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Abstract: Continental shale oil reservoirs, characterized by numerous bedding planes and micro-nano scale pores, feature significantly higher stress sensitivity compared to other types of reservoirs. However, research on suitable stress sensitivity characterization models is still limited. In this study, three commonly used stress sensitivity models for shale oil reservoirs were considered, and experiments on representative core samples were conducted. By fitting and comparing the data, the “exponential model” was identified as a characterization model that accurately represents stress sensitivity in continental shale oil reservoirs. To validate the accuracy of the model, a two-phase seepage mathematical model for shale oil reservoirs coupled with the exponential model was introduced. The model was discretely solved using the finite volume method, and its accuracy was verified through the commercial simulator CMG. The study evaluated the productivity of a typical horizontal well under different engineering, geological, and fracture conditions. The results indicate that considering stress sensitivity leads to a 13.57% reduction in production for the same matrix permeability. Additionally, as the fracture half-length and the number of fractures increase, and the bottomhole flowing pressure decreases, the reservoir stress sensitivity becomes higher.
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Nomenclature



	
K

	Permeability



	
Ki

	Permeability at 
Pi




	
m

	Stress sensitivity coefficient



	
P

	Reservoir pressure



	
Pi

	Reservoir pressure at i time



	
Fs

	Permeability influence factor



	
ϕ

	Porosity



	
ϕm

	Matrix porosity



	
ϕf

	Fracture porosity



	
λα

	The flow coefficient of the α phase



	
λm,α

	Flow coefficient of α phase in matrix



	
λf,α

	Flow coefficient of α phase in fracture



	
α

	Different phase states, including oil and water



	
bα

	Proportion of oil and water



	
Sα

	Saturation of oil and water



	
vα

	Flow velocity of oil and water



	
qα

	Source and sinks of oil and water



	S
	Skin factor



	DZ
	Formation thickness, m



	
ψf−m

	Coupling Term in Flow between Fractures and Matrix in Shale Reservoirs



	
V

	Mesh element volume



	
Aik

	Intersection area fraction between the fracture plane and the grid block



	
Af,m

	The cross-sectional area of the fracture surface



	
hf,m

	The length of the fracture unit



	grad
	Gradient



	div
	Divergence





1  Introduction

The stress sensitivity of rocks refers to the deformation and subsequent reduction or closure of rock pores caused by the action of effective stress, ultimately leading to a decrease in reservoir permeability. Shale, compared to other rocks, has a higher content of shale clay, making it more compressible [1]. Therefore, shale is more susceptible to the influence of effective stress, resulting in significant pore shrinkage and exhibiting a higher degree of stress sensitivity compared to other rock types. Additionally, shale reservoirs have well-developed bedding planes [2], which are easily deformed under stress. Thus, when subjected to external forces, the bedding planes in shale are prone to deformation. Given the extensive development of bedding planes in shale, the impact of effective stress on shale is more pronounced. Shale oil reservoirs exhibit a high degree of fracture development, including natural fractures and microfractures. Moreover, during the extraction process, hydraulic fracturing techniques are employed to create hydraulic fractures in shale, enhancing the reservoir’s effective permeability and increasing shale oil production [3]. Since the volume of fractures is much larger than that of other pores, fractures experience a greater impact from effective stress compared to other types of pores. Therefore, shale exhibits stronger stress sensitivity than other rock types [4–7].

Gangi [8] developed a model to elucidate the variation of fracture permeability with pressure and confining stress, utilizing a conceptual nail-bed representation to consider the roughness of fracture surfaces. Pedrosa [9] conducted stress sensitivity experiments on shale oil cores in 1986. They observed that the stress sensitivity coefficients were all less than 1 and followed an exponential relationship, indicating an exponential model. Bernabe [10] proposed a power-law evaluation model in the same year. Fan et al. [11] introduced a quadratic cubic stress sensitivity model in 2002. Chen et al. [12] proposed a cubic quartic stress sensitivity model in 2000.

Based on the aforementioned mathematical models for stress sensitivity, it is necessary to select an appropriate stress sensitivity model applicable to shale formations. In 2019, Geng et al. [13] conducted stress sensitivity experiments on fractured shale samples from the Longmaxi Formation in the Fuling area, China. The experimental results indicated that the stress sensitivity of fractured shale samples followed an exponential model. In 2018, Zhu et al. [14] used variable pore pressure experiments to fit the permeability data obtained under different effective stresses and found that an exponential fit provided a good representation. Rosalind [15] conducted stress sensitivity experiments on shale cores over a wide stress range, and the experimental results demonstrated that the stress sensitivity variation in shale cores followed an exponential model. Furthermore, Duan et al. [16] conducted experiments on shale samples from the Longmaxi Formation in the Sichuan Basin. They compared the fitting and correction results of various models, including the exponential model, Gangi model, and Walsh model, for the permeability of natural fractures. The results revealed a significant stress sensitivity between microfractures and artificial fractures, and the trend was consistent with the exponential model [17–19].

Based on the general and open source numerical simulation framework MRST (MATLAB Reservoir Simulation Toolbox) [20], this study investigated the stress sensitivity of shale reservoir matrix and fractures by investigating the latest mathematical characterization models of shale reservoirs. As a result, a novel mathematical model is developed to consider the stress sensitivity of shale in multiphase and multiscale conditions, leading to the establishment of a numerical simulation framework for shale oil reservoirs. This framework provides a new technological approach for the evaluation of shale oil reservoirs and offers a simulation platform specifically tailored for the development of terrestrial shale oil in our country [21–24]. The integration of this framework enables a comprehensive understanding of the dynamic characteristics of shale oil reservoirs, facilitates optimization of development strategies, and enhances overall development efficiency. Consequently, this research carries significant implications for the rational exploitation and utilization of shale oil resources in our country [25–28].

2  The Establishment and Solution of a Stress-Sensitive Mathematical Model for Shale Oil Considering Stress Sensitivity

2.1 Stress-Sensitive Mathematical Representation Model

To determine the most suitable stress sensitivity model for shale oil reservoirs and improve the precision of numerical simulations, stress sensitivity experiments were conducted on core samples extracted from a representative well in the X shale oil field in China. Through the literature review in Section 1, we discovered that the current mainstream mathematical models for characterizing stress sensitivity in shale reservoirs include the exponential model, Gangi model, and power-law model. We fitted these models to experimental data separately, and the fitting results are depicted in Fig. 1.
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Figure 1: Fitting experimental data of rock core stress sensitivity using different models

A total of three core samples were chosen for experimentation, and the correlation coefficients (R²) resulting from fitting these samples with various stress sensitivity models are presented in Table 1. The fitting outcomes indicate that, among the three frequently employed stress sensitivity representation models, the exponential model demonstrates the most favorable fit with the experimental data from shale cores. All correlation coefficients for the fits surpass 0.9. Consequently, in contrast to the commonly used stress sensitivity representation models, the exponential model stands out as a more accurate mathematical representation of stress sensitivity in shale oil. This choice enables a more precise simulation of fluid flow processes in shale reservoirs.
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2.2 Establishment of Shale Oil Matrix and Fracture Models

After comparing the fitting outcomes of various stress sensitivity mathematical representation models with stress sensitivity experiments on shale cores, the exponential model was ultimately chosen as the mathematical representation for stress sensitivity in shale. The expression for the exponential model is presented in Eq. (1):


K=Kiexp(−m(Pi−P))
(1)

In this section, for the high-precision simulation of the oil-water flow process in the pore-fracture media of shale reservoirs, we first utilize mathematical representation models to depict the stress sensitivity of both the matrix and fractures. Striving for minimal error, we accomplish macroscopic flow simulation for shale reservoirs. The fundamental see page mathematical model is expressed as Eq. (2):


∂t[ϕ∑α=o,w⁡ραSα]+∑α=o,w⁡∇(ραvα)−∑α=o,w⁡∇(ραqα)=0
(2)

As we are investigating two-phase flow equations, the gravitational term can be neglected. The expression for velocity v is given by Eq. (3):


vα=−λα∇pα
(3)

Stress sensitivity, depicting the correlation between the permeability of the matrix and fractures and the effective stress in the formation, is quantified through a dimensionless parameter-the permeability influence factor 
Fs
. Its expression is defined by Eq. (4):


Fs=em(p−pi)
(4)

By integrating the shale permeability influence factor 
Fs
with the velocity equation and substituting the coupled velocity equation into the fundamental seepage mathematical model, we derive the mathematical representation model for shale oil seepage that incorporates stress sensitivity. This is expressed in Eq. (5):


∂t[ϕ∑α=o,w⁡Sα]+∑α=o,w⁡∇(vαFs)−∑α=o,w⁡∇(qα)=0
(5)

By substituting Eq. (3) into Eq. (5), we derive the mathematical seepage model for the matrix and fractures, as depicted in Eqs. (6) and (7):


∂t[ϕm∑α=o,w⁡Sα]−∑α=o,w⁡∇(λm,α∇pαFs)−∑α=o,w⁡∇(qα)=0,Ωm
(6)


∂t[ϕf∑α=o,w⁡Sα]−∑α=o,w⁡∇(λf,α∇pαFs)−∑α=o,w⁡∇(qα)=0,Ωf
(7)

In the formulas, 
Ωm
represents the matrix grid, and 
Ωf
represents the fracture grid. The expressions for 
λm,α
and 
λf,α
are provided by Eqs. (8) and (9):


λm,α=kmkrαBαμα
(8)


λf,α=kfkrαBαμα
(9)

2.3 Discretization and Solution of the Shale Oil Flow Model

Common discrete methods in reservoir simulation encompass the Finite Difference Method (FDM), Finite Volume Method (FVM), and Finite Element Method (FEM). Each method possesses its unique advantages and drawbacks in numerical simulations. The Finite Difference Method is extensively used in reservoir simulation and is considered the foundational method; however, it exhibits limitations in handling complex boundary conditions. Although the Finite Element Method resolves complex boundary issues, it may lack clear physical interpretations and can lead to numerical oscillations during calculations. Conversely, the Finite Volume Method not only tackles complex boundary issues but also guarantees local mass conservation. Thus, the Finite Volume Method offers a distinct advantage in discrete algorithms for reservoir numerical simulation.

To achieve a more precise depiction of fluid transport in reservoirs, scholars have proposed various numerical discretization methods such as Two-Point Flux Approximation (TPFA), Mixed Finite Element Method (MFE), Multipoint Flux Approximation (MPFA), and Approximate Finite Difference Method (MFD). This paper adopts the Two-Point Flux Approximation Finite Volume Method (TPFA-FVM) for the discretization of control equations and a fully implicit first-order backward Euler scheme for time discretization, aiming to enhance the accuracy of fluid flow representation in the reservoir. The discretization of control equations for both matrix and fracture grids results in the following discrete equations, as shown in Eqs. (10) and (11):


ϕmV△t((Sαn+1)−(Sαn))−div{λm,α(pn+1)Fs(Pn+1)μα(Pn+1)T⋅grad(Pn+1)}−V(Pn+1)qα(Pn+1)−V(Pn+1)ψf−m(Pn+1)=0
(10)


ϕfV△t((Sαn+1)−(Sαn))−div{λf,α(pn+1)Fs(Pn+1)μα(Pn+1)T⋅grad(Pn+1)}−V(Pn+1)qα(Pn+1)−V(Pn+1)ψm−f(Pn+1)=0
(11)

In this study, the numerical solution of the model considering stress sensitivity in shale oil reservoirs is investigated. The accurate and efficient solution of the governing equations plays a vital role in obtaining reliable predictions of fluid flow behavior and understanding the complex mechanisms in shale formations. To address this, the NonlinearSolver, an existing nonlinear solver available in the MRST framework, is employed for solving the nonlinear equations. The nonlinear Jacobian matrix is computed using automatic differentiation techniques, ensuring accurate and efficient computation of the model solution.

The dual-porosity model treats fractures and reservoir matrix as overlapping media where fluids flow relatively independently in each medium while also exchanging mass flux. However, this model is only suitable for densely distributed interconnected fractures and is challenging to apply to numerical simulations of large-scale conduit fractures. The Discrete Fracture Model (DFM) simplifies fractures through dimensional reduction. However, when fractures are complexly distributed, a significant amount of irregular meshing is necessary near fractures, greatly increasing workload and severely impacting computational efficiency. The Embedded Fracture Model improves simulation efficiency by efficiently dividing fractured reservoirs using orthogonal grids based on the Discrete Fracture Model (DFM). This significantly enhances simulation efficiency.

In this context, the fractures are represented using the Embedded Discrete Fracture Model (EDFM). EDFM directly incorporates a structured matrix grid, reducing the dimensionality of the fractures, and treats them as source-sink terms. To establish connections between the matrix, fractures, and wellbore, EDFM introduces Non-Neighboring Connections (NNC). The precision of EDFM surpasses that of equivalent continuous medium models. Its advantage lies in avoiding the intricate, unstructured grids associated with discrete fracture networks, thereby reducing computational complexity. This technology demonstrates significant prowess in accurately predicting production capacities in hydraulic fracturing wells.

EDFM adopts the concept of a double-porosity fracture model, incorporating a flow coupling term 
ψf−m
to couple the matrix and the fractures. Consequently, the matrix grid does not necessarily align with the fracture plane [29–31]. The EDFM formulation includes three types of Non-Neighboring Connections (NNC): (1) Fracture-Matrix, (2) Fracture-Fracture, and (3) Fracture-Wellbore. The general NNC model can be expressed as follows:


ψf−mNNC=Tf−mNNC(Pfn+1−Pmn+1)
(12)


ψf−mNNC=−ψm−fNNC
(13)

Fracture-matrix NNC: Fracture-matrix conductivity 
Tf−m
can be expressed as:


TikNNC=K0,ikμα,ikAikdik
(14)


dik
denotes the average normal distance from the matrix to the fracture surface, as depicted in Eq. (15):


dik=∫dikdvVi
(15)

Fracture-Fracture NNC: The calculation of the conductivity between intersecting fractures is given by:


TjkNNC=tjtk∑m=1Nints⁡tm  ,tm=Af,m0.5hf,mk0,mμα,m
(16)

Fracture-Well NNC: If the well intersects with the fracture unit, the effective wellbore index WI and the equivalent radius re can be expressed as:


WIf=2πKfwfln⁡(rerw)+s  ,re=0.14hf2+DZ2
(17)

3  Evaluation of Productivity in Stress-Sensitive Shale Oil Horizontal Wells

3.1 Overview of Shale Oil in X Oilfield

In this study, we present a case study utilizing production data from the X Oilfield to conduct analysis and simulation. The parameters used in the analysis and simulation are based on the values provided in Table 2. The data presented in this paper is sourced from actual data obtained from shale oil reservoirs in our country. However, due to confidentiality constraints, we are unable to provide detailed data.
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The objective of this study is to analyze the variation in shale oil reservoir productivity, considering stress sensitivity, under the influence of different geological parameters, fracture parameters, and production parameters. This research delves into the reservoir behavior and performance of continental shale oil fields. The oil-water relative permeability curve is depicted in Fig. 2.
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Figure 2: Oil-water relative permeability curve

3.2 Verification of Shale Oil Mathematical Model Considering Stress Sensitivity

Conceptual models for shale oil reservoirs with dimensions of 61 × 17, 11 × 22, and 5 × 10 were established using the data provided in Table 2. Based on the established matrix grid and fracture data, along with user-defined grid partition parameters, a mesh data structure describing the entire model is generated. This includes information such as the coordinates of grid elements, connectivity, boundary conditions, etc. Simultaneously, the imported attributes of fracture elements are assigned to the respective fracture element grids. The mesh is then subjected to visualization processing to ensure its correctness and consistency. The partitioning of the fracture grid is depicted in the left part of Fig. 3, while the non-neighboring connections (NNC) between fractures and matrix are displayed in the right part of Fig. 3.

[image: images]

Figure 3: Fracture grid (left) and non-adjacent connection between matrix and fracture (right)

The constructed models were supplemented with reservoir and fluid data from Table 2. Simulations were performed for a horizontal well with specific parameters: a length of 1000 m, inter-stage spacing of 60 m, inter-cluster spacing of 20 m, and a fracturing pattern consisting of one stage with two clusters and 20 fractures. Simulations were conducted to estimate the cumulative oil production over a 5-year period, both considering and not considering stress sensitivity. The relationship between production time and cumulative oil production was derived, and these results were then compared with the predictive outcomes generated by the commercial CMG model. Fig. 4 illustrates the fitting results.

[image: images]

Figure 4: Validation of a stress-sensitive shale oil numerical model

The results indicate that the cumulative oil production curve predicted by the CMG commercial simulator closely aligns with the simulation results of the shale oil numerical model constructed in this paper when stress sensitivity is not considered. This demonstrates the accuracy of the model established in this study.

3.3 Sensitivity Analysis of a Stress-Sensitive Shale Oil Productivity Model

In this section, we conduct a sensitivity analysis using the numerical simulation model established in Section 2, taking into account stress sensitivity. The sensitivity analysis primarily focuses on four aspects: the impact of considering stress sensitivity on production, the influence of matrix permeability on production, the effect of fracture parameters on production, and the influence of bottomhole flowing pressure on production.

3.3.1 The Influence of Stress Sensitivity Coefficient on Production Capacity

According to the fitting outcomes obtained from three sets of core stress sensitivity experimental data and exponential models, the stress sensitivity coefficients for core samples 1, 2, and 3 were determined to be 0.045, 0.094, and 0.113, respectively. The stress sensitivity coefficients obtained from fitting the samples in Section 2.1 were subsequently incorporated into a numerically simulated model of stress-sensitive shale oil. The simulation calculations yielded results depicted in Fig. 5.

[image: images]

Figure 5: Comparison of cumulative oil production under different stress sensitivity coefficients

Based on Fig. 5, it is evident that considering stress sensitivity significantly reduces the cumulative oil production within a span of 15 years compared to the scenario where stress sensitivity is not taken into account. This phenomenon can be attributed to the decrease in permeability of the matrix and fractures due to stress sensitivity. Consequently, fluid flow capacity within the pore network is enhanced, leading to a narrower pressure drop range around the fractures when stress sensitivity is considered.

Simulation analysis of three stress sensitivity coefficients shows a clear trend, as shown in Fig. 6: higher coefficients correspond to lower oil production. The exponential model attributes this to greater damage to reservoir permeability under the same effective stress. For instance, at 20 MPa effective stress and 0.16 mD permeability, a curve illustrates matrix and fracture permeability variations with the stress sensitivity coefficient. When the coefficient is 0.045, matrix permeability is 0.065 mD and fracture permeability is 12.197 D. With a coefficient of 0.113, matrix permeability decreases to 0.0166 mD and fracture permeability to 3.13 D, indicating a 30% increase in damage. Thus, higher coefficients lead to more extensive damage, resulting in stronger stress sensitivity and lower oil production.

[image: images]

Figure 6: Permeability variation curves of matrix and fractures with stress sensitivity coefficient in shale reservoirs

3.3.2 The Influence of Matrix Permeability on Production Capacity under Stress Sensitivity

The study investigates the variation in shale oil productivity over a 15-year period for matrix permeabilities of 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 mD. Curves illustrating the relationship between cumulative oil production over time and matrix permeability are plotted for scenarios considering and not considering stress sensitivity.

Analysis of Fig. 7 reveals a gradual increase in cumulative oil production with higher matrix permeabilities. When the matrix permeability is 0.3 mD, the productivity increases by 57.52% compared to a matrix permeability of 0.05 mD. This is attributed to the enhanced flow capacity of shale oil in matrix pores as matrix permeability increases, making it easier for shale oil in the reservoir to accumulate in fractures.

[image: images]

Figure 7: The effect of matrix permeability on cumulative oil production after considering stress sensitivity

As matrix permeability rises, the influence zone of fractures expands, and the pressure drop near the fractures increases. To understand the impact of stress sensitivity on the reservoir due to changes in matrix permeability, a comparative analysis of the relationship between cumulative oil production and matrix permeability is presented for scenarios with and without stress sensitivity, as illustrated in Fig. 8.
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Figure 8: Impact of stress sensitivity on cumulative oil production across various matrix permeabilities in shale reservoirs

Based on the analysis of Fig. 8, it is observed that regardless of considering stress sensitivity, the relationship between cumulative oil production and matrix permeability exhibits a gradually diminishing trend. However, when stress sensitivity is taken into account, the curve demonstrates a more pronounced flattening trend. This can be attributed to the fact that as matrix permeability increases, the oil production rate accelerates, causing a more rapid decline in reservoir pressure. Additionally, the enhanced stress sensitivity effect amplifies the damage to the reservoir. Consequently, the upward trend of cumulative oil production becomes less steep as the increase in matrix permeability progresses.

3.3.3 The Influence of Fracture Parameters on Production Capacity under Stress Sensitivity

Due to the considerably larger scale of fractures in shale compared to its pores, stress sensitivity exerts a much more substantial influence on fractures than on matrix pores. Therefore, it is crucial to consider fracture parameters when evaluating their impact on production yield. This section will analyze the effects of fracture parameters on production capacity, with a focus on three key aspects: fracture half-length, number of fractures, and fracture flow capacity. Through the examination of these parameters, our aim is to gain insights into how fracture characteristics influence production capacity, considering the significant role of stress sensitivity in shale reservoirs.

The Impact of Fracture Half-Length on Production Capacity under Stress Sensitivity

In this study, we conduct an analysis of the influence of fracture half-length on the productivity of shale oil, focusing on a range of fracture half-lengths between 50 and 100 meters. The fracture pattern employed is a one-stage, two-cluster configuration consisting of a total of 20 stages, with an inter-stage spacing of 60 meters and an inter-cluster spacing of 20 meters. To investigate the impact of stress sensitivity, we plot the curves depicting the cumulative oil production over time for both stress-sensitive and non-stress-sensitive scenarios, while considering variations in fracture half-length.

Analysis of Fig. 9 indicates that the longer the half-length of the fracture, the higher the cumulative oil production. When the half-length of the fracture is 100 m, the productivity increases by 36.12% compared to a half-length of 50 m. This is attributed to the increased volume of the fracture with a longer half-length, leading to an expanded influence zone. This, in turn, results in a higher effective volume, allowing a larger area of shale oil from matrix pores to enter the fracture. For a clearer comparison of the impact of stress sensitivity on cumulative reservoir production with varying fracture half-lengths, the relationship between cumulative oil production and fracture half-length is presented for scenarios with and without stress sensitivity in Fig. 10.

[image: images]

Figure 9: The effect of fracture half-length on cumulative oil production after considering stress sensitivity
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Figure 10: Impact of stress sensitivity on cumulative oil production across various fracture half-length in shale reservoirs

Examination of Fig. 10 clearly demonstrates that accounting for stress sensitivity leads to a slower increase in cumulative oil production with the elevation of fracture half-length, in contrast to scenarios excluding stress sensitivity. This phenomenon is attributed to the elongation of the fracture half-length, resulting in an elevated rate of pressure drop within the reservoir. Additionally, as the fracture volume expands under consistent external forces, the fracture becomes more susceptible to contraction or complete closure, exacerbating the extent of permeability damage. Fig. 11 provides a schematic illustration of this concept.

[image: images]

Figure 11: Schematic diagram of fracture half-length influence on productivity after considering stress sensitivity

The Influence of Fracture Count on Productivity under Stress Sensitivity

Analysis was conducted on horizontally drilled wells with stitching patterns consisting of one cluster per section, two clusters per section, and three clusters per section. The horizontal section length was set to 1000 m, with a spacing of 30 m between sections and 20 m between clusters. Subsequently, curves illustrating the relationship between cumulative oil production over time, fracture count, and the consideration of stress sensitivity were plotted.

Based on Fig. 12, it can be observed that under the stitching patterns of one cluster per section, two clusters per section, and three clusters per section, the cumulative oil production increases with an increasing number of fractures. This can be attributed to the fact that with a fixed spacing, a higher number of fractures results in a larger effective drainage volume, allowing more shale oil to flow into the fractures and consequently increasing the production rate. In order to analyze the impact of different fracture counts on productivity considering stress sensitivity, a comparative analysis was conducted by contrasting the curves depicting the relationship between cumulative oil production, fracture count, and the consideration of stress sensitivity vs. no consideration of stress sensitivity.

[image: images]

Figure 12: The effect of fracture number on cumulative oil production after considering stress sensitivity

Examination of Fig. 13 indicates that, when accounting for stress sensitivity, the upward trend of cumulative oil production with the number of fractures becomes considerably more gradual. This phenomenon arises from the increased number of fractures, leading to a larger oil drainage area under identical bottom-hole flowing pressure conditions. Consequently, the pressure drop per individual fracture increases, resulting in the accumulation of stress sensitivity within the fractures. As a result, a smoother upward trend in cumulative oil production occurs when stress sensitivity is considered, in contrast to scenarios where stress sensitivity is disregarded, as depicted in Fig. 14.
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Figure 13: Impact of stress sensitivity on cumulative oil production across various fracture number in shale reservoirs
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Figure 14: Schematic diagram of influence of fracture number on productivity after considering stress sensitivity

The Impact of Fracture Flow Capacity on Productivity under Stress Sensitivity

Analyzing the impact of fracture flow capacity on productivity, the range of fracture flow capacity is set between 100 and 600 mD·m. The horizontal well is designed with a seam pattern of one segment and two clusters, divided into a total of 10 segments, with a segment spacing of 60 m and a cluster spacing of 20 m. Two sets of graphs are plotted to depict the relationship between cumulative oil production over 15 years and time, as well as the relationship between cumulative oil production and fracture flow capacity. The analysis is conducted for scenarios considering and not considering stress sensitivity.

Fig. 15 analysis demonstrates a continuous increase in cumulative oil production within the reservoir as fracture flow capacity increases. At a fracture flow capacity of 600 mD·m, productivity rises by roughly 6.1% in comparison to that at 100 mD·m. This phenomenon is attributed to shale oil flowing from the matrix through fractures into the wellbore, then being produced to the surface. Therefore, increased fracture flow capacity facilitates fluid flow toward the wellbore, resulting in a continuous rise in cumulative oil production in the reservoir.

[image: images]

Figure 15: The effect of fracture flow capacity on cumulative oil production after considering stress sensitivity

To further analyze the impact of fracture flow capacity on cumulative production with and without stress sensitivity, a comparative analysis is conducted. The relationship between cumulative oil production over 15 years and fracture flow capacity is presented for scenarios considering and not considering stress sensitivity in Fig. 16.
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Figure 16: Impact of stress sensitivity on cumulative oil production across various fracture flow capacity in shale reservoirs

Analysis of Fig. 16 indicates that considering stress sensitivity, the cumulative oil production increases with higher fracture flow capacity. As the fracture flow capacity increases, the pressure drop around the fracture expands, leading to a slower upward trend in cumulative oil production. This contrast is more pronounced when compared to the influence of matrix permeability. This phenomenon is attributed to fractures being the primary conduits for fluid flow in the reservoir. In comparison to matrix pores, fractures are more sensitive to stress. With increasing fracture flow capacity, the rate of pressure drop in the reservoir accelerates, thereby enhancing the effect of stress sensitivity.

3.3.4 The Influence of Bottomhole Flow Pressure on Productivity under Stress Sensitivity Effects

In practical production processes, the effective stress on reservoir pores is determined by the difference between the overlying rock pressure and the pore pressure within the formation. Recent investigations have revealed that a decrease in bottom hole flowing pressure results in a decline in pore pressure, consequently leading to an increase in the effective stress exerted on reservoir pores (see Fig. 17).
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Figure 17: Analysis of factors leading to increased stress sensitivity due to reduced bottom hole flow pressure

We conducted an analysis to evaluate the cumulative oil production under various bottomhole pressures. Bottom hole flowing pressures were varied between 20 and 50 MPa. The well completion design comprised two clusters per segment, totaling 20 segments. Inter-segment spacing was 60 m, and inter-cluster spacing was 20 m. We plotted a relationship curve illustrating the cumulative oil production over a 15-year period under various bottom hole pressures and corresponding time intervals.

Analysis of Fig. 18 reveals that as the bottom-hole flowing pressure decreases, the cumulative oil production continuously increases. This is attributed to the larger production pressure differential and the resulting increase in oil production rate when the bottom-hole flowing pressure decreases. To facilitate the analysis of the impact of bottom-hole flowing pressure on cumulative oil production in the presence of stress sensitivity, the above curves are organized to obtain the relationship curves between different bottom-hole pressures and cumulative oil production.

[image: images]

Figure 18: The effect of bottom hole flowing pressure on cumulative oil production after considering stress sensitivity

Lower bottom hole pressure during shale oil extraction and production leads to a greater production pressure differential, thereby enhancing shale oil production. As shown in Fig. 19, the curve has an obvious inflection point when the bottom hole flow pressure is 30 MPa. This inflection point arises due to the decrease in bottom hole pressure, which augments the effective stress on reservoir pores, thereby amplifying stress sensitivity’s impact. Thus, a decrease in bottom hole pressure amplifies the influence of stress sensitivity.

[image: images]

Figure 19: Impact of stress sensitivity on cumulative oil production across various bottom hole flowing pressure in shale reservoirs

When effective stress is low, permeability is highly sensitive to changes. A slight increase can significantly decrease permeability. However, at high effective stress, permeability variations are minimal. In oil and gas field development, during initial production, pore pressure is high and effective stress is low, causing reduced permeability primarily at this stage. Thus, stress sensitivity impacts production mainly in the early stages. In shale oil reservoir development, attention is needed to avoid reducing bottom hole pressure rapidly for short-term high production rates, which may cause irreversible reservoir damage.

4  Conclusion

(1) After a comprehensive investigation of stress sensitivity mathematical models, the exponential model is chosen to characterize stress sensitivity in continental shale oil reservoirs. This selection is based on fitting and comparison with experimental data obtained from a shale reservoir in China. To account for shale stress sensitivity, a permeability correction factor (Fs) was introduced. Subsequently, an accurate two-phase flow mathematical model, which considers stress sensitivity in continental shale oil reservoirs, is established by integrating this factor with the flow model.

(2) The two-point flux approximation finite volume method (TPFA-FVM) was employed to discretize the governing equations, and the non-linear solver available in the MRST software was utilized to solve the equations. Additionally, an Embedded Discrete Fracture Model (EDFM) was employed to model larger fractures, such as hydraulic and natural fractures. Consequently, a numerical model considering stress sensitivity in shale oil reservoirs was developed.

(3) The modeling was performed on a representative well from onshore continental shale oil fields in China, and the model’s accuracy was validated using the commercial simulator CMG. Subsequently, the model was utilized to analyze the productivity of horizontal wells under various engineering, geological, and fracture factors, taking stress sensitivity into account. The following conclusions were drawn:

When stress sensitivity is taken into account, there is a significant decrease in cumulative oil production in the reservoir. Additionally, as the stress sensitivity coefficient increases, the extent of permeability damage becomes more pronounced. The cumulative oil production from horizontal wells decreases, experiencing a 16.5% reduction when the stress sensitivity coefficient is 0.113 compared to when it is 0.045.

Comparing permeability damage and cumulative oil production under different fracture flow capacities and matrix permeabilities reveals that as both matrix permeability and fracture flow capacity increase, the oil production rate rises. However, reservoir pressure drops, stress sensitivity intensifies, permeability damage increases, and the upward trend in cumulative oil production gradually slows. When stress sensitivity is considered, the cumulative oil production change for matrix permeability in the range of 0.05~0.3 mD is about 82% of that without stress sensitivity. Similarly, when fracture conductivity is 100~600 mD·m, the cumulative oil production change is about 74% of that without stress sensitivity.

Analyzing the impact of stress sensitivity on fracture parameters in horizontal well productivity reveals that with an increase in fracture half-length, the rate of reservoir pressure drop accelerates. Larger fracture volumes make them more susceptible to deformation and closure under external forces, leading to more severe stress sensitivity effects. When stress sensitivity is considered, cumulative oil production increases by 36.12% when the fracture half-length is 100 m compared to when it is 50 m. Moreover, with an increase in the number of fractures, the pressure drop per individual fracture rises, causing more extensive permeability damage. In scenarios considering stress sensitivity, a one-segment-four-cluster seam pattern results in a 71.07% increase in cumulative oil production compared to a one-segment-one-cluster pattern.

Analyzing the impact of bottom-hole flowing pressure on horizontal well productivity, considering stress sensitivity reveals that a decrease in bottom-hole flowing pressure leads to reduced pore pressure, an increase in effective stress on reservoir pores, and more pronounced stress sensitivity effects.
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Table 1: Comparing the fitting accuracy of three core samples with various models

Description of sample R*

Sample 1 Sample 2 Sample 3
Gangi model 0.8991 0.8750 0.8934
Power-law model 0.8584 0.8365 0.8785

Exponential model 0.9123 0.9038 0.9484
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Table 2: Geological data of shale oil reservoir

Unit Value
Porosity % 11.6
Oil saturation % 63
Permeability 107 um? 0.16
Tortuosity \ 2.54
Temperature K 432.5
Pressure MPa 50.05
Bottom hole flowing pressure MPa 30.5
Composite compressibility MPa™ 0.00018
Fracture permeability 10~ pm? 1000
Fracture porosity \ 0.4
Fracture width m 0.04
Fracture length m 180
Fracture height m 40
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