir considering stress sensitivity is established in this paper. The equation is a strongly nonlinear partial differential equation, which is linearized by introducing perturbation transformation; Then, a series of processing methods such as Laplace transform and image principle are applied to establish the non-point source function of infinite plate reservoir considering stress sensitivity. In the process of writing, the following conclusions are drawn:
1) Based on area source function and superposition principle; The unsteady pressure model of staged fracturing horizontal well under stress sensitive dual medium reservoir is established. According to the calculation, the flow period of staged fracturing horizontal well can be divided into six regimes: I is linear flow, II is first radial flow, III is double radial flow, IV is radial flow of natural fracture system, V is channeling flow regime, and VI is radial flow of the whole system.
2) With the increase of permeability stress sensitivity, the well test curve moves upward gradually. The stress sensitivity has little effect on the linear flow regime, and the dimensionless pressure drop derivative curve tends to rise in the later stage of development, showing the influence characteristics of closed boundary (see Figure 2); If the influence of permeability stress sensitivity is not considered in well test analysis, wrong well test interpretation results will be obtained. Through the calculation and analysis in part 4.2, it is known that the permeability stress sensitivity has a great impact on the bottom hole flow pressure and oil well production.
3) The sensitivity analysis of cross flow coefficient and storage capacity ratio of dual media reservoir is carried out respectively. The results show that the larger the cross flow coefficient is, the earlier the channeling stage appears. The storage capacity ratio has a great influence on the first five flow regimes. With the increase of storage capacity ratio, the duration of channeling flow becomes shorter and shorter.
The development of carbonate reservoir is greatly affected by stress sensitivity, which can not be ignored in model calculation. The semi analytical model established in this paper provides a very useful method for quickly predicting the productivity of staged fracturing horizontal wells in stress sensitive reservoirs, understanding the flow law of fractured horizontal wells, and evaluating and analyzing the fracturing effect.
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APPENDIX A DEFINITION OF DIMENSIONLESS VARIABLES
The dimensionless variables introduced are:
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GLOSSARY
Parameter definition
[image: image] :permeability modulus,MPa−1
[image: image] total comprehensibility, MPa−1
[image: image] : Conversion function
[image: image] : length, m
[image: image] : length, m
[image: image] : permeability,m2
[image: image] :Initial permeability of natural fracture,m2
[image: image] :horizontal well length,m
[image: image] :half length of fracture,m
[image: image] :reference length,m
[image: image] :pressure,MPa
[image: image] :difference from initial formation pressure,MPa
[image: image] :initial formation pressure, MPa
[image: image] :point source instantaneous rate, m3/s;
[image: image] : production rate, m3/s;
s: Laplace variable
S: conversion function
t: time, s;
[image: image] :ratio of each system to total reservoir volume
x, y, z: variables in Cartesian coordinate system,m
[image: image] :height of oil columu,m
[image: image] :porosity
[image: image] :oil viscosity, Pa·s
[image: image] :storage ratio
[image: image] :channel flow
[image: image] :shape factor
subscript
m represent the matrix system
f represents the fracture system
D is dimensionless
w is location of point source
i j is hydraulic fracture
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