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Abstract

:

Refracturing treatment is widely used to enhance the well productivity in shale gas reservoirs, particularly for initially fractured wells with low productivity. The principal of this work is based on the transient behavior of pressure and rate for a vertically refractured well in a shale gas reservoir, considering the fracture reorientation and adsorption and desorption property. Based on the point-source theory and Laplace transform, a semi-analytical solution for a refractured well is obtained by coupling the point-source solution of a shale gas reservoir and the solution of artificial fractures. The validation of this new solution is carried out smoothly by comparison with the results from the commercial software COMSOL. Five typical flow regimes are identified on the transient pressure curve, namely bi-linear flow regime, formation linear flow regime, mid-radial flow regime, inter-porosity flow regime, and pseudo-radial flow regime. A groove segment occurs on the transient-pressure derivative curve, and its width and depth largely depend on the adsorption and desorption constant and storativity ratio. Due to fracture reorientation, bi-linear flow regime, formation linear flow regime, and mid-radial flow regime may be significantly impacted. In addition, the transient rate of the refractured well in a shale gas reservoir is positively proportional to the storativity ratio, inter-porosity coefficient, and adsorption and desorption constant, while it is inversely proportional to fracture reorientation. These results provide important references for parameter design, property inversion, and productivity prediction of refracturing treatment in shale gas reservoirs.
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1. Introduction


During the downturn of the oil and gas industry, refracturing treatment has become widely used and adopted for the economy of it enhancing low-productivity wells, which have undergone a fracturing stimulation, rather than drilling a new well in unconventional reservoirs, such as shale gas reservoirs [1,2,3]. Generally, refracturing treatment changes the flow state in the initial hydraulic fractures and also creates new fractures with complex morphologies. Under these circumstances, the low-productivity wells can be reactivated at a low cost [4,5,6,7]. Hence, accurately analyzing the transient pressure and rate behavior of refractured wells in shale gas reservoirs becomes necessary for understanding and predicting these wells’ dynamic production [8].



The transient pressure and rate behavior of fractured vertical wells or fractured horizontal wells in shale gas reservoirs have been extensively studied by many researchers. As the most representative results of the related studies, several semi-analytical and numerical models have been successively presented for investigating the transient behavior of the pressure or rate of fractured wells in shale gas reservoirs [9,10,11,12,13,14,15,16,17,18]. Considering the properties of desorption, Knudsen diffusion, and slip flow, Huang et al. [19] presented a semi-analytical model to simulate the transient pressure of a fractured vertical well in a shale gas reservoir. Chen et al. [20] employed the nodal analysis method to simulate the transient pressure behavior of a vertically fractured well with complex fracture networks. Later, Zhang et al. [21] proposed an elliptical stimulated reservoir volume (SRV) model to analyze the pressure and rate performance of a fractured well in a shale reservoir. However, the previous studies neglected the effect of complex fracture geometry on the well production in shale gas reservoirs. Using a finite element and finite difference to deal with the complex fractures, Zhang et al. [22] simulated the production performance of a multiple fracture horizontal well in a shale gas reservoir. Recently, Cui et al. [23] obtained a semi-analytical solution for the transient pressure and rate of a multiple fracture horizontal well in a shale gas reservoir by considering the effect of a space variable and stress sensitivity on hydraulic fractures. In order to predict shale gas productivity more accurately, Lin et al. [24] proposed a semi-analytical fractured horizontal well model in shale gas reservoirs by taking into account the effect of complex fracture morphology. Overall, the pressure and rate transient behavior of a fractured vertical well or a fractured horizontal well in a shale gas reservoir have been investigated widely.



Microseismic fracture monitoring shows that refracturing treatment can change the stress distribution near wellbore and create some complex fracture morphology, such as reorientation fractures [25,26,27]. Li et al. [28] established a coupled poromechanical model to define stress redistribution during the refracturing treatment of shale gas reservoirs. Based on this model, they demonstrated that the secondary refracture extends perpendicular to the initial hydro fracture and, ultimately, turns parallel to the initial hydro fracture due to stress redistribution during refracturing treatment. This viewpoint provides a guideline for the establishment of the mathematical model in this work. Teng and Li [29] introduced a semi-analytical model to characterize the transient flow behavior of a secondary refracture in the vicinity of the initial hydraulic fractures. However, their fracture model is based on the assumption of planar fractures, which are different from the actual non-coplanar fracture system, such as reorientation fractures. To simulate the transient flow behavior of a reorientation fracture, Wu et al. [30] employed the nodal analysis method to obtain a semi-analytical reorientation fracture solution in an anisotropic reservoir. By extending Wu et al.’s solution, several representative studies on the pressure and rate behavior of the vertically refractured wells in a conventional reservoir have been reported [31,32,33]. However, few researchers have studied the transient pressure and rate behavior of a refractured well in a shale gas reservoir.



To analyze the transient pressure and rate of a vertically refractured well in a shale gas reservoir with adsorption and desorption, a semi-analytical model is developed and validated in this work. Firstly, by coupling the semi-analytical solution for a shale gas reservoir and the analytical solution for an artificial fracture system (including a hydro fracture formed by initial fracturing and a reorientation fracture generated by refracturing), a semi-analytical solution for a vertically refractured well in a shale gas reservoir was achieved. Secondly, the validation of this model is carried out by comparing the proposed solution in this work with the results obtained from the commercial software (COMSOL). Thirdly, based on our solution, flow regime identification for this refractured well model in a shale gas reservoir is conducted. Finally, the influence of some key parameters on the transient pressure and rate is analyzed and discussed in detail. The relevant results in this work can provide an important reference and basis for parameter design, property inversion, and productivity prediction of refracturing treatment. This study also provides a new idea for researching more complex fracture networks in a similar stimulation process.




2. Physical Model


In this section, a physical model is established to analyze the transient pressure and rate behavior of a refractured well in a shale gas reservoir, as shown in Figure 1. For some initially fractured wells, the proppants inside the initial hydro fractures are embedded due to the consecutive withdrawal of shale gas, resulting in the current low production. In order to enhance the production of these fractured wells in shale gas reservoirs, refracturing treatment is a potential and available stimulation technology because of its low investment. Through refracturing treatment, the initial hydro fractures can be unplugged and restore their conductivities. Meanwhile, reorientation fractures are often generated after refracturing treatment due to the change in the stress field near the initial hydraulic fractures and the continuous extraction of shale gas. Some basic assumptions for this model are made as follows:




	(1)

	
This shale gas reservoir is homogenous, infinite, and has a uniform initial pressure distribution. Refracturing treatment forms an artificial fracture system near the vertical wellbore, including a hydro fracture formed by initial fracturing and a reorientation fracture created by refracturing.




	(2)

	
This fracture system penetrates the whole reservoir vertically, and its height is equal to the thickness of this shale gas reservoir, h. Each fracture has two symmetrical wings. The reorientation fracture consists of five parts: the principal fracture part with a length of (Rf1 + Rf3), which is perpendicular to the initial hydro fracture; two reoriented fracture parts with length Rf2 and Rf4, respectively, which are parallel to the extension of the initial hydro fracture; and two reoriented zones.




	(3)

	
A pure gas flow is assumed to occur in the shale gas reservoir and artificial fracture system. The initial fracture and reorientation fracture have an equal conductivity after refracturing treatment.




	(4)

	
Gas diffusion flowing out from the shale matrix observes Fick’s law, and gas flowing into natural fractures and artificial fractures obeys Darcy’s law. Also, the effects of gravity’s force are ignored.










3. Mathematical Models


3.1. Flow Model for Shale Gas Reservoir


Based on the above model assumptions and the dimensionless definitions in Appendix A, the point source pseudo pressure solution (Appendix B) of a shale gas reservoir with consideration of the mechanism of adsorption and desorption can be yielded in the Laplace domain:


    m ˜  D   (   x D  ,  y D  , s  )  =   q ˜   D i    ( s )     ∫ τ    K 0   [    s f  ( s )         (   x D  −  x  w D    )   2  +    (   y D  −  y  w D    )   2     ]     d τ  



(1)




where


  f  ( s )  =   ω λ +  (  1 − ω  )   (  ψ λ + ω s  )     (  1 − ω  )  s + λ    



(2)







In Equation (2), ω represents the dimensionless storativity ratio between the natural fracture system and shale matrix system; λ represents the dimensionless inter-porosity coefficient to describe the gas flow from the shale matrix to the natural fractures; and ψ represents the dimensionless adsorption and desorption constant to characterize the shale gas’s adsorption and desorption capacity.



A hydraulic fracture can be divided into a finite number of line sources with finite length. The solution of one line source can be obtained by integrating the solution of the point source according to the line-source theory. Based on this discrete integral idea and Equation (1), the line source solution (parallel to the x-axis) of a shale gas reservoir can be obtained as follows:


    m ˜  D   (   x D  ,  y D  , s  )  =   q ˜   D i    ( s )     ∫ τ    K 0   [    s f  ( s )         (   x D  −  x  w D    )   2  +    (   y D  −  y  w D    )   2     ]     d τ  



(3)







However, in this work, an arbitrary azimuthal angle, θi, exists between the line source and the x-axis—particularly for the reorientation fracture (Figure 1)—and thus a Cartesian-coordinate rotation is necessarily developed and employed to solve this problem, as shown in Figure 2.



Based on this rotation and Equation (3), in the Laplace domain the dimensionless pseudo pressure solution for the line source with uniform-flux and azimuthal angle in the shale gas reservoir can be developed:


    m ˜  D   (   x D ′  ,  y D ′  , s  )  =   q ˜   D i    ( s )     ∫   x  w D  ′  −    l  D i    2     x  w D  ′  +    l  D i    2      K 0   [    s f  ( s )         (   x D ′  − u  )   2  +    (   y D ′  −  y  w D  ′   )   2     ]     d u  



(4)




where


   x D ′  =  x D  cos  θ i  +  y D  sin  θ i   



(5)






   x  w D  ′  =  x  w D   cos  θ i  +  y  w D   sin  θ i   



(6)






   y D ′  =  y D  cos  θ i  −  x D  sin  θ i   



(7)






   y  w D  ′  =  y  w D   cos  θ i  −  x  w D   sin  θ i   



(8)








3.2. Flow Model in Initial Fracture and Reorientation Fracture


Xing et al. [31] proposed a flow equation to describe the flow behavior inside a reorientation fracture in a tight oil reservoir, which is also applicable to a planar fracture in a shale gas reservoir. Accordingly, the dimensionless pseudo pressure of the i-th fracture segment in the shale gas reservoir can be obtained in the Laplace domain:


    m ˜   w D   −   m ˜   f D , i   =   2 π    C  f D      [   l  D i     ∑  j = 1    N k      (    q ˜   f D j   Δ  l  D j    )    −   Δ  l  D i  2   8    q ˜   f D i   −   ∑  j = 1   i − 1     (    Δ  l  D j    2  +  l  D i   −   ∑  n = 1  j   Δ  l  D n      )  Δ  l  D j     q ˜   f D j      ]   



(9)




where Nk represents the discrete number of the k-th fracture wing.



Equation (9) can be expressed in the matrix form in the Laplace domain:


   (        m ˜   w D        ⋮        m ˜   w D        )  −  (        m ˜   f D , 1        ⋮        m ˜   f D ,  N k         )  =  (       A  1 , 1  k     ⋯     A  1 ,  N k   k       ⋮   ⋱   ⋮       A   N k  , 1  k     ⋯     A   N k  ,  N k   k       )   (        q ˜   f D , 1        ⋮        q ˜   f D ,  N k         )   



(10)




where Ak represents the coefficient matrix of a wing in the fracture system and can be obtained from Equation (9).



Considering that a fracture consists of two wings, the flow equation in the form of the matrix for the initial fracture or reorientation fracture can be rewritten as:


 [image: Energies 15 04345 i001]



(11)







In this work, the artificial fracture system consists of two fractures, namely an initial fracture and a reorientation fracture. The flow in two fractures is independent of each other, and thus the flow equation describing the flow behavior in the established physical model can be written as follows:


   (        m ˜   w D        ⋮        m ˜   w D        )  −  (        m ˜   f D , 1        ⋮        m ˜   f D , a        )  =  (       A   N  1 k  1  +  N  1 k  2   1       0   N  1 k  1  +  N  1 k  2           0   N  2 k  1  +  N  2 k  2         A   N  2 k  1  +  N  2 k  2   2       )   (        q ˜   f D , 1        ⋮        q ˜   f D , a        )      a =  N  1 k  1  +  N  1 k  2  +  N  2 k  1  +  N  2 k  2   



(12)




where    N  1 k  1  +  N  1 k  2    represents the total discrete number of the initial fracture and    N  2 k  1  +  N  2 k  2    represents the total discrete number of the reorientation fracture.




3.3. Semi-Analytical Solution of a Refractured Vertical Model in Shale Gas Reservoir


According to the superposition principle, the dimensionless pseudo pressure distribution at any point in the shale gas reservoir caused by multiple line sources can be yielded in the Laplace domain:


    m ˜  D  =   q ˜   D i    ( s )    ∑  j = 1  a      ∫   x  w D , j  ′  −    l  D j    2     x  w D , j  ′  +    l  D j    2      [   K 0   [    s f  ( s )         (   x  D , i  ′  − u  )   2  +    (   y  D , i  ′  −  y  w D , j  ′   )   2     ]   ]     d u    



(13)







Equation (13) cannot be directly integrated to get an analytical solution and a Gauss–Seidel numerical integral can be employed to obtain its corresponding numerical solution. Further, Equation (13) can be rewritten in the following matrix form:


   (        m ˜   D , 1        ⋮        m ˜   D , a        )  =  (       B  1 , 1      ⋯     B  1 , a        ⋮   ⋱   ⋮       B  a , 1      ⋯     B  a , a        )   (        q ˜   D , 1        ⋮        q ˜   D , a        )   



(14)




where B represents the coefficient matrix and can be obtained from Equation (13) with a Gauss–Seidel numerical integral.



The continuous conditions at fracture face can be expressed as:


    m ˜  D   (   x  D , i  ′  ,  y  D , i  ′   )  =   m ˜   f D    (   x  D , i  ′  ,  y  D , i  ′   )    i = 1 , 2 ⋯ a  



(15)






    q ˜  D   (   x  D , i  ′  ,  y  D , i  ′   )  =   q ˜   f D    (   x  D , i  ′  ,  y  D , i  ′   )      i = 1 , 2 ⋯ a  



(16)







Moreover, the flow rate of each fracture segment contributes to the total rate of this refractured well and the flow rate condition for any fracture segment can be written as follows:


    ∑  j = 1  a    (   l  D j     q ˜   f D j    )    =  1 s   



(17)







Equations (12) and (14)–(17) can compose (1 + a)-order system of linear algebraic equations. By solving linear algebraic equations with the Gaussian elimination method, the dimensionless pseudo pressure of the refractured well in the shale gas reservoir in the Laplace domain can be achieved, and then the Stehfest numerical algorithm [34] can be employed to obtain the corresponding dimensionless wellbore pressure of the refractured well in the shale gas reservoir in the real-time domain.



According to the Duhamel principle, in the Laplace domain the dimensionless rate for the refractured well under constant wellbore pressure can be achieved by using the pseudo pressure solution of the refractured well under a constant flow rate [35]:


    q ˜   w D   ⋅   m ˜   w D   =  1   s 2     



(18)









4. Model Validation


To our best knowledge, there are no reports on the transient pseudo pressure analysis of a refractured well in a shale gas reservoir, and we constructed a numerical model in the commercial software (COMSOL) to validate the accuracy and reliability of our derived semi-analytical solution for a refractured well in a shale gas reservoir. A finite shale gas reservoir was employed in COMSOL using the following basic parameter values: CfD = π, ω = 5.02 × 10−2, λ = 4.894 × 10−2, and ψ = 2.504, are used to verify our work. As shown in Figure 3, our semi-analytical solution matches exactly with the results obtained from COMSOL, except in the early flow period, which validates the accuracy and reliability of our semi-analytical solution. A minor error exists in the early flow period, but the semi-analytical solution in this work is sufficient to meet engineering requirements.




5. Results and Discussion


5.1. Flow Regime Identification


Flow regime identification is an important task in well testing and can be used to invert the reservoir or fracture parameters. Figure 4 demonstrates the flow regime identification for a vertically refractured well in a shale gas reservoir with consideration of the mechanism of adsorption and desorption. As presented in Figure 4, there are five typical flow regimes for shale gas flow in the vertically refractured well.




	(a)

	
Bi-linear flow regime: the dimensionless pseudo pressure and pseudo pressure derivative curves are parallel to each other, and the slope of two straight lines is 0.25. Linear flow happens around and inside the artificial fractures in this regime.




	(b)

	
Formation linear flow regime: this regime is generally recognized by two straight lines with the same slope of 0.5 on both the dimensionless pseudo pressure and pseudo pressure derivative curves. There is sufficient gas supply to the artificial fractures and linear flow only occurs around two artificial fractures in this flow mode.




	(c)

	
Mid-radial flow regime: this typical regime often occurs after formation linear flow. In this regime, shale gas flows radially from the formation to the area around two artificial fractures, which is different from the radial flow dominated by the reservoir outer boundary. The duration of the mid-radial flow regime depends on the inter-porosity coefficient and adsorption and desorption constant. Meanwhile, the occurrence of the mid-radial flow regime strongly relates to the storativity ratio between the natural fracture system and shale matrix system.




	(d)

	
Inter-porosity flow regime: this flow regime is characterized by a deep “groove” on the dimensionless pseudo pressure derivative curve. In this regime, the absorbed shale gas that is far away from the refractured well gradually tends to desorb from the shale matrix. Under this circumstance, the desorbed shale gas along with the original free shale gas in natural fractures flows from the far end of the well to the fracture system around the wellbore. The depth of the “groove” largely depends on the storativity ratio and adsorption and desorption constant.




	(e)

	
Pseudo-radial flow regime: in the late period, the dimensionless pseudo pressure derivative curve stabilizes at 0.5 and a pseudo-radial flow regime can be observed. This flow regime occurs when shale gas that is far away from the wellbore flows steadily and radially into natural fractures away from the wellbore.










5.2. Effect of Shale Gas Reservoir Properties and Fracture Reorientation on Transient Pressure of a Refractured Vertical Well


In this section, a single variable control method is adopted to investigate the effects of the properties of the shale gas reservoir and artificial fracture on the transient pseudo pressure, including the storativity ratio, inter-porosity coefficient, adsorption and desorption constant, and fracture reorientation factor. Note that the fracture reorientation factor is a newly defined parameter to quantitatively evaluate the influence of fracture reorientation on the transient pseudo pressure of a refractured well.



5.2.1. Storativity Ratio between Natural Fracture System and Shale Matrix System


The storativity ratio reflects the difference between the shale gas storage capacity in the shale matrix and the natural fractures. Figure 5 illustrates the influence of the dimensionless storativity ratio on the dimensionless pseudo pressure and pseudo pressure derivative curves for a refractured well with an initial fracture and a reorientation fracture in a shale gas reservoir.



As seen in Figure 5, the storativity ratio mainly affects the early linear flow regime, mid-radial flow regime, and inter-porosity flow regime, while its influence disappears in the pseudo-radial flow regime. It can also be observed that, if the dimensionless storativity ratio gets larger, the linear flow regimes last longer and the mid-radial flow regime appears later. The “groove” on the pseudo pressure derivative curve also becomes shallow or even disappears (short dash violet line in Figure 5) as the dimensionless storativity ratio increases, which can be explained when the storativity ratio increases to some extent, the storativity of the shale matrix is too low to be neglected, and the inter-porosity flow between the shale matrix and natural fractures almost disappears. At the same time, the disappearance of the inter-porosity flow regime results in the combination of the mid-radial flow regime and the pseudo-radial flow regime on the type curves.




5.2.2. Inter-Porosity Coefficient from Shale Matrix System to Natural Fracture System


Generally, plenty of natural fractures always exist in shale gas reservoirs and the flow capacity of shale gas is totally different in the shale matrix and natural fractures. The inter-porosity coefficient just reflects the ability of the shale matrix system to supply gas to the natural fracture system. Figure 6 shows the effect of the dimensionless inter-porosity coefficient on the dimensionless pseudo pressure and pseudo pressure derivative curves for a refractured well in a shale gas reservoir.



As shown in Figure 6, the effect of the dimensionless inter-porosity coefficient on the pseudo pressure performance can be neglected in the early linear flow regimes. However, its influence on type curves tends to occur after the formation linear flow, and the duration of the mid-radial flow regime tends to last longer with the decrease of this coefficient. This phenomenon can be interpreted as when there is a lower inter-porosity coefficient, the desorbed shale gas diffuses slower into natural fractures and additional time and pressure are needed to maintain the constant flow rate. Meanwhile, the “groove” on the pseudo pressure derivative curve occurs later, but does not disappear when the dimensionless inter-porosity coefficient decreases to some extent, which indicates that the “groove” appears later, but does not disappear in type curves. In addition, the appearance of the pseudo-radial flow regime is also delayed when the dimensionless inter-porosity coefficient becomes low.




5.2.3. Adsorption and Desorption Constant of Shale Gas


For shale gas reservoirs, a large amount of shale gas is adsorbed on the surface of the shale matrix and the adsorbed shale gas becomes free gas through desorption due to the drop in gas reservoir pressure during the withdrawal of shale gas. In order to evaluate the effect of the adsorption and desorption of shale gas on the transient pseudo pressure behavior, a dimensionless adsorption and desorption constant is defined, which is the product of the dimensionless adsorption coefficient and dimensionless desorption coefficient and reflects the ability for adsorption and desorption. The larger the dimensionless adsorption and desorption constant is, the more the adsorbed shale gas in the shale matrix is. The effect of the dimensionless adsorption and desorption constant on the dimensionless pseudo pressure and pseudo pressure derivative curves is displayed in Figure 7.



As displayed in Figure 7, the effect of the dimensionless adsorption and desorption constant on the dimensionless pseudo pressure and pseudo pressure derivative concentrates on the mid-radial flow regime and inter-porosity flow regime. The duration of the mid-radial flow regime is inversely proportional to the dimensionless adsorption and desorption constant, and the corresponding inter-porosity flow regime occurs early when this parameter gets large. Meanwhile, it can be observed in Figure 7 that the width and depth of the “groove” on the pseudo pressure derivative curve is positively proportional to the dimensionless adsorption and desorption constant, which can be explained by increase in adsorbed shale gas in the shale matrix under a larger dimensionless adsorption and desorption constant and leads to an easy diffusion of the shale gas into natural fractures. Hence, the amount of adsorbed shale gas in the shale matrix can be qualitatively assessed through the depth and width of the “groove”.




5.2.4. Fracture Reorientation Factor


In order to analyze the effect of fracture reorientation on the dimensionless transient pseudo pressure behavior, a new parameter, namely the fracture reorientation factor, is defined as follows,


  α =    |   R  f 2   +  R  f 3   −  R  f 1   −  R  f 4    |     |   R  f 2   +  R  f 3   +  R  f 1   +  R  f 4    |     



(19)







When α gets close to zero, the length of the reoriented fracture part is equal to that of the principal fracture part, thereby indicating that fracture reorientation is extremely serious; when α approaches one, fracture reorientation is weak. Meanwhile, we assume that two wings of this reorientation fracture are symmetrical around the intersection point to avoid the effect of the asymmetry of the fracture system on the transient pseudo pressure. Figure 8 demonstrates the transient pseudo pressure behavior of a refractured well with different fracture reorientation factors in a shale gas reservoir.



As shown in Figure 8, the fracture reorientation factor imposes a significant influence on the early flow regimes, including the bi-linear flow regime, formation linear flow regime, and mid-radial flow regime. With the increase of the fracture reorientation factor, the dimensionless pseudo pressure and pseudo pressure derivative get lower and the bi-linear flow regime lasts longer, while the formation linear flow regime appears later and lasts for a shorter time. A reasonable explanation for this phenomenon is that the length of the principal fracture part is much longer when compared to the reoriented fracture part when fracture reorientation factor increases to some degree. Moreover, the shape of the seepage area of a refractured well transitions from circular to elliptical when the fracture reorientation factor increases from 0 to 0.95, and thus the mid-radial flow regime occurs later and lasts for a shorter time.





5.3. Effect of Shale Gas Reservoir Properties and Fracture Reorientation on Transient Rate of a Refractured Well


Both transient pressure analysis and transient rate analysis can help to invert parameters and predict productivity in a well test, and the transient rate analysis can directly present the effects of some properties on the production performance. In this section, the effects of the storativity ratio, inter-porosity coefficient, adsorption and desorption constant, and fracture reorientation factor on the transient rate of a refractured well are discussed further.



5.3.1. Storativity Ratio between Natural Fracture System and Shale Matrix System


Figure 9 illustrates the influence of the storativity ratio on the transient rate of a vertically refractured well in a shale gas reservoir. On the whole, under constant pressure, the shale gas well productivity decreases rapidly at first, and then slowly after.



In contrast, the dimensionless rate of this refractured well decreases with the decrease of the dimensionless storativity ratio during the rapid decline period. It can be interpreted that the larger the dimensionless storativity ratio is, the more the free gas in natural fractures there is and also the larger the withdrawal of shale gas there is. Meanwhile, the decrement of the dimensionless rate varies in different flow periods under the same decrease of the dimensionless storativity ratio. For example, at tD = 10−5, the dimensionless rate of the refractured well decreases from 15.7654 to 4.2936, with a huge decreasing ratio of 267.18% when the dimensionless storativity ratio decreases from ω = 10−1 to ω = 10−3. However, under the same condition, the decreasing ratio is only 15.045% at tD = 10. This phenomenon indicates that the effect of the storativity ratio on the transient rate becomes gradually weaker as the shale gas continues to be extracted from the reservoir. Moreover, the duration of the stable production period (SPP, the decline rate approaches zero) shortens and even disappears (violet line in Figure 9) with the increase of the dimensionless storativity ratio can be explained when the shale gas reservoir shows the characteristics of a single porosity medium when the dimensionless storativity ratio gets close to one.




5.3.2. Inter-Porosity Coefficient from Shale Matrix System to Natural Fracture System


Figure 10 shows the influence of the dimensionless inter-porosity coefficient, which characterizes the ability of the desorbed shale gas flowing into natural fractures on the dimensionless rate.



As displayed in Figure 10, this coefficient has a strong effect on the middle flow periods and has nearly no effect on the early- and late- flow periods. In the middle flow periods, the rate of the refractured well is positively proportional to this coefficient, and the decrement of the dimensionless rate tends to decrease with the decrease of the dimensionless inter-porosity coefficient. For example, at tD = 10, the dimensionless rate of the refractured well decreases from 0.3527 to 0.2554, with a decreasing ratio of 38.10% when the inter-porosity coefficient decreases from λ = 10−2 to λ = 10−3, while the decreasing ratio is only 16.12% when this coefficient decreases from λ = 10−3 to λ = 10−4, implying that a low inter-porosity coefficient significantly affects the refractured well production in middle flow periods. Similarly, the effect of the dimensionless inter-porosity coefficient on the transient rate gradually weakens with the continuous withdrawal of shale gas. For example, at tD = 103, the dropping ratio of the shale gas rate is 21.22% when the dimensionless inter-porosity coefficient decreases from λ = 10−4 to λ = 10−5, while the dropping ratio is only 14.31% at tD = 104. Moreover, the appearance of the stable production period (SPP, the decline rate approaches zero) delays the increase of the dimensionless inter-porosity coefficient, which can be explained by the increase of the dimensionless inter-porosity coefficient, which results in the delay of the inter-porosity flow.




5.3.3. Adsorption and Desorption Constant


Adsorbed gas and free gas exist in the shale matrix and natural fractures, respectively. Adsorbed shale gas first becomes free gas through desorption and then flows into natural fractures and artificial fractures, and finally is produced from vertical wellbore. Figure 11 demonstrates the effect of adsorption and desorption on the transient rate of a refractured well in a shale gas reservoir.



As shown in Figure 11, the dimensionless adsorption and desorption constant affects all flow periods except the early flow period. In the stable production period (SPP), the dimensionless rate has a positively proportional relationship with the dimensionless adsorption and desorption constant. Meanwhile, the decrement of the dimensionless rate tends to be strengthened as the dimensionless adsorption and desorption constant decreases. For example, at tD = 2, when this parameter decreases from 6 to 4, the rate of the refractured well drops from 0.4411 to 0.4064 with a decreasing ratio of 7.88%, while the decreasing ratio is up to 11.98% when the dimensionless adsorption and desorption constant decreases from 4 to 2. This feature implies that when this constant decreases to some degree, the dimensionless rate of the refractured well will be relatively low during SPP, which can be explained by the free gas in natural fractures that is almost extracted at the early flow periods while the adsorbed shale gas is not enough to maintain high production in this period. Moreover, the appearance of SPP causes a slightly delay from the decrease of the dimensionless adsorption and desorption constant. In the late flow period, the effect of this constant on the transient rate is rather weak compared to that in the stable production period.




5.3.4. Fracture Reorientation Factor


Figure 12 illustrates the influence of the fracture reorientation factor on the transient rate for a refractured well in a shale gas reservoir. It can be observed in Figure 12 that the effect of the fracture reorientation factor on the dimensionless rate concentrates on the early flow periods. In the bi-linear flow regime, the difference in the dimensionless rate caused by the fracture reorientation factor can be neglected. After the bi-linear flow regime, the impact of the fracture reorientation factor begins to occur, and the dimensionless rate of the refractured well shows an inversely proportional relationship with fracture reorientation, which can explain why the more serious the fracture reorientation is, the longer the length of the reoriented fracture is and also the larger the seepage area of the refractured well is. From the above phenomenon, it can be concluded that a large fracture reorientation factor is conducive to enhancing the productivity of a refractured well in a shale gas reservoir.






6. Conclusions


This work has developed a semi-analytical solution for a refractured well model in a shale gas reservoir with consideration of the effect of absorption and desorption and fracture reorientation. The transient behavior of the pseudo pressure and rate of the refractured well was also discussed, and the following conclusions can be obtained:




	
For a refractured well in a shale gas reservoir with absorption and desorption and fracture reorientation, five typical flow regimes are identified on type curves: bi-linear flow regime, formation linear flow regime, mid-radial flow regime, inter-porosity flow regime, and pseudo-radial flow regime.



	
According to the flow regime identification, a “groove” can be observed on the dimensionless pseudo pressure derivative curve, which corresponds to the inter-porosity flow regime. The larger the dimensionless storativity ratio or adsorption and desorption constant is, the later this flow regime appears and also the shallower and narrower the “groove” is. The dimensionless inter-porosity coefficient only affects the appearance of the “groove” but has no influence on its width and depth.



	
Fracture reorientation imposes a weak influence on the linear flow regimes and mid-radial flow regime, and in these flow regimes a long extension of the principal fracture corresponds to a lower pressure loss.



	
A short, stable production period can be observed on the dimensionless rate transient curves and its duration is closely related to the dimensionless storativity ratio. The dimensionless rate during this period depends on the dimensionless inter-porosity coefficient and dimensionless adsorption and desorption constant.



	
The transient rate of the refractured well in a shale gas reservoir is positively proportional to the dimensionless storativity ratio, dimensionless inter-porosity coefficient, and dimensionless adsorption and desorption constant, but inversely proportional to the fracture reorientation.
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Nomenclature




	
Field Variables




	
Z

	
Shale gas compressibility factor, fraction




	
T

	
Temperature, K




	
p

	
Pressure, MPa




	
t

	
Time, s




	
wf

	
Hydraulic fracture width, m




	
μ

	
Fluid viscosity, Pa·s




	
φ

	
Porosity, fraction




	
ρ

	
Shale gas density, g/m3




	
rf

	
Equivalent half length, m




	
v

	
Shale gas velocity, m/s




	
Vm

	
Adsorption concentration of shale matrix particles, m3/m3




	
VE

	
Equilibrium adsorption concentration, m3/m3




	
D

	
Diffusion coefficient, m2/s




	
α

	
Shape factor of matrix block, fraction




	
VL

	
Langmuir’s volume, m3/m3




	
Vi

	
Initial adsorption volume, m3/m3




	
rf1 + rf2

	
Length of initial fracture, m




	
Rf1 + Rf3

	
Length of principal fracture in a reorientation fracture, m




	
Rf2 + Rf4

	
Length of reoriented fracture in reorientation fracture, m




	
Dimensionless Variables




	
CfD

	
Dimensionless facture conductivity




	
tD

	
Dimensionless time




	
     m ˜  D    

	
Dimensionless pseudo pressure in Laplace domain




	
mD

	
Dimensionless pseudo pressure in real time domain




	
xD

	
Dimensionless length in the x-axis




	
yD

	
Dimensionless length in the y-axis




	
reD

	
Dimensionless radial length




	
ω

	
Dimensionless storativity ratio




	
λ

	
Dimensionless inter-porosity coefficient




	
β

	
Dimensionless desorption coefficient




	
ε

	
Dimensionless adsorption coefficient




	
ψ

	
Dimensionless adsorption and desorption constant




	
     q ˜  D    

	
Dimensionless point source flux




	
lD

	
Dimensionless length of line source




	
    x D ′    

	
Dimensionless length in the x-axis after Cartesian-coordinate rotation




	
    y D ′    

	
Dimensionless length in the y-axis after Cartesian-coordinate rotation




	
     q ˜   f D     

	
Dimensionless point source flux in a fracture




	
α

	
Fracture reorientation factor




	
Subscripts




	
fg

	
Natural fracture property in the shale gas reservoir




	
fm

	
Matrix property in the shale gas reservoir




	
f

	
Hydraulic fracture property




	
D

	
Dimensionless




	
w

	
Wellbore property




	
sc

	
Standard condition




	
Special Functions




	
K0(x)

	
Modified Bessel function (second kind, zero order)









Appendix A. Dimensionless Definitions


To convert the governing equation and initial-boundary conditions more concise, the following dimensionless variables are defined.



The dimensionless pseudo pressure in shale gas reservoirs and natural or artificial fractures are given as,


   m D  =   π  k  f g   h  Z  s c    T  s c    (   m i  − m  )     q  s c    p  s c   T        m  f D   =   π  k  f g   h  Z  s c    T  s c    (   m i  −  m f   )     q  s c    p  s c   T    



(A1)







Here mi is the pseudo pressure corresponding to the initial pressure in shale gas reservoirs and kfg is the gas permeability of natural fractures in shale gas reservoirs. The subscript (sc) represents the fluid properties under standard condition.



The dimensionless production time is,


   t D  =    k  f g   t    [     (  μ ϕ  c t   )    f g   +    (  μ ϕ  c t   )    f m    ]   r f 2     



(A2)







In this work, rf represents the equivalent half-length of artificial fractures and thus rf can be written as,


   r f  =    r  f 1   +  r  f 2   +  R  f 1   +  R  f 2   +  R  f 3   +  R  f 4    4   



(A3)




where rf1 and rf2 are the length of two wings of initial fracture respectively, and Rf1, Rf2, Rf3, Rf4 are the length of principal fracture part and reoriented fracture parts of reorientation fracture.



For the proposed fracture model in this work, the dimensionless fracture conductivity, CfD, is,


   C  f D   =    k f   w f     k  f g    r f     



(A4)







Here wf is fracture width and kf is fracture permeability.



The dimensionless radial distance, rD, is,


   r D  =  r   r f     



(A5)







To characterize the fluid flow in shale matrix and natural fractures, we define the dimensionless storativity ratio and inter-porosity coefficient respectively,


  ω =      (  μ ϕ  c t   )    f g      [     (  μ ϕ  c t   )    f g   +    (  μ ϕ  c t   )    f m    ]     



(A6)






  λ =   D α    (  μ ϕ  c t   )    f m      k  f g      r f 2   



(A7)




where D is diffusion coefficient, m2/s; α is shape factor of shale matrix block. The subscripts fm and fg represent the properties of shale matrix and natural fractures in shale gas reservoirs.



To evaluate the adsorption and desorption of shale gas at shale matrix surface, the dimensionless desorption coefficient and adsorption coefficient can be defined respectively,


  β =   2 π h  V i   k  f g      ρ  s c    q  s c      (  μ ϕ  c t   )    f m      



(A8)






  ε =    m L     (  m +  m L   )   m i       q  s c    p  s c   T   π  k  f g   h  Z  s c    T  s c      



(A9)




where Vi is the initial adsorption volume of shale gas, m3/m3, mL is the pseudo pressure corresponding to equilibrium adsorption concentration and VL is Langmuir’s volume, m3/m3.



Combining Equations (A8) and (A9) yields the dimensionless adsorption and desorption constant, which reflects the ability of adsorption and desorption,


  ψ = β ε  



(A10)







Meanwhile, the dimensionless adsorption concentration of shale gas in shale matrix particles can defined as follows,


   V  m D   =    V i  −  V m     V i     



(A11)







And the dimensionless flow rate of per unit fracture length, qDi, is defined as,


   q  D i   =    q i     q  s c      



(A12)







Moreover, the dimensionless flow rate strength, qfD, is written as,


   q  f D   =    q f   r f     q  s c      



(A13)




where qf is the flow rate of per unit fracture length.




Appendix B. Point-Source Solution of the Physical Model


To obtain a semi-analytical solution for a refractured well in a shale gas reservoir, the point-source solution of this physical model (shown in Figure 1) is obtained firstly. The continuity equation can be written as Equation (A14) in radial coordinates,


  −  1 r    ∂  (  r ρ  v r   )    ∂ r   =   ∂  (  ρ ϕ  )    ∂ t   +   ∂  V m    ∂ t    



(A14)




where Vm is the adsorption concentration of shale matrix particles, m3/m3.



According to Darcy’s law, the following equation can be obtained,


   v r  = −    k  f g    μ    ∂ p   ∂ r    



(A15)







Based on gas state equation, the following equation can be written,


  ρ =    T  s c    Z  s c    ρ  s c      p  s c      p  Z T    



(A16)







Further, the pseudo-pressure function is defined as follows,


  m  ( p )  =    ∫ 0 p     2 p   μ Z      d p  



(A17)







Combining Equation (A14) to Equation (A17) can yield,


   k  f g    (     ∂ 2  m   ∂  r 2    +  1 r    ∂ m   ∂ r    )  =    (  ϕ μ  C t   )   f    ∂ m   ∂ t   +   2  p  s c   T    T  s c    Z  s c    ρ  s c       ∂  V m    ∂ t    



(A18)







Equation (A18) is the partial-differential equation to describe the flow behavior in the shale gas reservoir.



The initial reservoir condition is:


  m  (  r , t = 0  )  =  m i   



(A19)







The inner boundary and outer boundary conditions are,


      π r h  k  f g      Z  s c    T  s c      p  s c   T     ∂ m   ∂ r    |    r → 0   =  q i   



(A20)






      m  ( p )   |    r → ∞   =  m i   



(A21)







After the desorption of the shale gas adsorbed in shale matrix, it obeys Fick’s law and thus we can yield,


    ∂  V m    ∂ t   = − D α  (   V m  −  V E   )   



(A22)




where VE is equilibrium adsorption concentration, m3/m3.



Meanwhile, the adsorption of shale gas in shale matrix follows Langmuir isothermal adsorption law and thus we can yield,


  V =    V L  m    m L  + m    



(A23)







The initial adsorption volume is:


     V |    t = 0   =  V i   (   m i   )   



(A24)







By using the related dimensionless definitions in Appendix A, the dimensionless governing equation and boundary conditions for shale gas reservoir can be obtained.


     ∂ 2   m D    ∂  r D 2    +  1   r D      ∂  m D    ∂  r D    = ω   ∂  m D    ∂  t D    + β  (  1 − ω  )    ∂  V  m D     ∂  t D     



(A25)









        (   r D    ∂  m D    ∂  r D     )   |     r D  → 0   = −  q  D i     



(A26)









        m D   |     r D  → ∞   = 0   



(A27)









    m D   (   r D  ,  t D  = 0  )  = 0   



(A28)






    (  1 − ω  )    ∂  V  m D     ∂  t D    = λ  (   V  E D   −  V  m D    )    



(A29)






    V  E D   = ε  m D    



(A30)







The following equations can be yielded by imposing Laplace transform on Equation (A25) to Equation (A30),


   {       ∂ 2    m ˜  D    ∂  r D 2    +  1   r D      ∂   m ˜  D    ∂  r D    = s f  ( s )    m ˜  D          (   r D    ∂   m ˜  D    ∂  r D     )   |    r D  → 0   = −   q ˜   D i            m ˜  D   |    r D  → ∞   = 0      



(A31)




where


  f  ( s )  =   ω λ +  (  1 − ω  )   (  ψ λ + ω s  )     (  1 − ω  )  s + λ    



(A32)







In Equation (A32), ψ is the dimensionless adsorption and desorption constant.



The point-source solution for the shale gas reservoir can be obtained by solving the above equations,


    m ˜  D   (   r D  , s  )  =   q ˜   D i    ( s )   K 0   (    s f  ( s )     r D   )   



(A33)
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Figure 1. Schematic of physical model for a refractured well in a shale gas reservoir. 
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Figure 2. Cartesian-coordinate rotation of a line source with an arbitrary azimuthal angle. 
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Figure 3. Comparison of transient pressure calculated by our semi-analytical model with the results obtained from the commercial software. 
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Figure 4. Flow regime identification for a refractured vertical well in a shale gas reservoir. 
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Figure 5. Effect of dimensionless storativity ratio on transient pressure of a refractured well. 
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Figure 6. Effect of dimensionless inter-porosity coefficient on transient pressure of a refractured well. 
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Figure 7. Effect of dimensionless adsorption and desorption constant on transient pressure of a refractured well. 
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Figure 8. Effect of fracture reorientation factor on transient pressure of a refractured well. 
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Figure 9. Effect of dimensionless storativity ratio on transient rate of a refractured well. 
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Figure 10. Effect of dimensionless inter-porosity coefficient on transient rate of a refractured well. 
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Figure 11. Effect of dimensionless adsorption and desorption constant on transient rate of a refractured well. 
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Figure 12. Effect of fracture reorientation factor on transient rate of a refractured well. 
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