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Abstract: The seepage mechanism plays a crucial role in low-permeability gas reservoirs. Compared with conventional gas reservoirs, low-permeability sandstone gas reservoirs are characterized by low porosity, low permeability, strong heterogeneity, and high water saturation. Moreover, their percolation mechanisms are more complex. The present work describes a series of experiments conducted considering low-permeability sandstone cores under pressure-depletion conditions (from the Xihu Depression in the East China Sea Basin). It is shown that the threshold pressure gradient of a low-permeability gas reservoir in thick layers is positively correlated with water saturation and negatively correlated with permeability and porosity. The reservoir stress sensitivity is related to permeability and rock composition. Stress sensitivity is generally low when permeability is high or in the early stage of gas reservoir development. It is also shown that in sand conglomerates, especially the more sparsely filled parts, the interstitial materials among the conglomerates can be rapidly dislodged from the skeleton particles under stress. This material can therefore disperse, migrate, and block the pore throat producing serious, stress-sensitive damage.
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1  Introduction

In low-permeability reservoirs, the conclusion that there is a threshold pressure gradient for fluid seepage in porous media has been generally accepted by most scholars [1–3]. However, the threshold pressure gradient in low-permeability gas reservoirs has always been one of the petroleum research priorities [4]. On the one hand, the positive view is that there is residual water in the pores of low-permeability gas reservoirs, and natural gas will have a certain interface effect with the pore interface under high temperature and high-pressure conditions, resulting in a certain threshold pressure gradient for gas seepage [5,6]. On the other hand, researchers holding a negative view believe that natural gas molecules are small and easy to flow, and there will be no threshold pressure gradient when flowing in the pore media. Even if the gas cannot flow under certain conditions due to a certain saturation of water in the pore space, this situation should be classified as a two-phase seepage problem [7]. At present, there is no unified standard for the method of determining the threshold pressure gradient. The main methods of determination include laboratory experiments, numerical experiment, production analysis, stable test well methods, and transient test well methods. Among them, the experimental laboratory method is the most commonly used one, including the seepage method and the bubble method [8].

Stress sensitivity is the property of reservoir rock permeability to change with the variation of stress state [9,10]. Stress sensitivity of reservoirs (especially low-permeability reservoirs) is one of the research hotspots in petroleum engineering in recent years [11–14]. There is a great controversy in academic circles about the existence of strong stress sensitivity in low permeability reservoirs [15,16]. The research tools for stress sensitivity are mainly aboratory experiments [17–19]. Many scholars have conducted experimental tests and concluded that core permeability decreases with increasing effective stress, and irreversible loss of permeability occurs because the permeability cannot return to the initial state after stress release. Low-permeability reservoir rocks have a strong stress sensitivity, and the lower the permeability of the rock, the stronger the stress sensitivity. The reason for stress sensitivity is that the pore space in the core is compressed and even closed due to plastic deformation in the core during the increase of effective stress [20]. It has also been pointed out that in the process of the core permeability test, the effective stress is less than the elastic limit, and the core does not produce plastic deformation. The stress sensitivity is overestimated because the effect of the microgap between core and envelope is ignored, and there is no strong stress sensitivity in low permeability reservoirs [21,22]. The two opposing academic views confuse oil and gas production decision-makers on mine sites.

Thick-bedded tight gas reservoirs have high heterogeneity, great thickness, and seepage. Conventional analytical solutions cannot accurately characterize heterogeneity nor seepage [23–26]. Moreover, many experiments have shown that there are mechanisms such as high-speed non-Darcy seepage, stress sensitivity, movable water flow, and aqueous-phase nonlinear percolation in tight gas reservoirs, which cannot be accurately described by traditional analytical solutions [27,28]. Therefore, this paper takes Block A in the Xihu Sag of the East China Sea Basin as the research object. A seepage model for thick-bedded tight gas reservoirs considering multiple percolation mechanisms is developed to analyze the influencing factors of threshold pressure gradient and stress sensitivity in low-permeability sandstone reservoirs. It provides a substantial basis for the study of seepage mechanisms in low-permeability reservoirs.

2  Experimental Methods

2.1 Experimental Method of Low Permeability Gas Reservoir Low-Speed Non-Darcy Seepage

The bubble method is to test the pressure difference corresponding to the first bubble at the outlet end of the core, which is the threshold pressure difference, avoiding the manual data processing link, and the results are more representative. Bubble method test principle: when the core is filled with fluid, and the displacement pressure difference is displaced from low-pressure difference to high-pressure difference; a certain pressure must overcome the resistance of the largest pore throat in the core and the interfacial tension between the fluids, etc. At this time, the displacing fluid will begin to enter the pore channel and occupy the volume of the pore channel. Due to the pressure transmission, the fluid begins to move, and the thin tube at the outlet end of the core inserted in the water begins to generate air bubbles. We consider this pressure as the minimum start-up pressure.

2.1.1 Experimental Instruments and Experimental Process

The bubble method tests the threshold pressure gradient. The test instrument consists primarily of a full-size Core Lab gripper system of oil-water relative permeability metre manufactured by the American Core Lab company, as well as a pressure control system of gas-liquid relative permeability metre, with the experimental flow rate (Fig. 1).
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Figure 1: Flow chart of threshold pressure gradient test system

2.1.2 Experimental Steps

① First, evacuate the rock sample and completely saturate the formation water (low salinity brine);

② The rock sample is loaded into a Core Lab holder, and the formation water is passed through the rock sample with a displacement pump at a certain pressure or flow rate;

③ When the pressure difference between the inlet and outlet of the rock sample and the outlet flow rate are both stable, the water phase permeability is measured three times continuously, and the relative error is less than 3%;

④ Evacuate the rock sample and completely saturate the formation water (low salinity brine) again;

⑤ Close the valves at both ends of the Core Lab for more than 5 h to ensure the stability of fluid and pressure distribution in the Core Lab;

⑥ The formation water (low salinity brine) is then used to replace the Core Lab, and the pressure at the Core Lab’s inlet is gradually increased, with each pressure point remaining constant for 30 min. When the pressure at the Core Lab outlet is full of liquid, bubbles appear in the capillary. At this point, the minimum starting pressure difference is the corresponding pressure difference at both ends of the Core Lab, and the threshold pressure gradient is the corresponding pressure gradient.

2.1.3 Experimental Content and Experimental Conditions

The experiment was carried out at normal temperature, under normal pressure, using industrial nitrogen, whose purity is 99.95%.The formation water used was compounded indoors concerning the on-site formation water data. The formation water sample analysis report is shown in Table 1, and the samples are shown in Table 2.
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2.2 Stress Sensitivity Experiment under Simulated Gas Reservoir Pressure Depletion

2.2.1 Experimental Instruments and Experimental Process

The experimental method of changing pore fluid pressure with fixed confining pressure was used to simulate the stress sensitivity of underground reservoir under the actual situation of effective stress change in order to study the change law of reservoir rock permeability caused by the change of pore fluid pressure. The abnormally high-pressure Core Lab displacement device and the actual reservoir Core Lab were used. The confining pressure of the gas field in the Xihu Sag A is 80–87 MPa, and the temperature is 158°C (Fig. 2).
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Figure 2: Flow chart of stress-sensitive test experiment

2.2.2 Experimental Steps

① Put the Core Lab into the Core Lab holder to prepare for the experiment;

② Keep the confining pressure 5 MPa higher than the internal pressure before the test, and let the confining pressure, internal pressure, and back pressure (Core Lab outlet pressure) all rise to the designed pressure value at the same time, so that the confining pressure is equivalent to the overlying strata pressure and the internal pressure is equivalent to the formation pressure (fluid pressure). The back pressure is reduced during the test to create a pressure difference between the internal pressure and the Core Lab outlet. The permeability under variable internal pressure was measured by measuring the pressure difference and flow rate. Gradually lowering the internal pressure and outlet pressure of Core Lab (i.e., increasing the effective overburden pressure of the gas reservoir) could determine the stress sensitivity of Core Lab when lowering the internal pressure; then gradually increasing the internal pressure and outlet pressure of Core Lab could determine the recovery degree of rock permeability when raising the internal pressure (i.e., reducing the pressure of overlying strata). In this manner, the stress sensitivity was measured repeatedly while increasing and decreasing the pressure.

The Core Lab did not produce irreducible water. The permeability of Core Lab was tested using single-phase fluid flow. During the experiment, the thermostat was set to the required temperature (158°C). The actual overburden pressure of the Core Lab layer was held constant during the test. The same layer’s Core Lab reduced the internal pressure at equal net stress intervals, allowing it to stabilize at each internal pressure point for some time before testing its gas permeability until the internal pressure dropped to 5 MPa. The permeability-related parameters were recorded, such as time T, inlet pressure P1, outlet pressure P2, confining pressure Pw, real-time atmospheric pressure Pa, gas accumulation volume Q over time period T, and so on. The average permeability was calculated using the Darcy formula after testing each point three times.

2.2.3 Experimental Samples and Experimental Conditions

In the experiment, seven rock samples from the Xihu Sag A area were used to test the permeability stress sensitivity curve under real stratum conditions. See Table 3 for basic physical parameters of the experimental matrix Core Lab.
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Commercial nitrogen and compound formation water were used as the experimental fluids. The experiment was carried out in the Xihu Sag A area under the conditions of confining pressure of 80–87 MPa and a temperature of 158°C.

2.2.4 Data Processing

Under different net stress changes, Core Lab’s change degree of permeability measured by calculation experiment is as follows:


Dstu=Ki−KnKi×100%
(1)

Dstu—— the change rate of permeability under different net stresses.

Ki—— initial permeability, MD.

Kn—— permeability of core lab, MD.

3  Results

3.1 Experimental Results of Low-Speed Non-Darcy Seepage

Figs. 3 and 4 depict the distribution and frequency of the starting pressure ranges of horizontal and vertical rock samples in the Xihu Sag A area. The figure shows that the threshold pressure gradients of vertical and horizontal rock samples are between 0–0.04 MPa/cm, 69 percent of horizontal rock samples are between 0–0.01 MPa/cm and 86 percent of vertical rock samples are above this interval, indicating that rock sample threshold pressure gradients are primarily concentrated in the interval of 0–0.01 MPa/cm, with few distributions in other intervals.
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Figure 3: Distribution frequency of different starting pressure ranges of Core Lab
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Figure 4: Distribution percentage of different starting pressure ranges of Core Lab

3.2 Stress Sensitive Experimental Results

Core Lab’s stress sensitivity test results in seven blocks of the Xihu Sag, Table 4 shows a gas field with constant confining pressure and variable internal pressure. As the internal pressure of the Core Lab decreases, so does its permeability, and different core labs exhibit different permeability stress sensitivity. Core Lab No. 6 has the highest stress sensitivity of the group. When the internal pressure drops from 31 to 1 MPa, the permeability of Core Lab drops by nearly half. Core Lab No. 2 has the lowest stress sensitivity. When the internal pressure drops from 34.9 to 4.9 MPa, the permeability of Core Lab decreases by less than 20%. The stress sensitivity evaluation standard adopts the evaluation standard put forward by Li Chuanliang in Reservoir Engineering Principles (2nd Edition): when Dstu = 0~0.1, it is weakly sensitive; When Dstu = 0.1~0.3, it is moderately sensitive; When Dstu = 0.3~0.5, it is highly sensitive; When Dstu > 0.5, it is super sensitive. Most Core Lab are moderately stress sensitive.
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4  Discussion

4.1 Analysis of Influencing Factors of Thick-Layer Low-Permeability Gas Reservoir Threshold Pressure

It is thought that the threshold pressure gradient is caused by the decrease or reduction of the gas seepage channel due to the absorption of water film on the surface of rock papers, and the main reason is that the pore throat with small radius is frequently disconnected after absorbing water film under low driving pressure difference. Permeability, porosity, and water saturation all impact the threshold pressure gradient.

4.1.1 Influence of Permeability on Threshold Pressure Gradient

The threshold pressure gradient of each core in the irreducible water can be calculated by processing the characteristic curve of seepage. The curve of the relationship between the threshold pressure gradient of the ultra-low permeability water-bearing core in the confined water and the absolute permeability of the core can be obtained, as shown in Fig. 5. Fig. 5 shows that when the experimental cores contain water in their irreducible water, the threshold pressure gradient of gas seepage decreases with increasing core permeability.
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Figure 5: Curves of threshold pressure gradient and absolute permeability in the Xihu Saga district

4.1.2 Influence of Water Saturation on Threshold Pressure Gradient

The threshold pressure gradient of cores with different permeabilities under different irreducible water saturation can be obtained using the experimental data, and the curve of the relationship between threshold pressure gradient and irreducible water saturation is shown in Fig. 6.
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Figure 6: Curves of threshold pressure gradient and irreducible water saturation in the Xihu Saga district

Fig. 6 shows that the threshold pressure gradient increases with increasing water saturation and decreases with decreasing water saturation. It demonstrates that under higher water saturation conditions, the gas must overcome greater seepage resistance before it begins to flow continuously.

4.1.3 Influence of Porosity on Threshold Pressure Gradient

The curve of threshold pressure gradient as a function of porosity can be obtained by analyzing the core experimental data. The curve in the figure shows that the threshold pressure gradient of the gas field in the Xihu Sag A area decreases as the porosity increases (Fig. 7).
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Figure 7: Threshold pressure gradient and porosity curve in the Xihu Saga district

4.2 Analysis of Controlling Factors of Stress Sensitivity of Thick Heterogeneous Low Permeability Reservoir Core

Fig. 8 shows that the stress sensitivity of cores in the same horizon varies greatly. Permeability is generally high, or stress sensitivity is low in the early stages of gas reservoir development.
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Figure 8: Comparison of stress sensitivity curves in the Xihu Sag A district

Table 5, Figs. 9 and 10 show that, in the same horizon, as permeability and porosity decrease, the permeability damage rate of the core increases, indicating a trend of increasing stress sensitivity. According to rock physical property analysis, the lower the permeability, the smaller the average throat of a rock sample. The reduction of seepage channel has a greater impact on the smaller throat under the same pressure change, increasing its stress sensitivity.
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Figure 9: Core permeability stress sensitivity curve
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Figure 10: Scatter diagram of a correlation between porosity/permeability and stress sensitivity

In Fig. 10, the negative correlation between porosity and the permeability damage rate is more obvious, and there are two abnormal points in the permeability (the permeability is 0.149 and 13.51 mD, respectively). Analyzing the reasons, the permeability of the entire sample is not only affected by the pore throat, but also affected by the overall heterogeneity and fractures of the sample [29]. When the sample heterogeneity is strong, the extrusion effect first affects the large pore throat, and has little effect on the overall stress sensitivity of the sample. When there are fractures in the sample, the opening of the fracture is easily changed by the extrusion, and the overall stress sensitivity of the sample is strong.

Furthermore, the results of the stress sensitivity experiment show that the No. 1 sample has the highest permeability, and the damage degree of stress sensitivity is up to 71.87 percent. Similarly, the damage degree of stress sensitivity of the No. 5 sample is up to 87.32 percent, which is significantly higher than that of the No. 4 sample, which contradicts conventional wisdom.

Samples No. 2 and No. 5 should be glutenite based on the conglomerate content of the other experimental cores. In general, the factors influencing reservoir stress sensitivity can be classified as internal (rock composition, pore type, cementation mode, Particle sorting, and contact relationship) and external (other factors) (effective stress, pore fluid type and saturation, reservoir temperature). Internal factors that influence and determine reservoir damage include mineral composition, structure, content, and distribution of rock skeleton particles and interstitial materials, as well as pore structure and throat characteristics of rocks. The fillings include various types of cement and other bases, as well as their distribution and occurrence have varying effects on the sensitivity of oil and gas reservoirs. Internal factors determine the strength of reservoir stress sensitivity, and changes in external factors can cause reservoir stress sensitivity. Conglomerate’s interstitial materials are primarily mud-grade fine miscellaneous base, sand-grade coarse miscellaneous base, and silt-grade coarse miscellaneous base, while the cement is primarily carbonate. As a result, glutenite has a low structural maturity, and the pore space with gravel as the skeleton is completely or partially filled with sandpapers. In contrast, the pores composed of sand particles are filled with clay matrix, resulting in a complex bimodal or multimodal structure. As a result, as the gas reservoir pressure decreases and the effective stress gradually increases, the interstitial material between the stressed conglomerates in glutenite will quickly fall off from the skeleton particles, disperse, and migrate, blocking the pore throat and forming strong stress sensitivity damage.

5  Conclusions

(1) Permeability, porosity, and water saturation all influence the threshold pressure gradient of low permeability gas reservoirs in thick layers. The threshold pressure gradient of gas seepage is positively correlated with water saturation and negatively correlated with permeability and porosity.

(2) The cores in the same layer of thick low-permeability gas reservoirs have great differences in stress sensitivity. Permeability is generally high, or stress sensitivity is low in the early stages of gas reservoir development.

(3) Internal factors influencing and determining reservoir damage include mineral composition, structure, content, distribution, pore structure, and throat characteristics of reservoir rock skeleton particles and interstitial materials. In sand conglomerates, especially the more sparsely filled parts, as gas reservoir pressure decreases and effective stress gradually increases, the interstitial materials among the stressed conglomerates will quickly fall off from the skeleton particles, disperse, and migrate, blocking the pore throat and forming strong stress sensitivity damage.
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Table 1: Analysis report of formation water Samples in the study area

Subsurface water ionon content/(mg/L)
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Table 3: Basic physical parameters of experimental Core Lab in the study area

No. Well Well depth Length of core Core diameter Pore Permeability
(m) (cm) (cm) (%) (mD)

1 A-2 3603.55 8.0 3603.55 6.110 2.593

2 A-2 3605.40 8.0 3605.4 6.304 2.477

3 A-2 3607.3 8.0 3607.3 6.438 2.596

4 A-3 3915.75 8.7 3915.75 6.223 2.592

5 A-3 3917.86 8.7 3917.86 6.574 2.585

6 A-3 3917.55 8.7 3917.55 7.253 2.583

7 A-3 3912.13 8.7 3912.13 4.069 2.581
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Table 4: Experimental test table of Core Lab m the Xihu Sag A area with variable mnternal pressure and constant
confined pressure (80-87 MPa)

Sample  Confining Internal PermeabilityymD K /K; Dy, Stress sensitivity
Pressure/MPa  pressure/MPa

1 80 34.9 96.19 1 0 None
80 24.9 80.14 0.833 0.167 Medium sensitive
80 14.9 68.69 0.714 0.286  Medium sensitive
80 4.9 59.89 0.623 0377  Strong sensitive

2 80 349 37.41 1 0 None
80 24.9 34.63 0.926 0.074  Weak sensitive
80 14.9 32.25 0.862  0.138  Medium sensitive
80 4.9 30.39 0.812  0.188  Medium sensitive

3 80 34.8 10.95 1 0 None
80 24.8 9.98 0911 0.089  Weak sensitive
80 14.8 9.1 0.831 0.169  Medium sensitive
80 4.8 8.63 0.788  0.212  Medium sensitive

4 87 32.8 6.53 0.945 0.055  Weak sensitive
87 22.8 5.83 0.844 0.156  Medium sensitive
87 12.8 5.17 0.748 0.252  Medium sensitive
87 2.8 4.77 0.69 0.31 Strong sensitive

5 87 32.5 1.2 0.938 0.062  Weak sensitive
87 22.5 1.07 0.836 0.164 Medium sensitive
87 12.5 1 0.781 0.219  Medium sensitive
87 2.5 0.965 0.754 0.246  Medium sensitive

6 87 31 0.217 0.952 0.048  Weak sensitive
87 21 0.2 0.877 0.123  Medium sensitive
87 11 0.188 0.825 0.175 Medium sensitive
87 1 0.178 0.781 0.219  Medium sensitive

7 87 35 0.0249 1 0 None
87 25 0.0183 0.735 0.265 Medium sensitive
87 15 0.0147 0.59 0.41 Strong sensitive

87 5 0.0127 0.51 0.49 Strong sensitive
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Table 2: Basic physical parameters of Core Lab in the study area

Well No. Well depth Length of core Core diameter Pore Permeability
(m) (cm) (cm) (%) (mD)
Al 1 3446.8 7.872 2.595 9.62 0.0752
2 3446.8 5.489 2.593 9.63 0.104
3 3458.8 7.363 2.594 9.43 0.403
A2 4 3615.3 6.806 2.584 9.18 1.4
5 3605.4 6.124 2.583 9.04 1.47
6 3605.4 7.228 2.588 14.03 14.46
7 3607.3 6.304 2.593 14.88 42.81
8 3965.7 5.677 2.596 13.775 3.36
9 3966.06 6.438 2.596 13.29 10.98
10 3507.35 6.134 2.595 11.55 0.548
A3 11 3507.75 6.286 2.594 9.57 0.152
12 3966.06 6.213 2.593 10.14 2.22
13 3507.35 6.055 2.595 11.33 3.92
14 3507.7 4.527 2.591 6.14 0.236
15 3507.7 7.152 2.591 10.17 0.817
16 3915.75 4.858 2.595 10.71 4.15
17 3915.75 6.223 2.592 11.61 6.95
18 3917.86 6.574 2.585 11.08 0.382
19 3917.55 7.253 2.583 9.27 0.105
20 3912.13 4.069 2.581 10.98 2.31
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Table 5: Change rate of core permeability under different net stress

Core  Pore/%  PermeabilityymD  Kmin/K1/%  Damage degree

1 13.51 11.63 38.44 Medium weak
2 9.96 14.16 71.87 Strong

3 10.12 3.94 69.52 Medium strong
4 6.83 0.149 37.58 Medium weak
5 3.79 0.118 87.32 Strong

6 7.63 0.0942 63.74 Medium strong
7 7.34 0.15 62.60 Medium strong
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