

  water-17-00296




water-17-00296







Water 2025, 17(3), 296; doi:10.3390/w17030296




Article



Experimental Study on the Behavior of Gas–Water Two-Phase Fluid Flow Through Rock Fractures Under Different Confining Pressures and Shear Displacements



Yang Wang 1, Kangsheng Xue 2,*, Cheng Li 1, Xiaobo Liu 3 and Boyang Li 3





1



School of Architectural Engineering, Kaili University, Kaili 556011, China






2



State Key Laboratory of Intelligent Construction and Healthy Operation & Maintenance of Deep Underground Engineering, China University of Mining and Technology, Xuzhou 221116, China






3



Flexible Research Center, Shenhua XinJie Energy Co., Ltd., Ordos 017200, China









*



Correspondence: ksxue@cumt.edu.cn







Citation: Wang, Y.; Xue, K.; Li, C.; Liu, X.; Li, B. Experimental Study on the Behavior of Gas–Water Two-Phase Fluid Flow Through Rock Fractures Under Different Confining Pressures and Shear Displacements. Water 2025, 17, 296. https://doi.org/10.3390/w17030296



Received: 29 October 2024 / Revised: 24 December 2024 / Accepted: 14 January 2025 / Published: 22 January 2025



Abstract

:

Understanding the flow behaviors of two-phase fluids in rock mass fractures holds significant importance for the exploitation of oil and gas resources. This paper takes rock fractures with different surface roughness characteristics as its research object and conducts experiments on the gas–water seepage laws of fractures under various confining pressures and shear displacements. The results indicate that the higher the fracture surface roughness, the larger the equivalent fracture width and the higher the single-phase permeability of gas/water in the fractures. During gas–water two-phase flow, when the water phase split flow rate is high, the influence of the confining pressure and fracture surface morphology on the water phase is significantly higher than that on the gas phase. The relative permeability at the isosmotic point of the fractures increases with the increase in confining pressure and decreases with the increase in roughness. After the dislocation of shale fractures, the interphase resistance within the fractures reduces. The relative permeability of the water phase increases more significantly compared to that of the gas phase. The water phase split flow rate at the isosmotic point does not change significantly, and the relative permeability at the isosmotic point increases. This research is helpful for guiding the protection based on the conductivity capacity of the rock mass fracture network.
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1. Introduction


In order to actively address the environmental issues caused by greenhouse gases such as global warming, the utilization of clean energy as a substitute for coal, oil, and other fossil fuels has emerged as a prominent research focus in the current energy sector [1,2]. The shale gas revolution in the United States has transformed it from an energy importer to an exporter, leading countries worldwide to pay increased attention to shale gas extraction. Shale reservoirs typically exhibit low matrix permeability and pose challenges in forming effective pathways for gas production through natural fractures [3]. To enable the large-scale exploitation of shale gas resources, hydraulic fracturing and other technologies are extensively employed for reservoir transformation, aimed at enhancing gas recovery efficiency [4]. During shale hydraulic fracturing operations, self-supported fractures are created within the shale formation. Preserving the seepage capacity of this fracture network is crucial for optimizing production systems [5,6]. In this context, multiphase fluid flow involving both gas and water becomes common during shale gas exploitation due to “one thousand sands and ten thousand liquids” entering into the formation. Different flow patterns emerge depending on component proportions and flow conditions; however, compressibility effects make two-phase flow involving gas–liquid interactions particularly complex [7]. As individual fractures constitute fundamental components of rock mass fracture networks, understanding how geometric characteristics of self-supported fractures influence two-phase flow behavior can provide valuable insights into supporting optimization efforts aimed at safeguarding well productivity via seepage capacity preservation within these fracture networks [8,9,10,11].



To accurately characterize seepage flow in rock fractures, scholars have conducted extensive research through indoor experiments and numerical simulations. The cubic law is the fundamental equation describing low-velocity single-phase fluid flow in fracture. To verify its validity, Hasanain [12] conducted an experimental study of fluid flow in parallel plate fracture. However, there is a significant difference between idealized models of parallel plate fracture and actual rock fractures. In order to apply the cubic law to natural rough-surfaced fracture, Bartonns et al. [13] proposed a correction method for the roughness correction coefficient of fracture surfaces and carried out seepage tests imitating natural fractures. They found that the correction coefficient was related to the distribution of bump heights on fracture surfaces. Based on standard profile curves of joint roughness (JRC) and using reverse digital modeling methods, Jaeger et al. [14] investigated seepage patterns in different JRC fractures. These studies have deepened our understanding of fluid flow laws in fractures; however, actual production processes for natural gas resources involve fluid–solid interaction processes where fracture aperture and surface roughness are subject to localized contact, shear slip, and structural surface damage during fracturing processes [15,16], resulting in various complex fractures such as infill fractures, shear-slip seams, and closure seams formed in situ [17,18,19]. Studies on single-phase fluid flow laws show that permeability weakens under peri-compression but strengthens under shear stress with this tendency becoming more pronounced with larger surface roughness [20,21,22,23]. However, it remains unclear how two-phase fluid flows evolve with different levels of stressed fracture.



Self-supported fractures play a crucial role as conduits for natural gas flow, making it imperative to investigate the flow conductivity and two-phase fluid flow behavior of these fractures. Such studies are essential in guiding the development and modification of unconventional natural gas reservoirs. While Xu et al. [24] established a mathematical model for gas–water two-phase seepage in shale gas reservoirs, they did not consider the distribution of reservoir saturation after fracturing fluid returns. Building upon this research, Duncan [25] developed a numerical model for gas–water two-phase seepage in dual media during the hydraulic fracturing of horizontal wells in shale gas reservoirs, which accounts for desorption/adsorption, diffusion, slip, and stress sensitivity. Huang [26] conducted an extensive investigation into the laws governing gas–water two-phase fluid flow at multiple micro-scales and discovered that the impact of microfracture aperture and water film on relative permeability depends on the relative size occupied by each phase within the flow space. Furthermore, several scholars have constructed theoretical models to establish relative permeability curves for gas–water two-phase flows. For instance, Li [27] combined Poiseuille’s law with considerations of interfacial effects to develop analytical equations representing phase permeability curves specific to shale formations. Shad et al. [28] examined the two-phase fluid flow behavior within smooth parallel-plate fractures and found that relative permeability is influenced not only by fluid saturation and flow structure but also by fracture orientation. Fourar et al. [29] based on their study of two-phase flows in smooth parallel plates proposed a relative permeability model incorporating viscous coupling between phases.



The primary focus of this study is to investigate the gas–water two-phase fluid flow in rock fractures under pressure and shear, with an emphasis on utilizing three-dimensional morphology scanning to characterize the cross-section morphology of artificially cleaved rock fractures. Furthermore, a systematic investigation is conducted to explore the influence of fracture surface roughness, confining pressure, shear, and other factors on the seepage characteristics of gas–water two-phase fluid flow in rock fractures. The ultimate goal is to provide theoretical guidance for optimizing production systems and parameter extraction in shale gas resource exploitation.




2. Test Samples and Test Methods


2.1. Rock Fractured Specimen Preparation


The sandstone utilized in this study was subjected to drilling, resulting in cylindrical cores measuring 50 mm in diameter and 100 mm in height. These cores were subsequently transformed into standard cylindrical specimens through cutting and grinding procedures (Figure 1). To obtain fracture specimens with varying surface morphology, a range of auxiliary splitting devices with joint roughness coefficient (JRC) values ranging from 0 to 20 were employed on the sandstone specimens using a uniaxial compression tester. When there is no shear displacement, the upper and lower sections of the fracture are in correspondence with each other and do not produce relative dislocation, and this is referred to as in situ closed fracture. This allows for the generation of in situ closed fracture specimens exhibiting different roughness characteristics. From these, five fracture specimens with roughness values of 4.52, 7.24, 44.53, 15.85, and 18.75 were selected for conducting seepage tests (Figure 2).




2.2. Characterization of the Rough Morphology of Rock Fracture


The surface morphology of the rock fracture following splitting was quantified using Cronos Dual, a high-precision non-contact 3D optical digitizing topographer. The acquired data were exported in two formats: point cloud and triangle mesh. Since the fracture surface may not have been leveled during the 3D topographic scanning process, resulting in skewed coordinates of the topographic scans, a least squares-based algorithm was used in this study to flatten the coordinate files after the topographic scans. The obtained measurements were processed in MATLAB 2022 software for coordinate conversion based on the principle illustrated below [30].


         X i         Y i         Z i        = R   α , β , γ          x i         y i         z i        +        x 0         y 0         z 0         



(1)







The coordinates of the converted points Xi, Yi, and Zi are determined by the original point coordinates xi, yi, and zi through a scale parameter R and rotation matrix [α, β, γ]. Here α, β, and γ represent unit vectors in 3 × 1 dimensions. Additionally, [x0, y0, z0]T denotes the conversion vector between coordinate systems. The process of coordinate conversion in Equation (1) is as follows: first, the normal vector of the fitted plane is obtained via the least squares method; second, the angle between the normal vector of the fitted plane and the unit vector of the initial coordinate system is obtained; then, the rotation matrix [α, β, γ] is obtained; after the leveling, the fitted plane is used as the reference plane for translation, and the translation vector is [x0,y0,z0]T. The leveled fracture surface is obtained after the above operation. The surface morphology data of the leveled fracture surface were imported into Surfer 15.0 drawing software for 3D reconstruction. Figure 2 illustrates the resulting 3D morphology cloud map of the fracture surface, with all measurements presented in millimeters. In this representation, red indicates elevated areas, while blue represents depressions on the surface. To quantify the roughness of this fracture’s surface morphology accurately along its seepage direction, it was divided into ten equally spaced regions from which nine 2D rough fracture profiles were extracted (Figure 2). These profiles facilitated the calculation of both the two-dimensional morphological parameters and the overall surface roughness for each group of sandstones fractures by averaging their values.



To quantitatively characterize the topographic roughness of the fracture surface, Tse and Cruden introduced and widely adopted the concept of Joint roughness coefficient (JRC), which is determined using the following equation [31]:


  J R C = 32.2 + 32.47 lg  Z 2   



(2)




where Z2 is the root mean square of the first-order derivative of the absolute height of the fracture surface, calculated as follows:


   Z 2  =       1  n − 1        ∑  i = 1   n − 1         y  i + 1   −  y i     x  i + 1   −  x i         2        1 2      



(3)







Table 1 lists the roughness of each profile of the fractured surface calculated using Equation (3) and the roughness of the fractured surface obtained by averaging the roughness of each profile.




2.3. Gas–Water Two-Phase Fluid Flow Test Method


The gas–water two-phase seepage test in rock fractures was conducted using a triaxial stress–multiphase fluid coupling test system (Figure 3a). The system comprises a pressure loading pump, a triaxial pressure chamber, a fluid control cabinet, a system control cabinet, a data acquisition unit, a high-pressure water tank, and pipelines. It enables axial loading up to 2000 kN and confining pressure loading up to 60 MPa to meet the requirements of this test. The specific experimental steps are as follows:




	(1)

	
Securely connect the water-saturated rock fracture specimen with the indenter using heat-shrink tubing and place it into the sealed triaxial pressure chamber.




	(2)

	
Connect and seal the base with the triaxial pressure chamber using a fixture. Inject hydraulic oil into the sealed chamber until oil pressure stabilizes inside and steady flow is observed from the outlet.




	(3)

	
Apply an axial load of 3 MPa at a rate of 0.05 MPa/s and maintain it constant. After confining pressure stabilizes, open the valves for water and nitrogen separately. Increase fluid pressure to set value while measuring and recording flow rate after stabilization for complete seepage measurement.




	(4)

	
Gradually increase fluid pressure until all desired points are tested under this level of pressurization before unloading fluid pressure to complete fixed-pressure two-phase seepage testing.




	(5)

	
Incrementally increase confining pressures step by step (5 MPa, 7 MPa, 9 MPa, 11 MPa, and 13 MPa), repeating the operations described in (3) and (4), to conduct two-phase seepage tests under different confining pressures along with varying fluid pressures on each specimen (refer to Figure 3b for the detailed process).




	(6)

	
Repeat the operations in (3), (4), and (5) to complete the two-phase seepage test for all rock fracture specimens.
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Figure 3. Test equipment and loading method. 






Figure 3. Test equipment and loading method.
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The main sources of experimental error include instrumental error and human error. The absolute uncertainty of the pressure head was 0.05 MPa. After the two-phase fluid flow was stabilized, the mass of water was recorded at a fixed time using a sensitive electronic balance scale with an accuracy of 0.05 g, and the flow rate of nitrogen was recorded using a soap-film air flow meter with an accuracy of 0.1 mL/min. The uncertainty in the human error time was approximately 0.3 s.





3. Gas–Water Relative Permeability in Rock Fracture Under Pressure and Shear Effect


3.1. Evolution of Equivalent Hydraulic Aperture of Rock Fracture


Figure 4 demonstrates the evolution of the hydraulic aperture of the fissure under different confining pressures and shear displacements. The equivalent hydraulic openness can be calculated as follows [21]:


   e  h w   =      12 μ Q   w ∇ P     3   



(4)




where    e  h w     is the equivalent hydraulic aperture,  μ  is the viscosity of water, w is the width of the fracture, and   ∇ P   is the pressure gradient along the flow direction.



The equivalent hydraulic aperture of specimen E is the largest at the same confining pressure, which is due to the fact that the surface of specimen E is rougher, which indicates that rock fractures with large surface roughness may be more likely to have large fracture apertures, providing more wide flow paths. The equivalent hydraulic aperture of the fracture decreases with the increase in the confining pressure, but the equivalent hydraulic aperture of the fracture with large roughness is always the largest. Figure 4b shows that the equivalent hydraulic aperture of the fracture increases with increasing shear displacement and is largest for the surface roughness fracture. This is because as the shear displacement increases, contact occurs between the protrusions on the upper and lower surfaces of the fracture, which acts as a support for the upper and lower surfaces in the fracture, and this support does not disappear completely under the effect of the confining pressure, resulting in higher equivalent hydraulic aperture in the fracture under shear effect compared to an in situ closed fracture, and the greater the roughness, the higher the surface fracture surface bulge, and the greater the infiltration capacity of the fracture.




3.2. Evolution of Relative Permeability of Gas–Water Two-Phase Fluid in In Situ Closed Fractures Under Different Confining Pressures


In order to investigate the characteristics of gas–water two-phase flow in stressed rock fractures, it is essential to subject the specimen to triaxial loading within a pressure chamber, enabling control over both confining and axial pressures. The generalized multiphase Darcy’s law has been widely used to calculate steady laminar two-phase fluid flow in rock fractures. The absolute permeability can be expressed by Equations (5) and (6) [32]:


   K  s w   =     Q  s w    μ w  L   A (  P  i n   −  P  o u t   )     



(5)






   K  s g   =    2  Q  s g    μ g  L  P  o u t     A (  P  i n  2  −  P  o u t  2  )     



(6)




where Ksw and Ksg are the absolute permeabilities of water and gas, respectively;    Q  s w     and    Q  s g     are the volume flow rates of water and nitrogen through the fracture, respectively;    μ w    and    μ g    are the dynamic viscosities of water and nitrogen, respectively; L is the fracture length along the main flow direction; A is the cross-section area perpendicular to the flow direction; Pin is the inlet pressure; and Pout is the outlet pressure.



Figure 5 shows the relationship between the fluid pressure gradient and absolute permeability during single-phase flow of fracture specimen A. The absolute permeability measured by gas and water in the same fracture has a certain deviation; the main reason may be the compressibility of the gas, which leads to a lower result than that measured by water. In this case, accuracy can be better guaranteed when substituting the absolute permeability obtained by water single-phase seepage into the calculation of fracture relative permeability.



The relative permeability can be expressed as follows:


   K  r w   =     Q  m w    μ w  L   A  K s  (  P  i n   −  P  o u t   )     



(7)






   K  r g   =    2  Q  m g    μ g  L  P  o u t     A  K s  (  P  i n  2  −  P  o u t  2  )     



(8)




where subscript m stands for the multi-phase fluid flow; and Ks is the absolute permeability.



Unlike artificially created fractures where water saturation can be visually observed, obtaining water saturation during gas–water flow in triaxial pressure chambers poses challenges. The fractional flow of water fw, which serves as a crucial parameter reflecting fracture water saturation, can be determined using the following equation:


   f w  =     Q  m w      Q  m w   +  Q  m g       



(9)




where    Q  m w     is the volume flow rate of water in two phase flow through the fracture; and    Q  m g     is the volume flow rate of nitrogen in two phase flow through the fracture.



In this study, we analyze the evolution of the relative permeability of rock fractures with water saturation by introducing the fractional flow of water.



The relationship between the relative permeability and fractional flow of water in an in situ closed fracture in a rock at different confining pressures is illustrated in Figure 6. In gas–water two-phase fluid flow tests conducted on rock fractures, the relative permeability of water increases with increasing fractional flow of water, while the relative permeability of nitrogen decreases with increasing fractional flow of water. This phenomenon indicates that as the water phase flow rate increases, it gradually dominates the two-phase flow process within the fracture. Due to surface tension and liquid pressure effects, it becomes difficult for gas to form a separate and continuous flow channel; instead, it flows inside the fracture in dispersed bubble form, leading to a gradual reduction in nitrogen’s relative permeability to lower levels. Conversely, when the fractional flow of water is low, nitrogen dominates as gas inside the fracture forms a separate and continuous flow channel. This results in relative sliding between the water phase and gas phase characteristic of typical laminar gas–water flows. At this stage, nitrogen’s relative permeability rapidly increases with decreasing fractional flow of water. The changes in relative permeability during two-phase fluid flows within the rock fracture depicted in Figure 6 show that under identical water-phase flow rates but different pressures within the same fracture, there are variations in the relative permeability, suggesting that factors other than just water-flow rates influence the characteristics of two-phase flows within the rock fracture; specifically, confining pressure impedes fluid two-phase flows within these fractures. When the fractional flow of water is higher, both gas-phase and water-phase relative permeabilities decrease with increasing confining pressure, but the gas-phase relative permeability decreases more compared to the water-phase relative permeability; conversely, when the fractional flow of water is higher, the water-phase relative permeability decreases more compared to the gas-phase relative permeability as the confining pressure increases. Combined with the aforementioned relationship between the fractional flow of water and the relative permeability, it can be concluded that this hindering effect primarily manifests as a restriction on gas-phase flow at low fractional water flow and as an impediment to water flow under high water-phase partial flow.



The flow behavior of two-phase flow is similar to that of single-phase fluid flow when one phase of the fluid in the fracture exhibits significantly higher relative permeability than the other phase. Specifically, as confining pressure increases, the fracture space gradually closes, leading to a gradual decrease in the absolute permeability of the rock fracture. Furthermore, variations in the spatial structure distribution of the rock fracture under different pressures and changes in the interphase resistance of the two-phase fluids resulting from these structural differences also influence the evolution of relative permeability.



The increase in fracture roughness results in a tortuous fluid flow path within the fracture, which persists during two-phase flow [33,34]. Figure 7 illustrates the evolution of relative permeability for both phases of the fracture under varying levels of fracture surface roughness at constant confining pressure. It is evident that an elevation in fracture surface roughness significantly reduces the relative permeability of the two-phase fluid within the fracture. Overall, fractures with larger surface roughness exhibit lower relative permeability compared to relatively smooth fractures. This suggests that as fracture surface roughness increases, inter-phase resistance within the fracture gradually intensifies and consequently decreases the relative permeability inside rock fractures due to inter-phase interference. By comparing the relative permeabilities of nitrogen and water in rock fractures with different degrees of roughness, it can be observed that fracture surface roughness has a lesser impact on nitrogen’s relative permeability compared to that of water phase. This disparity may be attributed to the hydrophilic nature of the rock samples used in this study; thus, water phase more frequently resides closer to fracture surfaces during seepage processes involving two-phase fluids and is therefore more susceptible to reduced permeability caused by changes in surface morphology.




3.3. Evolution of Relative Permeability of Gas–Water Two-Phase in Rock Fracture Under Shearing Effect


Figure 8 illustrates the evolution of the relative permeability of two-phase fluids in rock fractures with the fractional flow of water under different shear displacements. It can be seen that in the fracture two-phase flow test, the change of the two-phase fluid relative permeability with the aqueous-phase partial flow rate presents a similar evolution to that in the in situ closed fracture, which indicates that the dislocation does not have an obvious effect on the growth trend of the two-phase relative permeability of the rock fracture, and that the effect of the dislocation on the relative permeability is mainly manifested in the magnitude. From the figure, it can be seen that under shear effect, the relative permeabilities of the two-phase fluids in the rock fracture have risen to different degrees. Comparing the characteristics of the relative permeability rise of water phase and gas phase under shear effect, the relative permeability of water phase shows a significant increase after shear displacement compared with the relative permeability of nitrogen gas, which shows that water-phase relative permeability is more sensitive to dislocation effects than gas-phase relative permeability.





4. Analysis and Discussion


4.1. Analysis of Inter Phase Resistance of Gas–Water Two-Phase Fluids in Rock Fractures


In the gas–water two-phase flow process, due to the influence of flow structure, fracture roughness, and fracture aperture [34,35], the interphase resistance generated between the gas–water phases will impede the fluid flow, which is manifested in the reduction in the relative permeability of the two phases, which is not conducive to efficient and stable gas extraction. Studies have shown that the interphase resistance of two-phase fluids is smaller when the sum of relative permeability is closer to 1, and the loss of permeability due to the interphase interaction between two-phase fluids is lower [36]. In order to accurately describe the interphase resistance of the two-phase fluid in the two-phase flow through a rock fracture, the sum of relative permeabilities is used in this study. Figure 9 illustrates the relationship between the peritectic pressure σ3, JRC, and dislocation δ and the sum of the relative permeabilities of the fracture at fw = 0.2, which were fitted with the fitting functions shown in Table 2.



From the evolution of the equivalent hydraulic aperture present in Figure 9, it can be found that the decrease in perimeter pressure σ3, the decrease in JRC, and the increase in the dislocation δ all cause an increase in the equivalent hydraulic aperture of the fracture, and with the increase in the equivalent hydraulic aperture of the fracture, the sum of the relative permeability of the fracture gradually increases; i.e., the two-phase fluid inter-phase resistance in the fracture decreases. This is due to the effective flow channel of fluid in the fracture increasing with the increase in equivalent hydraulic aperture, as well as to the roughness-induced interphase interference between gas and water decreasing, which leads to the decrease in interphase resistance. Relevant researchers have also obtained consistent conclusions in two-phase fluid flow studies: Gong [37] and Wang [38] et al. showed that there is a significant positive correlation between roughness and two-phase fluid interphase resistance, while Zhang [39] et al. showed that the effect of roughness on the fluid flow in the fracture decreases with the increase in the fracture aperture.



For in situ closed fractures, the gas–water two-phase flow in the rock fractures exhibits more serious interphase interference under the influence of roughness. After the shear dislocation, the effective flow channels of fluid in the fracture increase, the interference effect of fluid flow in the fracture is weakened, and the fracture conductivity is enhanced, which is more favorable for gas extraction.




4.2. Characterization of the Equal-Permeability Point in Rock Fracture


As a critical point for representing the conversion of the dominant flow of two-phase fluid flow in rock fractures, the equal-permeability point plays an important role in grasping the two-phase fluid flow law in rock fractures and promoting the optimization of the production system of rock gas extraction. In Figure 6 and Figure 8, it is found that the fractional flow of water at the gas–water equal-permeability point of the rock fracture is located between 0.02 and 0.04, and the roughness and confining pressure do not have a significant effect on the fractional flow of water at the equal-permeability point. Based on the evolution curve of the gas–water relative permeability of the sheared rock fracture in Figure 10, it can be determined that although the relative permeability of the sheared fracture increased significantly, the corresponding gas–water relative permeability intersection did not shift significantly, which indicates that it did not have a significant impact on the water-phase flow at the equal-permeability point.



Figure 10 demonstrates the relationship between the perimeter pressure σ3, JRC, and dislocation δ and the relative permeability of the equal-permeability point Kreq. From the evolution of the relative permeability of the equal-permeability point Kreq with confining pressure for different fractures in Figure 10a, it can be seen that the relative permeability of their equal-permeability point decreases with the increase in the confining pressure. From the evolution of the relative permeability of the in situ closed fractures of different rocks with a joint roughness coefficient in Figure 10b, it can be seen that fractures with lower roughness have higher equal-permeability point relative permeability; i.e., the equal-permeability point relative permeability shows a negative correlation with JRC as a whole. In order to investigate the effect of shear on the relative permeability of the equal-permeability point of two-phase flow in the fractures, Figure 10c demonstrates the relationship between the relative permeability of the equal-permeability point Kreq at a confining pressure of 3MPa under shear in sample A. It can be seen from the figure that with the increase in the confining pressure, the relative permeability of the equal-permeability point decreases, and the relative permeability of the equal-permeability point of the rock after the shear is increased; the relative permeability of the equal-permeability point the shear displacement displays a quadratic function relationship. Before and after the shear, the water-phase partition flow rate of the equal-permeability point of the rock fracture did not produce obvious changes, and its influence on the equal-permeability point is more manifest in the increase in the relative permeability of the equal-permeability point, which promotes the gas–water flow in the co-seepage area and promotes the elevation of the gas production and water production of the rock wells, which plays an important role in the reasonable prediction of gas and water production.





5. Conclusions


In this study, gas–water two-phase percolation tests were conducted through rock fracturing to investigate the two-phase fluid flow characteristics of in situ closed and shear self-supported fractures, and the test results obtained can provide guidance for related projects, with specific conclusions as follows:




	(1)

	
With the increase in roughness, the equivalent hydraulic aperture of the fractures increased when compared with the in situ closed fractures, and the equivalent hydraulic aperture of the fractures after shear appeared to be significantly increased.




	(2)

	
When the fractional flow of water is high, the water phase is affected by the confining pressure, and the surface topography of the fracture is significantly higher than that of the gas phase; and when the fractional flow of water is low, the water phase is affected by the confining pressure, and the surface topography of the fracture is significantly lower than that of the gas phase. The influence of confining pressure and fracture surface morphology on the water phase is lower than that on the gas phase.




	(3)

	
The influence of dislocation on relative permeability results in a decrease in the inter-phase resistance of the fracture, which causes the relative permeability of the water phase to rise obviously after the dislocation. The relative permeability of the water phase increased significantly after the dislocation, contrasting with a smaller increase in the relative permeability of the gas phase.




	(4)

	
Under the effect of roughness, confining pressure, and shear, the fractional flow of water at the equal-permeability point did not change significantly; the relative permeability at the equal-permeability point increased with the decrease in confining pressure and roughness; and the relative permeability at the equal-permeability point increased after shear, which indicates that shear has an important role in promoting gas–water flow in rock fractures.
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Nomenclature




	Xi
	X-coordinates of the converted points



	Yi
	Y-coordinates of the converted points



	Zi
	Z-coordinates of the converted points



	xi
	X-coordinates of the original points



	yi
	Y-coordinates of the original points



	zi
	Z-coordinates of the original points



	R
	Scale parameter of rotation matrix



	[α, β, γ]
	Rotation matrix



	[x0, y0, z0]T
	Conversion vector between coordinate systems



	JRC
	Joint roughness coefficient



	Z2
	Root mean square of the first-order derivative of the absolute height of the fracture surface



	σ1
	Axial pressure



	σ3
	Confining pressure



	Pw
	Water pressure drop



	Pg
	Gas pressure drop



	ehw
	Equivalent hydraulic aperture



	μ
	Fluid viscosity



	μw
	Fluid viscosity of water



	μg
	Fluid viscosity of gas



	Q
	Mean flow rate



	Qsw
	Water flow rate



	Qsg
	Gas flow rate



	Qmw
	Water flow rate in two phase flow



	Qmg
	Gas flow rate in two phase flow



	w
	Width of the fracture



	   ∇ P   
	Pressure gradient along the flow direction



	Ksw
	Absolute permeability of water



	Ksg
	Absolute permeability of gas



	Ks
	Absolute permeability



	Krw
	Relative permeability of water



	Krg
	Relative permeability of gas



	Kreq
	Relative permeability of equal-permeability point



	L
	Fracture length



	A
	Cross-section area perpendicular to the flow direction



	Pin
	Inlet pressure



	Pout
	Outlet pressure



	fw
	Fractional flow of water
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Figure 1. Preparation process of shale standard specimens: (a) drilling; (b) cutting; (c) polish; (d) specimens. 
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Figure 2. Schematic diagram of rough fracture morphology and profiles extraction. 
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Figure 4. Evolution of equivalent hydraulic aperture e with confining pressure σ3 for different influencing factors: (a) JRC; (b) displacement. 
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Figure 5. Relationship between the fluid pressure and the absolute permeability of a rough fracture during single-phase flow in specimen A: (a) absolute permeability Ksw of the fracture under water-phase pressure; (b) absolute permeability Ksg of the fracture under gas-phase pressure. 
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Figure 6. Evolution of relative permeability of in situ closed rock fractures in terms of fractional flow of water under different pressures: (a) specimen 1; (b) specimen 2; (c) specimen 3; (d) specimen 4; (e) specimen 5. 
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Figure 7. Evolution of relative permeability of in situ closed fractures in terms of the fractional flow of water (3 MPa confining pressure). 
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Figure 8. Evolution of relative permeability of in situ closed fractures in terms of the fractional flow of water under different shear displacements (3 MPa confining pressure). 
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Figure 9. Evolution of the sum of relative permeabilities of rock fractures under different influencing factors (fw = 0.2): (a) confining pressure σ3; (b) JRC; (c) displacement δ. 
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Figure 10. Relative permeability evolution of the equal-permeability point of the rock fracture under different factors: (a) confining pressure σ3; (b) JRC; (c) displacement δ. 
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Table 1. Roughness parameters of rough surface profiles and average JRC.
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	Sample
	Width (mm)
	Height (mm)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	Mean





	S1
	50.30
	98.70
	5.52
	3.87
	5.93
	5.24
	2.99
	5.92
	5.89
	3.22
	2.11
	4.52



	S2
	50.30
	98.60
	5.22
	9.50
	6.41
	8.24
	4.52
	9.80
	4.92
	7.41
	9.14
	7.24



	S3
	50.32
	98.90
	15.45
	8.75
	7.85
	8.16
	14.21
	5.93
	17.09
	12.86
	13.48
	11.53



	S4
	50.30
	98.62
	13.27
	18.98
	19.16
	8.79
	11.39
	18.87
	18.64
	17.63
	15.92
	15.85



	S5
	50.16
	99.24
	16.45
	20.53
	23.26
	13.28
	18.71
	22.14
	18.07
	21.46
	14.84
	18.75










 





Table 2. Best-fit equations for the data in Figure 9.
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Figure 9a

	
Figure 9b

	
Figure 9c




	
Specimens

Number

	
Fitted Equation

    K  rw   +  K  rg   =   

	
R2

	
Confinement

MPa

	
Fitted Equation

    K  rw   +  K  rg   =   

	
R2

	
Confinement

MPa

	
Fitted Equation

    K  rw   +  K  rg   =   

	
R2






	
A

	
   1.16 ×  σ 3  − 0.99     

	
0.99

	
3

	
   − 0.007 × J R C + 0.43   

	
0.76

	
3

	
   139.35 δ + 0.40   

	
0.90




	
B

	
   1.10 ×  σ 3  − 0.99     

	
0.99

	
5

	
   − 0.004 × J R C + 0.26   

	
0.83

	
5

	
   110.64 δ + 0.25   

	
0.98




	
C

	
   1.07 ×  σ 3  − 1.00     

	
0.99

	
7

	
   − 0.003 × J R C + 0.18   

	
0.88

	
7

	
   98.30 δ + 0.18   

	
0.99




	
D

	
   1.14 ×  σ 3  − 1.00     

	
0.99

	
9

	
   − 0.002 × J R C + 0.14   

	
0.91

	
9

	
   73.1 δ + 0.14   

	
0.98




	
E

	
   0.67 ×  σ 3  − 0.87     

	
0.99

	
11

	
   − 0.002 × J R C + 0.11   

	
0.93

	
11

	
   69.4 δ + 0.11   

	
0.98




	

	

	

	
13

	
   − 0.001 × J R C + 0.09   

	
0.94

	
13

	
   55.9 δ + 0.09   

	
0.96
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