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Abstract: The production performances of a well with a shale gas reservoir displaying a complex fracture network are simulated. In particular, a micro-seismic cloud diagram is used to describe the fracture network, and accordingly, a production model is introduced based on a multi-scale flow mechanism. A finite volume method is then exploited for the integration of the model equations. The effects of apparent permeability, conductivity, Langmuir volume, and bottom hole pressure on gas well production are studied accordingly. The simulation results show that ignoring the micro-scale flow mechanism of the shale gas leads to underestimating the well gas production. It is shown that after ten years of production, the cumulative gas production difference between the two scenarios with and without considering the micro-scale flow mechanisms is 19.5%. The greater the fracture conductivity, the higher the initial gas production of the gas well and the cumulative gas production. The larger the Langmuir volume, the higher the gas production rate and the cumulative gas production. With the reduction of the bottom hole pressure, the cumulative gas production increases, but the growth rate gradually decreases.
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1  Introduction

Shale gas reservoirs with rich reserves, as an important supplement to the energy supply, have become a focus of global development in recent years [1]. Compared with conventional gas reservoirs, shale gas reservoirs are extremely tight and require the use of long horizontal wells and hydraulic fracturing to obtain industrial production. This leads to the fluids flowing through the nano/micro-pores, and the small- and large-scale fractures having multi-scale flow characteristics [2–5].

Fractures in shale have various types and scales, including micro-scale natural fractures and large-scale hydraulic fractures. Fractures can serve as both storage space and transport channels for free gas in shale, and they provide effective flow channels, increasing the effective porosity and permeability of the reservoir. Therefore, reservoir characterization and geological modeling of shale gas reservoirs require the fine portrayal and modeling of fractures. When predicting the production performance of fractured horizontal wells in shale gas reservoirs, the characterization of the complex fracture network is the key to obtaining the most accurate results [6–10]. Currently, in most studies, the hydraulic fractures were set as simple straight and flat fractures, and the characterization of the fractures was relatively simple, which can easily lead to deviation of the results from the actual situation. On-site microseismic monitoring data provide a more accurate representation of the underground fracturing situation. The fractures interpreted using microseismic data can more accurately represent the shape of the fractures formed via hydraulic fracturing.

In recent years, researchers have studied the production performance of post-fracturing horizontal wells from three aspects, i.e., analytical models [11–13], semi-analytical models [14–16], and numerical models, and have provided suggestions for optimization of the production system. Both analytical and semi-analytical models are too simplified, resulting in a large deviation from the actual reservoir situation. Due to the complexity of the fracture distribution, a fracture model that uses an equivalent continuous model is a highly simplified version of the real formation, and this simplification inevitably leads to loss of the actual subsurface fracture details. Due to the strong heterogeneity of fractured reservoirs and multi-scale fractures, the assumptions of the equivalent continuous model are not acceptable in many cases. Moreover, an equivalent continuous model cannot well characterize the anisotropic features in reservoirs.

To overcome these problems, a series of numerical models have been developed by researchers. Composite reservoir models based on continuum media have been proposed to numerically predict the flow mechanisms in shale gas reservoirs, but they are only appropriate for reservoirs with small-scale fractures [17]. Thus, considering the limitation in describing the multi-scale fractures in shale, the discrete-fracture model (DFM), the coupled continuum media model, and the discrete-fracture model were successively established to achieve flexibility in simulating complex fracture geometries [18,19]. However, the simulation results of these methods are obtained using unstructured grids, and the establishment of unstructured grids is more complex than the establishment of traditional orthogonal grids.

In addition, in the above numerical models, the fracture network is characterized by random simulation, which makes it difficult to guarantee the correctness of the predicted production of the gas wells. When using numerical simulation or commercial software to deal with the fracture system, the grid around the fracture needs to be refined, which increases the number of calculations in the numerical simulation and increases the calculation time. The embedded discrete fracture model embeds the fracture attributes into the matrix grid, divides the calculation area using a structural grid, reduces the number of grids, and does not need to refine the fractures [20]. It has good adaptability to fractured horizontal wells with complex fracture shapes and better calculation efficiency. Microseismic data can directly display the fracture morphology in fractured horizontal wells, and inversion of the fracture geometry using microseismic data has good accuracy [21].

In summary, in this study, a micro-seismic cloud map was used to characterize the actual shapes of hydraulic fractures. By considering the comprehensive flow mechanisms of shale gas, including the flow through micro-scale pores, isothermal adsorption, and desorption characteristic, as well as the stress sensitivity of the fractures, a mathematical model of gas reservoir seepage was established based on the embedded discrete fracture model. A numerical solution model was established using a structured grid and the finite volume method. Using on-site data, the production performance of horizontal wells after fracturing was simulated and predicted, and the factors affecting the gas well production and stimulation effect were analyzed.

2  Physical Model

After fracturing, shale reservoirs form complex fracture network zones, including fracture systems with multi-scale characteristics [22]. An accurate description of the fracture system is the most crucial key to improving production performance of fractured horizontal wells in shale gas reservoirs.

Through on-site microseismic monitoring, it was found that there are dense signal response points around a fractured horizontal well. Through interpretation and processing of the fracturing monitoring data, an embedded discrete fracture model based on microseismic data for multi-stage fractured horizontal wells in shale reservoirs was constructed.

The main steps for constructing a discrete fracture model based on microseismic monitoring data are as follows:

Step 1: Interpret and process the microseismic data collected during the fracturing process, and record the important parameters, including the number of fracturing segments, fracturing construction time, spatial location, and signal amplitude.

Step 2: Combine the geological and geophysical data, pre-process the relevant parameters, and eliminate unreasonable microseismic points generated during monitoring of surface or shallow wells.

Step 3: Combine the borehole trajectory and shot hole data and reconstruct the fracture network system using an iterative algorithm for each level of the fractured section.

Step 4: Superimpose the fracture networks of the fractured sections at each level in turn to form the overall fracture network of the fractured horizontal wells and establish a discrete fracture network model.

Step 5: Match the historical production data to the numerical simulation prediction results obtained using the discrete fracture network model to modify the fracture property parameters and fracture distribution.

The following assumptions were made in the physical model (Fig. 1). (1) The reservoir flow process is gas-phase isothermal flow. (2) The vertical heterogeneity of the reservoir is ignored and structured grids are used to describe the planar features. (3) The gas flows through the reservoir matrix into the fractures and then flows into the wellbore.
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Figure 1: Model of a fractured horizontal well with a complex fracture network in a shale gas reservoir based on the micro-seismic cloud map [23] and the discrete fracture model. The blue, black, and grey lines denote the wellbore, hydraulic fractures, and secondary fractures, respectively. The simulation area is divided into 120 × 200 square grids

3  Mathematical and Numerical Models

3.1 Micro-Scale Flow Model for a Shale Gas Reservoir

Shale reservoirs have a complex pore structure, and the gas seepage in shale reservoirs has multiple flow mechanisms such as Knudsen diffusion, surface adsorption diffusion, slip flow, and viscous flow (Fig. 2) [24–26].
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Figure 2: Migration mechanisms of shale gas in micro- and nano-scale pores

The molar mass flux of Knudsen diffusion is as follows:


Jk=−23rMgRT8RTπMg∇p,
(1)

where r is the pore radius in the shale reservoir (m); Mg is the molar mass of the gas (kg/mol); R is the gas constant (8.314 J/(mol•K)); T is the temperature of the shale reservoir (K); and p is the gas pressure in the pores (MPa).

The molar mass flux of surface adsorption diffusion is as follows:


Js=−(1−ϕ)MgDs∇Cu,
(2)

where Ds is the surface diffusion coefficient (m2/s); Φ is the porosity; and Cu is the concentration of the adsorbed gas (mol/m3).

The molar mass flux of viscous flow is as follows:


Jv=−r2pMg8μZRT∇p,
(3)

where μ is the viscosity of the gas (mPa•s); and Z is the gas compression factor.

The molar mass flux of slip flow is as follows:


Jh=−(1+αKn)(1+4Kn1−βKn)r2pMg8μZRT∇p,
(4)

where Kn is the Knudsen diffusion constant; α is the rarefaction coefficient; and β is the slip factor.

For Knudsen diffusion and slip flow, a weighting factor is introduced to characterize their contributions to the total gas flow [27]. The total molar mass flux of the gas in a single capillary of a shale nanopore can be calculated as follows:


Jt=−εH(1+αKn)(1+4Kn1−βKn)r2pMg8μZRT∇p−εK2rMg3RT8RTπMg∇p−(1−ϕ)MgDsρmVLVstdpL(pL+p)2∇p,
(5)

where εH is the weighting factor of the slip flow; εK is the weighting factor of the Knudsen diffusion; Vstd is the volume of gas in the standard state (m3/mol); and VL is the Langmuir volume (m3/kg).

Based on the expression of the molar mass flux of Darcy seepage, the apparent permeability of the gas shale, considering the microscopic seepage mechanism, can be obtained from Eq. (5) as follows:


kapp= εH(1+αKn)(1+4Kn1−βKn)r28+εK2rμMg3ρgRT8RTπMg+(1−ϕ)μDsρmVLRTVstdppL(pL+p)2.
(6)

Taking into account the reduction of the nanopore size due to the gas adsorption effect, the effective pore size is as follows:


re=r−dcpp+pL,
(7)

where dc is the molecular diameter of the gas (m); and pL is the Langmuir pressure (MPa).

The apparent permeability of the shale considering the pore tortuosity can be obtained by combining Eqs. (6) and (7):


kapp= ϕτ[εH(1+αKn)(1+4Kn1−βKn)re28+εK2reμMg3ρgRT8RTπMg+(1−ϕ)μDsρmVLRTVstdppL(pL+p)2].
(8)

3.2 Embedded Discrete Fracture Model

The continuity equation for the gas flow in the reservoir is


∂(ϕρg)∂t+∇⋅(ρgv)=ρgqg,
(9)

where Φ is the porosity; and ρg is the density of the gas (kg/m3).

The equations of motion for gas are


v=−kμg∇p,
(10)


λ=kμg,
(11)


bg=ρg/ρgρgscρgsc,
(12)

where ρgsc is the density of the gas under standard conditions (kg/m3).

By combining Eqs. (9) and (12), the material balance equation can be obtained as follows:


∂(ϕbg)∂t−∇⋅(bgλ∇p)=bgqg.
(13)

The form of Eq. (13) for a matrix system is as follows:


−∇⋅(bgλm∇p)m+∂∂t(ϕbg)m=(bgqm+bψmf)m.
(14)

The form of Eq. (13) for a fracture system is as follows:


−∇⋅(bgλf∇p)f+∂∂t(ϕbg)f=(bgqf+bψff)f,
(15)

where Ψ is the conductivity between the different systems.

The conductivity between the fracture and matrix is


ψfm=CIfmλm(pf−pm).
(16)

For both the matrix and fracture systems, the conductivity satisfies the following relationship:


∫ψmfdV=−∫ψfmdA,
(17)

where CI is the connection pair between the different systems.

The connection pair between the matrix and fracture is as follows:


CImf=kij,kAij,kdij,k,
(18)

where kij,k is the harmonic average of the permeability of matrix grid ij and fracture segment k; and Aij,k is the contact area between matrix grid ij and fracture segment k. dij,k is the average distance from a point within matrix grid ij to fracture segment k, and it can be calculated as follows:


dij,k=∫xkdvVij.
(19)

The conductivity between two fractures is


ψff=CIffλf(pfi−pfj).
(20)

The connection pair between the two fractures is as follows:


ψff=ψ1ψ2ψ1+ψ2,
(21)


ψi=kfiwfiLintdfi, i=1,2,
(22)

where kfi is the fracture permeability; wfi is the fracture aperture; dfi is the distance from the center of the fracture segment to the fracture intersection line; and Lint is the length of the intersection line.

3.3 Numerical Solution

According to Gauss’s theorem and the finite volume method, Eq. (14) can be discretized as follows:


ΔAxλmxi−12,jΔx(pi,j−pi−1,j)m+ΔAxλmxi+12,jΔx(pi,j−pi+1,j)m+ΔAyλmyi,j−12Δy(pi,j−pi,j−1)m+ΔAyλmyi,j+12Δy(pi,j−pi,j+1)m=qi,j+∑Ωij∩ΩkCIkλij,k(pk−pi,j)m,
(23)

where ΔAx and ΔAy are the surface areas of the structured grid in the x and y directions, respectively.

Similarly, according to Gauss’s theorem and the finite volume method, Eq. (15) can be discretized as follows:


ΔAfλfk−12Δxf(pk−pk−1)f+ΔAfλfk+12Δxf(pk−pk+1)f=qk−∑Ωij∩ΩkCIkλfij,k(pk−pij)f,
(24)

where Δxf is the discrete length of the fracture segment; and ΔAf is the fracture aperture.

Eqs. (23) and (24) can be written in matrix form as follows:


(AmmAmfAfmAff)(pmpf)=(qmqf).
(25)

The outer boundary of the shale reservoir is closed, and the inner boundary is set for constant bottom-hole pressure production. The Gauss-Seidel iteration method is used to solve Eq. (25).

4  Simulation Results and Sensitivity Analysis

4.1 Model Validation

Jiang et al. [28] simulation results for a scenario with a complex fracture network were selected to validate our model. The size of the reservoir was set as 400 m × 300 m × 20 m, the initial reservoir pressure was 14 MPa, the bottom hole pressure was 4 MPa, and the matrix permeability was 2 × 10−5 mD. The hydraulic fracture permeability was 500 mD, and the fracture width was 0.003 m. The complex fracture model of the horizontal well is shown in Fig. 3a.
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Figure 3: Model validation for a reservoir with a complex fractured well: (a) Horizontal well model and pressure distribution after 3000 days of production; and (b) comparison of the total gas production of our model and Jiang’s model

After 3000 days of production, the pressure drop around the hydraulic fractures was greater, and the range of the pressure drop in the reservoir was closely related to the fracture distribution characteristics. Regarding the total gas production, the results obtained using our model match Jiang’s model well (Fig. 3b).

4.2 Influence of Fracture Network

For a fractured horizontal well with a complex fracture network in a shale gas reservoir block in Southern Sichuan (Fig. 1), the entire region was discretized using structural grids. A fully implicit numerical simulation program was compiled to simulate and predict the production performance characteristics of the fractured horizontal wells. The basic parameters of the model are presented in Table 1.
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Fig. 4 shows the distribution of the reservoir pressure after one year, five years, and ten years of production from a shale gas fractured horizontal well with a complex fracture network. It can be seen that the range and degree of the reservoir pressure drop are closely related to the shape of the fracture network, and the pressure drop is characterized by a non-uniform distribution. Due to the strong conductivity of the fractures, the pressure drop is the largest around the fracture. The denser the fracture distribution is, the greater the pressure drop is. Because the shale reservoir is relatively tight, the pressure wave propagates slowly in the reservoir, and the swept range is small. This demonstrates that the complex fracture network stimulation area is the main area contributing to the pressure drop and production of the shale gas well. The stimulation of shale reservoirs should be as high as possible within the economic scope to form a complex fracture network around the wellbore.

[image: images]

Figure 4: Pressure distribution of a shale gas fractured well with a complex fracture network after (a) 1 year; (b) 5 years; and (c) 10 years of production

4.3 Influence of Micro-Scale Flow Mechanisms

Fig. 5 shows the effect of the micro-scale flow mechanisms on gas production. It can be seen that the cumulative gas production of the fractured horizontal wells after ten years of production without considering the mechanisms is 1.23 × 108 m3, while the cumulative gas production considering the mechanisms is 1.47 × 108 m3. The difference between these two scenarios is 19.5%. If the mechanisms are not considered, the gas production capacity of the gas wells will be underestimated, especially in the later stage of production, which is characterized by prominent adsorption and desorption contributions.
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Figure 5: Influence of micro-scale flow mechanisms on gas well production performance

4.4 Influence of Hydraulic Fracture Conductivity

Fig. 6 shows the effect of the hydraulic fracture conductivity on well production. It can be seen from Fig. 6 that the fracture conductivity has a notable impact on the early production of the fractured horizontal wells. The greater the conductivity is, the higher the early daily gas production is, but the difference gradually decreases with increasing production time. When the conductivity CFD is set to 0.1, 0.5, and 1.0 D·cm, the cumulative gas production after ten years is 0.91 × 108 m3, 1.34 × 108 m3, and 1.71 × 108 m3, respectively. Therefore, in hydraulic fracturing in shale gas reservoirs, the conductivity of the hydraulic fractures should be improved as much as possible, thereby increasing production.
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Figure 6: Effect of fracture conductivity on gas production

4.5 Influence of the Langmuir Volume

Fig. 7 shows the effect of the Langmuir volume VL on gas production. It can be seen from Fig. 7 that the larger VL is, the larger the daily gas production and cumulative gas production of the gas well are, the slower the rate of decrease of the gas well production is, and the longer it takes for the gas well to reach the stable production stage. As the gas well production progresses, the free gas from the fracture system is preferentially produced. The continuous reduction of the reservoir pressure causes the gas adsorbed on the surfaces of the organic matter to begin to desorb and enter the fracture system as a supplementary gas source in the reservoir, delaying the decrease in the gas well production. When the Langmuir volume VL is set to 0.01, 0.02, and 0.04 m3/kg, the cumulative gas production after ten years of depletion production is 1.01 × 108 m3, 1.35 × 108 m3, and 1.59 × 108 m3, respectively. Adsorption and desorption are important seepage mechanisms that distinguish shale gas reservoirs from conventional gas reservoirs. As production progresses, the reservoir pressure decreases and a large amount of adsorbed gas is desorbed, which helps stabilize the production of the fractured horizontal wells in shale gas reservoirs.
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Figure 7: Effects of Langmuir volumes on gas production

4.6 Influence of Bottom Hole Pressure

Fig. 8 shows the influence of the bottom hole pressure on the production of the gas wells. It can be seen that the lower the bottom hole pressure is, the greater the initial daily gas production is, but the increment of the cumulative gas production gradually decreases as the bottom hole pressure decreases. When the bottom hole pressure decreases from 15 to 12 MPa and then to 10 MPa, the cumulative gas production after ten years increases from 1.43 × 108 m3 to 1.66 × 108 m3 and then to 1.81×108 m3. Therefore, reasonable bottom-hole flow pressure should be selected to achieve better production from a fractured well.
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Figure 8: Effects of bottom hole pressure on gas production

5  Conclusions

(1)A micro-seismic cloud map was used to characterize the hydraulic fracture networks, which can more accurately describe the effective stimulation region after the fracturing of horizontal wells in shale gas reservoirs. Consequently, a more accurate simulation of the production performance of the fractured horizontal wells in shale gas reservoirs can be achieved.

(2)The sensitivity analysis of the parameters revealed that ignoring the microscopic seepage mechanisms will lead to underestimation of the production of the horizontal well. The hydraulic fracture conductivity has a significant impact on the early production of fractured horizontal wells. The larger the Langmuir volume is, the higher the daily and cumulative production are. The lower the bottom hole pressure is, the greater the initial daily gas production is, but the increment of the cumulative gas production gradually decreases as the bottom hole pressure decreases.

(3)For fractured horizontal wells in shale gas reservoirs, the shape of the fracture network significantly affects the pressure drop characteristics. The pressure drop in the reservoir mainly occurs around the hydraulic fractures. it is difficult for the pressure drop to propagate into the reservoir matrix area that is far away from the fractured wells. This is one of the main reasons for the rapid reduction in shale gas well production. Therefore, it is necessary to enlarge the volume of the stimulated reservoir to obtain higher production.
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Table 1: The basic parameters of the model

Parameters Value  Parameters Value
Initial reservoir pressure, p; (MPa) 45 Matrix nanopore radius, r. (nm) 2
Reservoir thickness, 4 (m) 50 Stress sensitivity coefficient, dy (MPa ) 0.1
Horizontal well section length, L (m) 1650  Reservoir temperature, 7' (K) 368
Bottom hole pressure, p,, (MPa) 15 Relative gas specific gravity, r, 0.55
Langmuir pressure, pr. (MPa) 15 Langmuir volume, V7 (m>/kg) 0.01

Hydraulic fracture permeability, ks (mD) 0.1 Secondary fracture permeability, ks (mD)  0.05
Matrix permeability, k., (mD) 0.001  Matrix porosity, @, 0.03
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