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Abstract: Shale gas reservoirs have poor physical properties and a large number of micro-nano pores have been developed. Shale gas wells have no natural productivity and need fracturing reconstruction measures to put into production. However, the fracturing fluid will enter the reservoir space of shale matrix after fracturing and affect the production of shale gas. At present, there is no consensus on the influence of fracturing fluid retention on gas well production. Based on this, the paper adopts gas molecular transport analyzer to carry out experimental research on the influence of fracturing fluid on shale gas diffusion law after entering matrix pores. The results show that: (1) Compared with the diffusion capacity of single-phase shale gas, the diffusion capacity of shale gas decreases significantly when fracturing fluid is present in the reservoir; (2) In the process of fracturing fluid flowback, when the water saturation in the reservoir decreases from 50% to 0, the gas well productivity increases by about 60%. (3) When fracturing fluid exists in the reservoir, the pore diameter has an exponential relationship with the shale gas diffusion coefficient, and the diffusion coefficient increases exponentially with the increase of pore diameter. The research of this paper provides theoretical basis for guiding the efficient development of shale gas wells.
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1  Introduction

As a new energy alternative to conventional oil and gas, shale gas has become the focus of global unconventional energy exploration and development. Compared with conventional gas reservoirs, shale gas reservoirs are characterized by low porosity and ultra-low permeability. Shale reservoir matrix is rich in nano-scale pores [1], resulting in multi-scale characteristics of shale gas migration in matrix. The migration process is accompanied by gas slippage flow, collision between gas molecules, and collision between gas molecules and nanopore walls [2], which cannot be described by the traditional Darcy formula [3]. The clear migration mechanism of shale gas in nanopores is of great significance for predicting the shale gas productivity, dynamic analysis and economic evaluation [4]. Some scholars [5–8] used numerical simulation method, theoretical calculation method and single-phase gas flow experiment to study the flow mechanism of shale gas in nano-scale pores of reservoir matrix, and proposed a large number of nano-scale gas flow models. It is considered that the migration of shale gas in nanopores is dominated by diffusion, and diffusion is the main way of shale gas migration in matrix, which plays an important role in natural gas accumulation and later development of gas reservoirs.

However, nanopores are widely developed in the shale matrix, and the shale reservoir must be hydraulically fractured to achieve shale gas recovery. Different from conventional reservoirs, the flowback rate of fracturing fluid in shale reservoirs is generally low after fracturing [9], and a large amount of fracturing fluid is absorbed or retained in the reservoir by the matrix [10]. The shale gas flow models established in the above studies still focus on single-phase flow, ignoring the effect of fracturing fluid retention on gas production patterns in gas wells, while studying the flow mechanism of shale gas under water-bearing conditions more accurately describes the actual flow of gas in shale reservoirs. Researchers have conducted many studies on the interaction of shale gas and fracturing fluids. Wu et al. [11] believed that the gas flow capacity of tight cores with different water saturation is different under both high and low pressure conditions. The lower the water saturation is, the better the gas flow capacity is. However, this experiment was carried out under normal temperature and pressure conditions, so that the test results cannot be applied to the analysis of the natural gas diffusion mechanism under gas reservoir conditions. Hu et al. [12] studied the gas flow capacity in tight cores under different water saturation based on experimental means. The results show that when the water saturation increases to a certain critical value (this is the critical water saturation), water occupies the main flow channel, and the flow capacity of shale gas decreases significantly. However, the influence of shale reservoir pore size on gas flow is not considered, and the experimental data of the control group is too little. Hu et al. [13] carried out experiments on gas-water two-phase flow at the nano-scale, and believed that the water in the nanochannel has a great hindrance to the gas flow. But the experimental results can not well reveal the gas molecular motion characteristics. At the same time, there are other ways to study the the influence of fracturing fluid retention on shale gas reservoirs. Li et al. [14] established gas-water two-phase seepage model of horizontal well in shale reservoir, and believed that due to the influence of fracturing fluid flowback, and the daily gas production shows an increase and then decrease. Guo et al. [15] established a gas-water two-phase productivity model for shale gas, and believed that the smaller the initial water saturation of the reservoir, the greater the influence of fracturing fluid flowback rate on the production. However, in the model, the influence of diffusion on production when shale gas migrates in the matrix has not been further explained. Penny et al. [16] believed that the retention and absorption of fracturing fluid resulted in high water saturation inside the reservoir, the flow ability of gas in the pores decreased, and even caused the phenomenon of water lock. Kang et al. [17] believed that a large amount of fracturing fluid retention in shale reservoir would cause serious damage to gas reservoir. The increase of water saturation near the fracture wall surface causes water phase trapping damage, which makes it difficult for matrix gas to be desorbed. Ghanbari et al. [18] believed that the counter-current imbibition of fracturing water during the shut-in period can result in a significant gas build-up in the fractures and increases early-time gas production rate. Shen et al. [19] believed that the retention of fracturing fluid does not cause serious damage to shale gas reservoir. The ultra-low water saturation, abundant nanopores and huge contact area of shale reservoirs are important factors for strong fluid absorption capacity of shale. The excellent water absorption capacity of shale matrix is a key factor in eliminating water block. Cai et al. [20] believed that for shale gas reservoirs, although there is a large amount of retained fracturing fluids, the amount of retained fluids does not seem to be significantly correlated with the damages of the reservoir. Some wells with low recovery rate even tend to have higher production. You et al. [21] believed that a high-yield well always has a relatively low recovery of fracturing fluids, which may indicate that proper fluids retention would play a very positive role in stimulating the reservoir. Hao et al. [22,23] believed that in the nano-confined environment, the water film will form a quasi-circular water channel in the square pores, which is conducive to the migration of methane gas. However, these studies are mainly based on molecular dynamic simulation method, numerical simulation methods and theoretical calculation methods. These calculation methods are based on certain assumptions, lacking the support of corresponding experimental data, and cannot fully descript the diffusion behaviour of shale gas in real reservoirs.

In view of the current situation that lack of corresponding experimental data to verify the effect of reservoir water saturation on the flow capacity of shale gas, selected the molecular membranes with different pore sizes as nanochannels, the experimental samples with different water saturation were prepared based on the water content of saturated molecular membranes, and then the self-developed gas molecular transport analyzer was used to carry out the methane gas diffusion experiment under different water saturation to clarify the methane gas diffusion characteristics under different pore sizes and water saturation. It is expected to provide theoretical guidance for the evaluation of shale gas in the actual production process.

2  Materials and Methods

2.1 Materials and Equipments

Materials and equipment used in the experiment are shown in Table 1 below. The main instruments are independently designed and developed gas molecular transport analyzer system, including constant temperature oil bath, gas chromatography analyzer, multiple gas pressurization device, core gripper and other accessories.
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In order to carry out the experiments of methane diffusion in nanopores under different water saturation conditions, the preparation of nanochannels is essential. In this experiment, the molecular membrane synthesized from polyvinylidene fluoride (PVDF), a polymer material, was preferred as nanochannel. This kind of nano-membrane has a very large number of nanopore array microstructure, and the nanotubes are all of relatively uniform diameter. Therefore, the regular nanopores in the molecular membrane can be used as the experimental flow channels. In addition, When studying the flow law of methane gas under water-bearing conditions, the molecular membranes need to be uniformly saturated with filtered distilled water before they can be used. The water saturation is defined as 1 according to the result of single-phase water filling the pores of the molecular membrane, and the content of distilled water used to saturate the molecular membrane is varied to to obtain different water saturation.

2.2 Diffusion Capacity Experiment

The diffusion experiment process is shown in Fig. 1. According to the characteristics of molecular membrane, the self designed molecular membrane gripper is used to clamp and seal the molecular membrane. During the experiment, the pressure of diffusion chambers A and B is always consistent, the methane in chamber A at the left-end spontaneously diffuses through the nanochannels into chamber B at the right-end under the effect of concentration difference. The experimental steps are as follows:
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Figure 1: Simulation experimental process of methane flow in micro and nano pores

(1) Check the air tightness of the experimental device, and adjust the temperature of the constant temperature oil bath to 70°C.

(2) Take 0.1 ml of filtered distilled water, and spread the same amount of filtered distilled water evenly on the surface of molecular membranes with different aperture specifications.

(3) Pressurize high-purity methane gas and nitrogen gas to 15 Mpa, open the pneumatic valve, the high-pressure gas begin to diffuse at both ends of the gripper, respectively.

(4) Use a sampling needle to take out the gas respectively that has diffused in chambers A and B for a period of time from the sampling port, and analyze the composition and concentration of gas in sampling chamber by gas chromatographic analyzer. Continuous sampling and analysis for three times, the experimental data error within 1% is considered valid.

(5) Calculate the diffusion coefficient of methane.

(6) When conducting the diffusion experiment of methane gas under different water saturation, take 0.1, 0.3 and 0.5 ml filtered distilled water and spread it evenly on the surface of the molecular membrane with the Same aperture specification, and repeated the experimental Steps (3)~(5).

(7) After the end of the experiment, take out the molecular membrane carefully, check whether the molecular membrane is damaged, and if it is damaged, discard the group of experimental data and start the experiment again.

The diffusion coefficient is calculated by the natural gas industry standard SY/T6129-1995:

D=In(ΔC0ΔCi)E(ti−t0)(1)

In Eq. (1): E is the intermediate variable, E=A(1VA−1VB)/L; A is the molecular film surface area, cm2; L is the molecular film thickness, cm; VA, VB respectively the volume of the methane gas diffusion chamber and the nitrogen gas diffusion chamber, cm3; D is the diffusion coefficient of methane gas in the rock sample, cm2⋅s−1; ∆C0 is the concentration difference of methane gas in the two diffusion chambers at the initial time, %; ∆Ci is the concentration difference of methane gas in the two diffusion chambers at i time, %; ti for i time, s; t0 for initial time, s.

Through sampling, analysis and calculation, plot the cumulative diffusion time “t” and the In(ΔC0ΔCi) relationship curve, the slope is the DE value, and the diffusion coefficient D can be obtained by dividing the slope by E.

3  Results

3.1 Study on the Influence of the Pore Size on Diffusion

In order to analyze the characteristics of gas diffusion in the nano-scale pore system of shale matrix, according to the distribution range of shale nanopore size [24], molecular membranes with pore size specifications of 3, 5, 10, 50 and 80 nm were preferably used as nanochannels in this experiment. According to the above experimental methods and steps, gas diffusion experiment was carried out on nanochannels after saturation with water, and the gas chromatograph analyzer was used to record and process the data at different time points, the concentration difference ∆Ci of methane in two diffusion chambers A and B after the diffusion t time was obtained. In order to improve the accuracy of this experiment, the diffusion experiment under different pore size conditions is repeated according to the same experimental method. The experimental results of gas diffusion in all nanochannels are summarized in Fig. 2 below, it can be seen from the figure that the relationship curve between the gas cumulative diffusion time t and In(ΔC0ΔCi) under each pore size condition has a good fit, which indicates the effectiveness of this experiment. Comparing the gas diffusion characteristic curves of all pore sizes specifications, there is an experimental phenomenon that the larger the pore diameter is, the larger the slope DE value of the experimental curve is, indicating that with the increase of the pore size of the nanopore, the diffusion coefficient of methane is also gradually increasing, which is in line with the general understanding.
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Figure 2: Relationship between cumulative diffusion time and ln (△C0/△Ci) of molecular membranes with different pore sizes

The DE values under each pore size condition can be obtained according to Fig. 2, the diffusion coefficient of methane gas under water condition can be further calculated. Data on single-phase gas diffusion coefficients at the nano-scale were obtained by researching the literature [25]. Comparing the diffusion coefficients of the two, the data are shown in Table 2. When the water saturation is 20%, taking a nanochannel with a pore size of 50 nm as an example, compared with no water, the diffusion coefficient of methane decreased from 1.08 × 10−5 cm2/s to 5.37 × 10−6 cm2/s, decreased by about 50%. It can be seen that water saturation has a great influence on gas flow capacity, which requires special attention.
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From Table 2, the diffusion coefficient curve corresponding to different pore sizes under water conditions are drawn, and compare the experimental results of single-phase gas diffusion experiment, as shown in Fig. 3. When methane diffuses in the nanochannel saturated with water, the pore size has a great influence on the diffusion ability of methane gas. As the pore size increases, the diffusion coefficient increases exponentially, which is basically consistent with the diffusion law of single-phase gas. But comparing the changing course of diffusion coefficients with pore size for the two, when the pore size is less than 10 nm, compared with the single-phase gas flow, the downward trend of the gas diffusion coefficient under water condition is relatively gentle, from 3.40 × 10−6 cm2/s to 3.11 × 10−6 cm2/s, decreased by about 8.5%, indicating that when the pore size is less than 10 nm, the influence of water saturation on diffusion is small. When the pore size is larger than 10 nm, the downward trend of gas diffusion coefficient becomes steeper, from 1.46 × 10−5 cm2/s to 6.68 × 10−6 cm2/s, decreased by about 55%, indicating that when the pore size is larger than 10 nm, the effect of water saturation on diffusion is greater with the increase of pore diameter.
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Figure 3: Diffusion coefficients corresponding to different pore size

3.2 Study on the Effect of Water Content on the Diffusion Coefficient

The main source of gas production in the production process of shale gas wells is the free gas in the reservoir matrix [26]. However, shale gas reservoirs usually have the phenomenon of ultra-low water saturation (original reservoir water saturation is lower than flow-bound water saturation) [27], in the process of fracturing, water in the fracturing fluid will imbibe into the matrix relatively easily, resulting in a rise in water saturation in the shale reservoir, which creates additional resistance to gas flow, reducing gas flow capacity and preventing free gas production in pores, the influence of water saturation on the shale gas flow capacity cannot be ignored. In order to accurately evaluate the influence of water saturation on methane gas flow, according to the peak value of pore diameter of the main shale layer in Fuling area, Sichuan Province is between 2 and 3 nm [28], molecular membrane with different water saturation (0%, 20%, 50%, 70%) and the same pore size (3 nm) were prepared to test the diffusion ability of methane gas in this experiment. Here, the diffusion coefficient of methane gas is used to measure the flow ability of methane molecules under different water saturation conditions in the experiment. According to the above experimental steps and data processing methods, the relationship curves between cumulative diffusion time t and In(ΔC0ΔCi) under different water saturation conditions are drawn, as shown in Fig. 4.
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Figure 4: Relationship between cumulative diffusion time and ln (△C0/△Ci) of molecular membranes with different water saturation

The DE values under each each water saturation can be obtained according to Fig. 4, and the diffusion coefficient of methane gas under different water saturation can be further calculated, as shown in Table 3. It can be found that with the increase of water saturation, the flow capacity of methane gas decreases significantly. The diffusion coefficient of methane gas is 3.11 × 10−7 cm2/s at water saturation 70%, and the diffusion coefficient is 2.78 × 10−6 cm2/s when reduced to water saturation 0, which increased by nearly an order of magnitude. When the nanopore contains water, whether exist on the pore surface in the form of bound water or free water in the pore will reduce gas flow capacity in the pore channel.
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According to Table 3, the diffusion coefficient curves corresponding to different water saturation are drawn under the temperature and pressure system of 70°C and 15 MPa, as shown in Fig. 5. The diffusion coefficient of methane decreases with the increase of water saturation, and when the water saturation is greater than 20%, there is a significant decrease. According to Sun’s research results [29], methane and water have different density distribution curves under different water saturation. When water saturation is low, the density of water molecules in the center of the pore is close to 0, and all water molecules are adsorbed on the pore surface. When water saturation is high, water molecules gradually occupy the adsorption sites on the pore wall, and the density of water molecules in the pore gradually increases, methane molecules converge towards the center of the pore due to its hydrophobicity. Therefore, when the water saturation is lower than 20%, water in the nanochannel will exist on the surface of the pore wall in the state of bound water, which leads to the reduction of the radius of the gas flow channel and the decrease of the diffusion coefficient, but has little effect on the methane gas flow capacity. However, when the water saturation increases to 20% (the water saturation at this point is the critical water saturation), there is more and more free water, and part of the water gradually occupies the flow channel, the existence of water reduces the flow range of methane gas and greatly reduces the flow capacity. In addition, the relationship curve between the diffusion coefficient of methane gas and water saturation in Fig. 5 is fitted, and it is found that the the change trend of the relationship curve between the two is roughly linearly decreasing. Under the temperature and pressure system of 70°C and 15 MPa, the relational expression between different water saturation and the corresponding diffusion coefficient is:

D=−3.22×10−6X+2.44×10−6(2)

In Eq. (2): D-The diffusion coefficient of CH4 in 3 nm pores when the temperature is 70°C and the pressure is 15 MPa, cm2/s; X-The water saturation.
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Figure 5: Relationship curve of diffusion coefficient corresponding to different water saturation

4  Analysis

4.1 Calculation of Diffusion Flux

In the actual production process of shale gas wells, the flow of shale gas from the formation into the wellbore needs to go through the process from matrix to fracture and then from fracture to wellbore, as shown in the Fig. 6. This experiment mainly simulates the process of shale gas migration from matrix to fracture. Due to the abnormally low permeability of nanopores in the reservoir matrix, the propagation speed of pressure drop is very slow. Compared with the matrix, fractures have higher permeability, With the gradual development of shale gas wells, the pressure drop propagation velocity in the two seepage zones will be significantly different, and the pressure difference between the matrix and the fracture will continue to expand [30,31]. Based on the experimental results, the diffusion flux under different concentration gradient and different water saturation is further calculated.
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Figure 6: Schematic diagram of flow stage division of shale gas staged fracturing horizontal well

According to Fick’s first law, the relational expression between diffusion flux and diffusion coefficient, concentration gradient is:

DA=JAdCA/dx(3)

In Eq. (3): DA-Methane diffusion coefficient, m2/s; JA-Methane diffusion flux, mol/m2⋅s; dCA/dx-Methane concentration gradient along the diffusion direction, mol/m3⋅m.

In the matrix system:

PmatrixVmatrix=nmatrixZmatrixRmatrixTmatrix(4)

nmatrixVmatrix=PmatrixZmatrixRmatrixTmatrix(5)

In the fracture system:

PfractureVfracture=nfractureZfractureRfractureTfracture(6)

nfractureVfracture=PfractureZfractureRfractureTfracture(7)

Volume concentration difference between matrix and fracture:

nmatrixVmatrix−nfractureVfracture=1RfractureTfracture(PmatrixZmatrix−PfractureZfracture)(8)

where Pmatrix-Pressure in matrix system, MPa; Pfracture-Pressure in fracture system, MPa; Vmatrix-Volume in matrix system, m3; Vfracture-Volume in fracture system, m3; nmatrix-Gas mass in matrix system, mol; nfracture-Gas mass in fracture system, mol; Z-Compression factor of methane gas, dimensionless; R-Universal gas constant, 8.314 × 10−6 MPa⋅m3/(mol⋅K); T-As reservoir temperature, K.

The concentration gradient of methane along the diffusion direction can be calculated by combining Eqs. (5)–(8).

dCAdx=1RfractureTfractureL(PmatrixZmatrix−PfractureZfracture)(9)

where L-The distance in the direction of methane diffusion, m.

The calculated volume concentration difference between matrix and fracture and DA (obtained from the experimental test) are brought into Eq. (3) to obtain the methane diffusion flux JA.

When Eq. (3) and the diffusion coefficient DA (obtained from the experimental test) were used to calculated the diffusion flux, the following aspects should be paid attention to DA obtained by the experimental test mainly refers to the diffusion coefficient of bulk gas in the micro-nano pores. The diffusion flux calculated using Eq. (3) is the diffusion flux of the bulk gas. Majumder [32] maintained that the gas transport mechanism in shale reservoirs mainly includes bulk gas transport and adsorbed gas surface diffusion. Wu [33] proposed that in shale reservoirs with pores diameter less than 2 nm, surface diffusion contributes to gas transmission as much as 92.95%. While in shale reservoirs with pores diameter larger than 50 nm, the contribution of surface diffusion was lower than 4.39%, and surface diffusion could be ignored. Therefore, when the diffusion coefficient DA (obtained by the experiment) is used to calculate the diffusion flux of shale reservoir with pores diameter less than 50 nm, the mass flux obtained by Eq. (3) represents the bulk gas diffusion flux. If you want to calculate the total diffusion flux of shale gas you have to add the mass flux of surface diffusion.

4.2 Effect of Water Saturation on Gas Production of Gas Well in Actual Reservoir

The experimental results can be applied to gas well production, the productivity evaluation method is established according to the characteristics of diffusion seepage, and the productivity scale is calculated when the fracturing scale is determined. Taking formation pressure 15 MPa, average pore diameter 3 nm, formation temperature 70°C, fracture spacing 100 m, cluster spacing 8 m, half fracture length 200 m, fracture height 40 m, fracturing 15 sections.

Since the diffusion flux represents the amount of gas passing through a unit cross-sectional area in a unit time, the gas production Q of a shale gas well in the actual production process can be calculated.

Q=JA⋅A⋅t⋅Vm(10)

In Eq. (10): Q is the gas production of shale gas well, m3/d; A is the contact area between matrix and fracture, m2; t is the production time of gas well, s; Vm is the gas molar volume of methane under standard conditions, 2.24 × 10−2 m3/mol.

According to the above Eqs. (3), (9) and (10), the gas well production produced by FICK diffusion under different pressure difference can be calculated, and the relationship curves of diffusion flux, gas production and pressure difference under different water content saturation can be obtained, which are shown in Figs. 7 and 8.
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Figure 7: Relationship curve between pressure difference and diffusion flux under different water saturation conditions
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Figure 8: Relationship curve between pressure difference and gas production under different water saturation conditions

It can be seen from Figs. 7 and 8 that water saturation has a significant impact on shale gas flow capacity and gas production of gas Wells. The gas production of gas wells under different water saturation is simulated and calculated, compared with no water, the gas production decreased by 18.7% when the water saturation was 20%; gas production decreased by 60.8% when the water saturation was 50%. For developed shale gas reservoirs, the original water saturation is usually lower than the bound water saturation, but after fracturing the shale reservoir, the large retention of fracturing fluid leads to the increase of water saturation of shale reservoir, and the rising water saturation generally exceeds the critical water saturation. Therefore, the influence of water saturation must be considered when calculating shale gas production, and in the actual production, it is crucial for shale gas production to flowback as soon as possible, improve gas flow channels and reduce the influence of water saturation on gas production. In addition, refer to the change trend of the relationship curves between pressure difference and gas production, it is found that the with the pressure difference between the matrix and the fracture increases gradually, gas production also increase linearly accordingly.

5  Conclusion

(1)   Compared to the flow of a single-phase gas at the nanometer scale, when methane diffuses in the nano-channel after saturated water, the gas flow capacity decreases and the diffusion coefficient decreases.

(2)   The pore size of the flow channel has a great influence on the diffusion ability of methane, and as the pore size increases, the diffusion coefficient increases exponentially. When the pore size is greater than 10 nm, with an increase in pore diameter, water saturation has a greater influence on gas diffusion.

(3)   After fracturing, it is relatively easy for the fracturing fluid to enter the reservoir space of the shale matrix, resulting in an increase in water saturation in the reservoir, which has a significant impact on the gas diffusion coefficient, diffusion flux and gas production of gas wells. In the fracturing fluid flowback stage, when the water saturation decreases from 50% to 0, the gas well productivity increases by approximately 60%.
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Table 1: Basic materials and equipment used in the experiment

Number  Name Nature

1 Nitrogen gas, methane gas Gas purity is 99.999%

2 Molecular membrane Aperture specifications 3, 5, 10, 50, 80 nm

3 Constant temperature oil bath  Maximum temperature can reach 150°C

4 Multiple gas pressurization Maximum pressure is 60 Mpa

5 Gas chromatography analyzer GC-2014

6 Pressure sensor Precision is 0.0001 Mpa

7 Filtered distilled water

8 Core gripper

9 Other accessories Constant volume cylinder, molecular membrane

gripper
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Table 3: Diffusion coefficient of methane under different water saturation

Pressure (MPa) Pore size (nm) Water saturation Diffusion coefficient (cm?/s)
15 3 0 2.78 x 10-¢
15 3 0.2 2.26 x 10°¢
15 3 0.5 1.04 x 10°°
15 3 0.7 3.11 x 107”7
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Table 2: Relationship between pore size and diffusion coefficient of gas single-phase diffusion and
gas-water two-phase diffusion

Pressure Pore size Diffusion coefficient at 20% water  Diffusion coefficient without

(MPa) (nm) saturation (cm?/s) considering water conditions (cm?*/s)
15 80 6.68 x 10-¢ 1.46 x 107

15 50 537 x 10°¢ 1.08 x 1073

15 10 3.11 x 10°¢ 3.40 x 10°¢

15 5 2.58 x 107° 3.20 x 10°¢

15 3 226 x 10°° 2.78 x 107°
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