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Abstract:



Microscopic flow in fractured porous media is a typical problem for the exploitation of tight reservoirs. The rapid-flow in the fractured porous-media is of great significance to efficient and continuous oil/gas exploitation. The fractures are expected to enhance flow conductivity and mass transfer between matrix and fractures, and to improve oil displacement during water flooding. However, the fractures may also lead to water channeling under some conditions. The understanding on the mechanism of the microscopic flow in the fractured porous media has been insufficient until now. In this paper, a two-dimensional pore-fracture network model is presented to study the role of fractures in the flow. The effects of two main dimensionless parameters, fracture length to network length lf/l and fracture density Nf/N, on the absolute permeability and the oil displacement efficiency are investigated. The results show that the flow in the matrix plays a controlling role at a low fracture density. Once the fracture density exceeds a certain value, the flow is controlled by fractures. With the increase of the fracture density, the oil displacement efficiency develops into three typical stages: when Nf/N < 0.1, the oil displacement efficiency increases rapidly; when 0.1 < Nf/N < 0.5, the oil displacement efficiency changes slowly; and when Nf/N > 0.5, the oil displacement efficiency decreases rapidly. In the case lf/l > 0.8, the water mainly flows through a concentrated path connected by some fractures, resulting in it bypassing most oil regions, and thus the oil displacement efficiency decreases rapidly, similar to the water channeling.
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1. Introduction


The unconventional oil and gas resources, mainly stored in tight reservoirs, are of great importance to the national energy strategy [1,2]. Low permeability, the existence of fractures, and high heterogeneity are the main characteristics of these reservoirs. Fractures are capable of increasing the permeability, and commercial exploitation would be impossible without fracture networks. Hence hydraulic fracturing is widely used for oil/gas exploitation in tight reservoirs [3,4]. However, the hydraulic fracturing leads to a complex dual pore-fracture network, consisting of nanometer/micrometer pores and fracture magnitudes change from micrometers to kilometers [5,6,7]. The occurrence of reservoir anisotropy and water channeling will reduce the oil or gas recovery when the fractures are not appropriately distributed and connected. Therefore, there is a great deal of uncertainty about the flow properties in such reservoirs [8,9]. The micro-flow mechanism in the fractured porous media is important for understanding the flow characteristics in tight reservoirs and in finding new technologies for enhancing oil/gas recovery.



Laboratory experiments can reveal the physical processes of fluid flow in the fractured porous media and provide the data to verify numerical and theoretical analyses [10,11]. However, experiments are usually expensive and incapable of obtaining both the macro and micro information in detail. With the optimization of the algorithm and the improvement of computer technology, numerical simulations become an effective and economic choice for studying the flow mechanism in the dual pore-fracture networks. Several models based on either continuum or non-continuum mechanics have been presented for describing the flow in the fractured porous media [12,13,14,15,16].



The pore network model (PNM) was first proposed by Fatt, who idealized the pore structure of porous media as pore bodies (nodes) and pore throats (capillary tubes) with a topological configuration [12]. Wilkinson and Willemsen presented the concept of invasion percolation [17] and applied it to groundwater hydrology [18], during which the connectivity and the main flow path were described. Multiphase transport in the porous media and micro-mechanisms have been explained and analyzed by PNM. Previous studies have indicated that the piston-like flow transforms into the fingering flow when the capillary force exceeds the viscous force for the two-phase flow in the porous media. Quasi-static flow models are capable of investigating the effects of pore structure on the microscopic flow [19]. Dynamic models are applicable to capture the location of the moving phase interfaces [20]. Due to the development of microscopic measurements, 3D images were obtained by the micro-CT/NMR, giving detailed information on the pore structure [21], and which were used to reconstruct the pore network of PNM [22,23,24,25]. However, PNM is incapable of understanding the micro-mechanism of fluid flow in tight reservoirs with great heterogeneity and a multi-scale pore structure consisting of fractures, pores, and throats. The consistency, upscaling, and coupling across scales need to be solved [26,27].



Barenblatt et al. [28] and Warren [29] proposed the dual pore-fracture network model (D-PNM) in which the fractures are distributed in the matrix, and the multi-scale effect in the pore-fracture media was described. In recent years, D-PNMs have been developed and applied in extensive studies of flow phenomena in complex porous media [7,30,31]. These models have been classified into two types: pseudo-steady models [28,29] and transfer flow models [32,33]. The former type can be used to simulate non-steady-state seepage in fractured rocks, while the latter can be used to simulate the fluid transport in fractured rocks. Lemonnier et al. [34,35] described the main physical mechanism of two-phase displacement and presented a numerical model considering fluid exchange between the matrix and fractures. Liu et al. [36] developed a fluid-solid coupling model for low-permeability fractured reservoirs. Zheng and Yu [37] established a fractal permeability model for gas flowing, presenting a relationship between gas permeability and pore structure parameters. Xiao [38] studied the physical mechanisms of relative permeability by means of the Fractal-Monte Carlo technique, and found the relationship between the relative permeability and the saturation of the wetting phase. Noetinger et al. [39] and Ding [40] studied the details of the flow inside the dual pore-fracture seepage system, and modeled the fluid exchange between the fracture and matrix. In the dual pore-fracture seepage system, the fractures contribute to the paths of fluid transportation, while the matrix contributes to the storage of fluid due to its much lower permeability than fractures. The fractures and the matrix connect with each other, and the fluid in the matrix can flow into the fractures and vice versa. Great progress was made in up-scaling and improving the computation speed of the pore-fracture network model, facilitating engineering scale simulations of regional fractured reservoirs [41,42]. However, when the complexities of micro-fracture geometrics and distribution in the matrix are concerned, the microscopic flow mechanism and the effect of micro-fractures on oil or gas recovery are still not well understood [43].



In this paper, a pore-fracture network model (PFNM) is presented for exploring the microscopic flow mechanism in the fractured porous media, focused on the effect of fracture geometrics and distribution. A series of flow simulations with different pore-fracture structure characteristics were carried out. The absolute permeability, fracture sensitivity, and displacement efficiency change with the pore-fracture structure were studied.




2. Pore-Fracture Network Model


2.1. Brief Introduction of Model


A 2-D quasi-static PFNM is established to simulate the flows in the fractured porous media. The pore-fracture network consists of pores, throats, and fractures. In Figure 1a, the orange spherical nodes represent the pores. Each pore is connected with four neighboring cylindrical throats. The red line represents a fracture, connected with two non-adjacent pores. The pores act as a larger storage space and the throats provide relatively narrower and longer connective flow paths, while the fractures are the longest and widest flow paths. Each throat connects two neighboring pores, while each fracture connects two non-adjacent pores. The flow in throats is assumed to satisfy the Poiseuille equation, and the capillary force is considered during the process of two-phase displacement. Plate flow is used to describe the flow in fractures when the fracture width is far less than the height and the length. Micro fractures with widths and heights of the same magnitudes are considered here. The flow in fractures is equivalent to the Poiseuille flow in cylindrical tubes. The pressure equation system at pores is built according to the condition that the total flow rate at each pore is zero because the pore fluid is assumed to be incompressible. The pressure at each pore can be solved by the equation system. The displacement proceeds in throats and fractures with the highest pressure difference at each time with an update of the pressure distribution in the pores. The pressure difference between any two adjacent pores determines the displacement direction in the connected throat or fracture. For simplification, one pore is allowed to be occupied by one phase, hence trapping occurs when the two pores connecting a throat are both filled by the other phase [44], i.e., the throat will not be displaced as in Figure 1b.


Figure 1. Basic units of PFNM. (a) Structure of PFNM; (b) Trapping mechanism (The process of two-phase displacement, where blue represents the pores and the throats are filled with wetting phase, and orange represents the pores and the throats are filled with non-wetting phase).
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Different amounts of basic units establish PFNM in different scales as in Figure 2a,b. The scale in the simulation should be large enough to eliminate the boundary effects. Under the condition that the radius of the pores and throats are assumed to be in a normal distribution, a series of computations on single-phase flow are preformed to determine the representative scale of PFNM. The throats are given by the same radius distribution (Truncated normal distribution: 0.1~20 μm, standard deviation [image: ] = 6, mean value [image: ] = 10 μm). The results show that the fluctuation of the absolute permeability decreases when the number of nodes exceeds 1800 (as in Figure 2c). Hence, in the following computations, the nodes are more than 1800 in order to reduce the size and boundary effects.


Figure 2. PFNM in different scales. (a) 15 × 60; (b) 50 × 100; (c) Representative scale for simulations.
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2.2. Governing Equations


Fluid flow and geo-mechanical responses (deformation, fracture opening, fracture propagation) are two important physical processes in the pore-fracture dual porous media. Here, a decoupling method is applied, and the slower physical process, i.e., two-phase incompressible flow (water flooding) through the ideal pore-fracture network is concerned.



2.2.1. Equations for Flow in Throats and Fractures


The equation of single-phase flow in the throats is:


[image: ]



(1)







The equation of two-phase flow with a single interface is:


[image: ]



(2)







It is noticed that once two or more interfaces occur in the pore throat, the fluid is trapped, and the flow rate is multiplied by a factor to obtain a small value, which will eliminate the singularity of computation, as follows:


[image: ]



(3)







The capillary pressure [image: ] is calculated by:


[image: ]



(4)







The capillary pressure in the fractures is neglected due to its larger radius than that of the throats, and the flow rate in the fractures is:


[image: ]



(5)




where [image: ] is the flow rate; [image: ] and [image: ] are the radius of the throat and fracture, respectively; [image: ] and [image: ] are the lengths of the throat and fracture, respectively; [image: ] is the dynamic viscosity of the fluid; [image: ] is the contact angle; [image: ] is the interfacial tension between the wetting and non-wetting phases; and [image: ] and [image: ] are the node pressures at node i and j, respectively. “+” is applied when a wetting phase (water) displaces a non-wetting phase (oil), otherwise “−” is chosen.



Considering the incompressibility of the fluids, the flow rate [image: ] must be zero at each node:


[image: ]



(6)







When the simulations do not contain the fractures, then Equations (1)–(4) are substituted into Equation (6) as follows:


[image: ]



(7)







When the simulations contain the fractures, then Equations (1)–(5) are substituted into Equation (6) as follows:


[image: ]



(8)







The above Equations (7) and (8) form a matrix for the node pressure. The Newtonian iterative algorithm is adopted to obtain the solution.




2.2.2. Calculation of Macro-Parameters


(1) Permeability



The permeability is calculated by the total flow [image: ] under the pressure difference [image: ]. The absolute permeability of a single fluid phase in the network is calculated by Darcy’s law:


[image: ]



(9)




where [image: ] is the viscosity of fluid, [image: ] is the length of the network, and [image: ] is the area of the cross section.



For two-phase displacement, the effective permeability of each phase [image: ] or [image: ] can be expressed as:


[image: ]



(10)






[image: ]



(11)




where [image: ] and [image: ] is the viscosity of oil and water, respectively.



The relative permeability of each phase, [image: ] or [image: ], is expressed as the ratio of the effective permeability [image: ] or [image: ] to the absolute permeability of each phase during the displacement process: [image: ], where [image: ] represents oil or water.



(2) Water saturation



In the displacement process (step k), the oil and water occupy different pores, throats, and fractures. The oil and water saturation, including irreducible water and residual oil, is calculated. The equation of water saturation is expressed as:


[image: ]



(12)




where m, n, and p represent the total number of throats, pores, and fractures, respectively; m′, n′, and p′ represent the total number of throats, pores, and fractures occupied by water at step k, respectively; [image: ], [image: ], and [image: ] represent the radius of the throat, pore, and fracture, respectively, obeying a different distribution; [image: ] and [image: ] represent the length of the throat and fracture, respectively; [image: ], [image: ], and [image: ] represent the total volume of the throats, pores, and fractures, respectively; mk, nk, and pk represent the total number of throats, pores, and fractures filled with water, respectively; and [image: ], [image: ], and [image: ] represent the total volume of the throats, nodes, and fractures filled with water at step k, respectively. The irreducible water saturation and residual oil saturation can also be obtained by Equation (12) at the end of the oil displacing water and water displacing oil processes, respectively.



(3) Displacement efficiency



Displacement efficiency [image: ] indicates the degree of recovery in water flooding. In the PFNM, the displacement efficiency is defined by:


[image: ]



(13)




where [image: ] is the irreducible water saturation and [image: ] is the residual oil saturation.





2.3. Computational Procedures


The computational procedures are as follows:

	
Generation of PFNM: the statistical properties and topological parameters of the actual porous media are obtained first according to the measured data, including the size and direction distribution of the throats and fractures, coordination number, and spatial correlation. Then, PFNM is generated by the method introduced in Section 2.1.



	
Computation of the absolute permeability: Let the wetting phase (water) flow through the network to obtain the absolute permeability using Equation (9).



	
Computation of the irreducible water saturation: Let the non-wetting phase (oil) displace the wetting phase (water) based on the end status of Step ii. The water that has not been displaced forms the irreducible water.



	
Computation of the residual oil saturation: Water flooding is processed to displace the oil in the network based on the end status of Step iii. Once the oil cannot flow out the network, the displacement is finished. Then, the residue oil, relative permeability, and oil displacement efficiency are calculated.










3. Results and Discussion


3.1. Two Flow Patterns in the Network


In the pore-fracture network, the pores are the main storage space while the throats and fractures provide the flow paths. For a single-phase flow, the difference in the geometrical distribution of throats and fractures leads to a two-flow pattern in the network: matrix-dominated flow and fracture-dominated flow. The former is the flow prevailing in the throats, while the latter is the flow prevailing in the fractures. The transition can be characterized by the change in the absolute permeability.



To investigate the transition of the two flow patterns, a series of simulations on the single-phase flow are conducted. The parameters such as pore radius, throat radius, fracture density, and fracture radius are involved.



The size of the network is 90 nodes and 30 nodes, respectively, in the parallel and vertical flow direction. The basic parameters of the network are listed in Table 1 and corresponding results for each case are shown in Figure 3.


Figure 3. Sensitivity of the pore network with fracture density (St1 and Sf1 are sensitivities when the fracture radius is 6 um, St2 and Sf2 are sensitivities when the fracture radius is 60 um, and St3 and Sf3 are sensitivities when the fracture radius is 90 um, respectively).
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Table 1. Parameters used in the simulations.







	
Fracture Density Nf/N (0~1)




	
Case 1

	
Case 2

	
Case 3






	
[image: ] = c1

[image: ] = c2

	
[image: ] = c1 × t1

[image: ] = c2

	
[image: ] = c1 × t2

[image: ] = c2








c1, c2, t1, and t2 are constants.








St and Sf are sensitivities of the throat and fracture, respectively, which represent the ratio of permeability increment caused by the increase of the throat or fracture radius to the initial permeability. Figure 3 shows the changes in sensitivity of St and Sf with the dimensionless fracture density Nf/N, where Nf is the fracture number and N is the total number of nodes. When the fracture density is zero, the permeability changes only with the radius of the throats. The sensitivity Sf increases with the fracture density, which is induced by the decrease of throats participating in the flow. The sensitivity Sf exceeds St when the fracture density reaches a critical value. The increase of Sf enhances the fluid flow in fractures.



The critical fracture density decreases with the increase of the fracture radius and the transition from the matrix-dominated flow to the fracture-dominated flow occurs at a lower fracture density (as in Figure 4). The reason for this is that the flow resistance decreases rapidly with the increase of the fracture radius, and the flow capacity is enhanced.


Figure 4. The critical fracture density with [image: ].
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3.2. The Effect of lf/l


Different matrix geometrical characteristics with the same fracture system lead to different developments of the two-phase flow in the pore-fracture network.



Three typical matrixes with different ranges of permeability are chosen in the simulation. The network parameters are shown in Table 2. The change in the flow properties such as the absolute permeability and displacement efficiency is investigated with the progressive increase in the fracture length.



Table 2. Network parameters of different types.







	
Permeability Classification

	
Throat Radius (Normal Distribution)

	
Porosity of the Matrix (%)

	
Absolute Permeability of the Matrix (mD)

	
Oil Displacement Efficiency of the Matrix






	
Type I (50~10 mD)

	
0.1~20 μm, [image: ] = 6, [image: ] = 10 μm

	
6.10

	
18.7

	
0.38




	
Type II (10~1 mD)

	
0.1~20 μm, [image: ] = 6, [image: ] = 8 μm

	
4.38

	
2.23

	
0.64




	
Type III (1~0.1 mD)

	
0.1~20 μm, [image: ] = 6, [image: ] = 5 μm

	
3.06

	
0.76

	
0.37










With the increase in fracture length, the permeability of the three types of porous media presents similar variation as shown in Figure 5a. The absolute permeability increases with the increase of lf/l. The absolute permeability presents a sharp increase, while the transition occurs in the oil displacement efficiency when lf/l exceeds 0.8. The displacement efficiency decreases to about 0.2 at lf/l = 1, indicating the occurrence of water channeling.


Figure 5. The influence of fracture length on absolute permeability and displacement efficiency. (a) The influence of fracture length on absolute permeability; (b) The influence of fracture length on displacement efficiency.
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Kim and Deo presented a theoretical model for the water flooding problem in dual pore-fracture media [45]. The results indicate that the displacement efficiency changes with variation of the absolute permeability induced by the existence of fractures, and there is a transition that the displacement efficiency of non-wetting phase decreases with the increase of the absolute permeability (>10 mD). Figure 6 shows that the results simulated by PFNM for Type III with similar matrix absolute permeability and fracture characteristics are in good agreement with the theoretical results, validating the capacity of the microscopic PFNM method for water flooding in dual pore-fracture media.


Figure 6. Comparison of displacement efficiency for the finite element model and PFNM.



[image: Energies 10 01984 g006]






Figure 7 shows the distributions of oil and water at the end of water flooding under different fracture lengths. Displacement in the throats decreases with the increase in fracture length, resulting in the reduction of displacement efficiency. When lf/l exceeds 0.8, few throats participate in the displacement. The flow in the fractures is easier than in throats. Thus the fluids will preferentially flow through fractures and the surrounding throats will be bypassed. When the dimensionless fracture length is over a certain value, fluids almost flow from the inlet directly to the outlet, so the water flooding results in a lower swept area and displacement efficiency.


Figure 7. The distribution of oil/water at the end of the displacement with different fracture lengths in Type II (The red throats and fractures are filled with oil and the blue throats and fractures are filled with water). (a) lf/l = 0.17; (b) lf/l = 0.34; (c) lf/l = 0.5; (d) lf/l = 0.67; (e) lf/l = 0.84; (f) lf/l = 1.



[image: Energies 10 01984 g007]






Dimensionless capillary number [image: ] was first proposed by Moore and Slobod [46], representing the ratio of viscous forces to capillary forces in the two-phase incompressible flow:


[image: ]



(14)







When the product of permeability and pressure gradient of the network is substituted for that of flow velocity and fluid viscosity in Equation (11), a transformation form of the capillary number was presented [47]:


[image: ]



(15)




where [image: ], [image: ], [image: ], [image: ], [image: ], [image: ] represent the superficial velocity, wetting fluid viscosity, absolute permeability, magnitude of pressure gradient, contact angle, and interfacial tension, respectively.



Recently, the aperture and roughness of the fracture were considered in the capillary number, and the residual saturation in natural fractures was captured and analyzed [48]. Here, the micro-fracture geometrics and distribution in the matrix are concerned, and one fracture is assumed to be occupied by one phase, so the capillary number in Equation (15) is applied to describe the two-phase flow in the PFNM computations.



The development of the capillary number is investigated in PFNM. The results show that Nc increases with the increase of the fracture length lf/l. When lf/l > 0.8, the Nc > 0.001, and the water flooding prevails in fractures, leading to a rapid increase in permeability and great decline in the displacement efficiency, as shown in Figure 8.


Figure 8. The capillary number with different fracture lengths in Type I.



[image: Energies 10 01984 g008]







3.3. The Effect of Nf/N


Figure 9a shows that the absolute permeability increases with the fracture density for Type I, II, and III. Under the same fracture density, the absolute permeability of Type I and Type III is the highest and lowest, respectively. The absolute permeability is determined by both the throats and fractures.


Figure 9. The influence of fracture density on absolute permeability and displacement efficiency. (a) The influence of fracture density on absolute permeability; (b) The influence of fracture density on displacement efficiency.
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Figure 9b gives the change of oil displacement efficiency with the increase of the fracture density, which can be divided into three stages: (i) when Nf/N < 0.1, the displacement efficiency increases rapidly with the increase of fracture density; (ii) when 0.1 < Nf/N < 0.5, the oil displacement efficiency keeps a slow change, and Type I > Type II > Type III; and (iii) when Nf/N > 0.5, the oil displacement efficiency decreases rapidly to about 0.2.



This phenomenon is related to the connectivity of fractures. When Nf/N < 0.1, the occurrence of fractures increases the local connectivity of the throats, and favors the two-phase displacement efficiency. When Nf/N > 0.5, the fractures connect and form approximate transfixion paths along the flow direction in the network, the pressure gradient is concentrated at the connected fractures, and the connected fractures become the main flow channels, leading to a decrease in the utilization rate of the fluid in the pores and throats, as shown in Figure 10.


Figure 10. The distribution of oil-water state at the end of displacement with different fracture numbers in Type II (The red throats and fractures are filled with oil and the blue throats and fractures are filled with water). (a) Nf = 20; (b) Nf = 80; (c) Nf = 120; (d) Nf = 160.
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3.4. The Effect of Direction


The existence of fractures can improve the absolute permeability and the displacement efficiency for the three types of fractured porous media, as seen in Table 3 and Table 4. The fractures parallel to the flow direction increase the absolute permeability and oil displacement efficiency greatly, while a little increase occurs when fractures are perpendicular to the flow direction. The non-wetting phase is easier to be displaced when the fractures are parallel to the flow direction for Type I and Type II, as shown in Figure 11.


Figure 11. The influence of the fracture direction on absolute permeability and displacement efficiency in Type II (The red throats and fractures are filled with oil and the blue throats and fractures are filled with water). (a) No fracture; (b) Parallel to the flow direction; (c) Perpendicular to the flow direction; (d) Multi-direction; (e) 30° of the flow direction.
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Table 3. The influence of fracture direction on the absolute permeability.







	
Cases

	
K/mD Type I

	
K/mD Type II

	
K/mD Type III






	
No fracture

	
18.8

	
2.2

	
0.8




	
Parallel to the flow direction

	
50.0

	
8.3

	
0.7




	
Perpendicular to the flow direction

	
41.4

	
5.2

	
2.6




	
Multi-direction

	
37.8

	
5.1

	
0.8




	
30° with the flow direction

	
9.8

	
4.3

	
0.2










Table 4. The influence of fracture direction on the oil displacement efficiency.







	
Cases

	
[image: ] Type I

	
[image: ] Type II

	
[image: ] Type III






	
No fracture

	
0.38

	
0.64

	
0.37




	
Parallel to the flow direction

	
0.89

	
0.80

	
0.53




	
Perpendicular to the flow direction

	
0.76

	
0.80

	
0.54




	
Multi-direction

	
0.78

	
0.77

	
0.53




	
30° of the flow direction

	
0.73

	
0.66

	
0.56












4. Conclusions


Two-phase flow in the fractured porous media is a typical problem for the exploitation of tight reservoirs such as shale gas, tight oil, etc. The fractures can cause changes in the pressure distribution, flow paths, and displacement efficiency of the non-wetting phase. The flow behaviors related to fracture length, density, and direction are investigated. The main conclusions are as follows:

	(1)

	
In the fractured pore-fracture network, matrix-dominant flow converts to fracture-dominant flow with the increase of fracture density and radius in the cases of single-phase flow. The critical fracture density for the transition decreases with the increase in the fracture radius.




	(2)

	
The absolute permeability increases progressively with the increase in lf/l when lf/l < 0.8. Otherwise, it presents a sharp increase, at which point the water channeling occurs at lf/l = 1 and the displacement efficiency decreases to about 20%.




	(3)

	
Both the fracture density and the pore structure of the matrix affect the absolute permeability and oil displacement efficiency. With the increase of fracture density, the absolute permeability increases rapidly and the oil displacement efficiency develops into three typical stages: when [image: ] < 0.1, the oil displacement efficiency increases rapidly; when 0.1 < [image: ] < 0.5, the oil displacement efficiency efficient changes slowly; and when [image: ] > 0.5, the oil displacement efficiency decreases rapidly.




	(4)

	
The absolute permeability increases when the fractures are parallel to the flow direction, while it decreases when the fractures are perpendicular to the flow direction. The existence of fractures can increase the displacement of the non-wetting phase, and the increase of the displacement efficiency is more pronounced when the fractures are parallel to the flow direction for Type I and Type II.









In further study, great efforts are required to establish PFNM in three-dimensional network construction, study the solid-fluid coupling effect, and track the phase interfaces.
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