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Tight sandstone water-bearing gas reservoirs typically exhibit low porosity and low permeability, with reservoir rocks characterized by complex pore structures, often featuring micron-scale or smaller pore throats. This intricate reservoir structure significantly restricts fluid flow within the reservoir, necessitating a certain threshold pressure gradient (TPG) to be overcome before flow can commence. This study focuses on the Ordos Basin and explores the influence of high water content tight sandstone gas reservoirs on TPG under different water saturation and formation pressure conditions through experiments. A mathematical model of TPG is established using multiple linear regression method. The results show that TPG is primarily affected by water saturation, followed by formation pressure. As the water saturation increases, the TPG of the core decreases, and the change becomes more pronounced when the water saturation exceeds 50%. As formation pressure increases, the weakening of the slippage effect in gas molecules leads to TPG stabilization, especially when local pressure exceeds 25.0 MPa. The research also shows that low-permeability cores exhibit greater TPG variation with pressure changes, while high-permeability cores remain more stable. A mathematical model was developed and validated to predict TPG based on permeability, water saturation, and formation pressure. These findings highlight the need to monitor formation water content during tight sandstone gas reservoir development to optimize production strategies, providing valuable insights for improving reservoir management and guiding future research.
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1 INTRODUCTION
Tight sandstone gas reservoirs possess vast reserves and significant development potential, with their proportion in oil and gas exploration and development steadily increasing, making them a crucial unconventional oil and gas resource (Civan, 2017; Sun et al., 2017; Zhang et al., 2019; Wang S et al., 2022; Farouk et al., 2024a; Farouk et al., 2024b). It is expected that the annual production of low-permeability tight gas reservoirs in China will reach about 600 × 10 m3 by 2030 (Zhang et al., 2020; Ren et al., 2022). For example, the Ordos Basin in China contains large gas reserves and hosts some of the most developed gas fields. The reservoirs in this basin are characterized by low porosity, low permeability, and strong heterogeneity, which present significant challenges for gas reservoir development (Zhang et al., 2021; Wang R. et al., 2022). Additionally, the gas reservoirs contain a significant amount of water, which negatively impacts the production capacity of gas wells. This is due to poor natural productivity, complex seepage mechanisms, and the scattered distribution of remaining gas (Lan et al., 2014; Zheng et al., 2020; Fu et al., 2020; Fu et al., 2021). This accelerates reservoir damage and further reduces the development efficiency of gas reservoirs, making it challenging to achieve long-term stable production in the tight and complex water-bearing gas reservoirs of the Ordos Basin.
The geological conditions of tight gas reservoirs are complex, characterized by poor reservoir properties, strong heterogeneity, low porosity, low permeability, and high water saturation. Additionally, under water-bearing conditions, complex interactions between water and gas occur within the reservoir, contributing to the complexity of fluid flow mechanisms. Research has shown that in low-permeability gas reservoirs, the flow paths of gas and water are extremely narrow, which facilitates the formation of water films at the pore throats (Tian et al., 2020; Chen et al., 2023; Tian et al., 2023). These water films significantly hinder gas flow, requiring the gas to overcome the resistance of the film before it can start moving (Zeng et al., 2011; Li et al., 2016; Tian et al., 2018). The minimum pressure difference required to overcome this resistance is commonly referred to as the threshold pressure gradient (TPG). Under ideal conditions, gas flow follows Darcy’s law, where the flow rate and pressure gradient curve exhibit a linear relationship, intersecting at the origin (Tian et al., 2014; Dong et al., 2019). However, in low-permeability porous media, gas flow deviates from Darcy’s law, and the flow rate and pressure gradient curve display a partially nonlinear relationship (Zeng et al., 2011; Wang and Sheng, 2017; Liu, 2019; Liu et al., 2019). The intersection point of the nonlinear curve with the x-axis represents the TPG. At higher pressures, the flow rate and pressure gradient become approximately linear, and the extension of this linear curve intersects the x-axis to form the pseudo TPG. Extensive research has confirmed the presence of TPG in tight gas reservoirs, which leads to nonlinear fluid flow characteristics (Feng et al., 2024). The existence of a TPG implies that gas will only start to flow when the pressure difference within the reservoir reaches or exceeds this critical value. Moreover, a continuous pressure gradient must be maintained during gas flow to prevent the reformation of the water film; otherwise, the flow may be interrupted (Amann-Hildenbrand et al., 2012; Hu et al., 2018). Therefore, the TPG is a critical factor influencing the development efficiency of low-permeability gas reservoirs (Civan, 2017). In the development process, it is essential to fully consider the impact of TPG on gas flow and optimize the development strategy accordingly to enhance the recovery rate (Shanley et al., 2004; Hu et al., 2018).
Research indicates that the productivity of gas wells diminishes as the TPG increases. A higher TPG requires a greater production pressure differential for fluid to start flowing, directly resulting in reduced production. To enhance production capacity, it is necessary to adopt measures that lower the TPG, such as enhancing reservoir permeability via techniques like hydraulic fracturing. Simultaneously, it is crucial to carefully manage the production pressure differential to prevent a decline in gas production efficiency due to excessive pressure differences. Hence, exploring the TPG of tight sandstone is of utmost importance (Cao et al., 2017; Song et al., 2015).Laboratory testing methods for determining the TPG can be broadly categorized into steady-state and unsteady-state approaches. The steady-state method is particularly effective for directly measuring the TPG, as it involves observing the minimum pressure required to maintain a constant flow rate through the sample. This approach provides a direct assessment of the TPG. In contrast, unsteady-state methods are often quicker to implement and are valuable for capturing dynamic flow behaviors and transient effects associated with the TPG. Although unsteady-state methods may not offer as direct a measurement of the TPG as the steady-state approach, they can provide insights into time-dependent flow phenomena (Bai et al., 1993).
Laboratory experiments have not only confirmed the existence of a TPG in tight reservoirs but have also revealed a significant correlation between this gradient and key physical properties of the reservoirs. Specifically, the experimental data demonstrate a clear inverse relationship between the TPG and reservoir permeability: the lower the permeability, the higher the required TPG. Additionally, there is a positive correlation between the TPG and water saturation in the reservoir, indicating that an increase in water saturation directly leads to a corresponding increase in the TPG (Miller and Low, 1963; Boukadi et al., 1998). For example, Zhu et al. observed that in low-permeability gas reservoirs, the TPG increases as permeability decreases or water saturation increases (Zhu et al., 2011). However, they did not establish a definitive correlation between these parameters. Dong et al., through core experiments, found that the TPG increases with the rise in effective stress and developed dynamic TPG models for cores with different permeability. However, their study did not take into account the influence of water content on the TPG (Dong et al., 2019). Ding et al. conducted a TPG test under reservoir conditions and concluded that the start-up pressure gradient increases with the decrease of pore pressure (Ding et al., 2017). Under reservoir conditions, as core permeability decreases and water saturation increases, the TPG becomes greater. However, no starting pressure model has been constructed to account for these factors. Atif Zafar et al. considered the effects of water saturation, permeability, and pore pressure on the TPG. However, they only constructed separate models for the influence of water saturation, pore pressure, and permeability on the TPG, without comprehensively considering the relationship among the three factors. This limitation reduces the practical applicability of their findings for production guidance (Zafar et al., 2020).
Many scholars have conducted studies on the mathematical description models of the initiating pressure gradient across different reservoir types, as summarized in Table 1. Pascal H. et al. Utilized the finite difference method to investigate the threshold pressure in linear reservoirs, taking into account low-speed flow, and proposed a mathematical model for the TPG that incorporates rock shear stress and permeability. However, their model only considers the properties of the rock itself and lacks consideration of the fluid’s influence on the TPG (Pascal, 1981). Prada A. et al. applied the TPG to correct Darcy’s law for low-speed flow. They determined that fluid can only pass through the porous medium when the flow force is sufficient to overcome the TPG. A mathematical model for the TPG was developed, taking into account the fluid properties. (Prada and Civan, 1999). Zeng et al. (2010) studied the influence of different fluid components on the TPG of rocks and proposed a mathematical model for the TPG. However, their model only considers fluid properties and lacks consideration of rock properties. Liu, (2023) suggested that as production time increases, the gas flow space expands, and flow resistance decreases. They improved the formula for the TPG and developed a calculation formula that considers the effects of permeability, initial water saturation, and bound water saturation. However, in actual production, it is challenging to accurately determine bound water saturation, which limits the practical significance of their model. Yang et al. (2015) conducted research on the threshold pressure effect in low-permeability tight gas reservoirs and quantitatively characterized the TPG of Sulige low-permeability tight gas reservoirs using a formula that incorporates the absolute permeability and water saturation of the reservoir. All the above theoretical models were developed under normal pressure conditions, neglecting the influence of formation pressure on the TPG.
TABLE 1 | The TPG prediction models.
[image: Table 1]To address this, this article first establishes a dynamic TPG testing device for tight gas reservoirs under water-bearing conditions by constructing a high-precision back pressure control system. We conducted tests on the dynamic TPG of tight gas reservoirs with varying water saturation levels across different reservoirs and analyzed the effects of permeability, water saturation, and formation pressure on the TPG. Finally, mathematical models for the TPG in various reservoirs were developed. This research provides a reference and foundation for accurately understanding the TPG characteristics of tight gas reservoirs and for formulating reasonable development plans.
2 EXPERIMENTAL MATERIAL AND PROCEDURES
2.1 Experimental materials
The experimental cores were taken from four samples, each with different permeability, from the J30S1, J30S2, and J58H1 layers of tight gas reservoirs in the Ordos Basin. The porosity and permeability of these cores were measured using the single chamber method based on Boyle’s Law and the pulse decay method, respectively. The parameters of the natural core samples are listed in Table 2. The injection fluids used were synthesized formation water and nitrogen. The properties of the synthesized formation water are listed in Table 3, and the water was prepared based on the actual properties of the formation water from the study block. The temperature was set to 85°C, reflecting the actual gas reservoir temperature of the study block.
TABLE 2 | Parameters of natural core samples.
[image: Table 2]TABLE 3 | Composition of the synthesized formation water.
[image: Table 3]2.2 Experimental procedures
The experiment utilized a combination of the improved bubble method and the flow velocity pressure difference method, with the flowchart shown in Figure 1. First, the rock core is cleaned and dried for 48 h to determine its dry weight. Then, the rock core is placed in an intermediate container and vacuumed for 12 h. Water is pumped into the container and pressurized to 5 MPa for 24 h to fully saturate the core’s pores. The saturated water mass of the rock core is then measured. The saturated core is placed into a core holder, and a confining pressure of 5 MPa is applied using a confining pressure pump. After the pressure stabilizes, nitrogen gas is used to displace the core at a constant pressure while continuously weighing it. Displacement is stopped when the core’s water saturation reaches 70%. The confining pressure is then set to 40 MPa, and the back pressure is adjusted to the specified level. After the fluid pressure within the core stabilizes, the inlet pressure is gradually increased. At each pressure point, once the flow stabilizes, the gas flow rate, corresponding time, and pressure are measured until a complete flow curve is obtained. After completing the initial experiment, the core is re-saturated and displaced to water saturation levels of 60%, 50%, 40%, and 30%, with the experiment repeated for TPG testing.
[image: Figure 1]FIGURE 1 | Apparatus of dynamic TPG test.
To ensure the stability of the water saturation in the core during the experiment, a low-speed pressurization method was employed to prevent the water phase from flowing due to excessive pressurization speed. The weighing method was used to accurately determine the water saturation before and after the experiment. If the error in water saturation before and after the experiment remains within 2%, it can be concluded that only single-phase gas flow occurred during the experiment. Conversely, if the error exceeds this range, it is considered that gas-liquid two-phase flow occurred in the core, requiring the core to be cleaned and the experiment to be repeated.
3 RESULTS
3.1 Effect of water saturation on TPG
Figure 2 shows the pressure gradient and flow rate curves for core 6# when the water saturation is 60% and the formation pressure are 15, 20, 25, and 30 MPa, respectively. It can be seen from the Figure 2 that when the pressure gradient are less than 0.092, 0.106, 0.114, and 0.123 MPa/m, the curve is nonlinear. This is because the pressure gradient in this area is low, and due to the Jamin effect, gas cannot pass through the core pores. As the pressure gradient gradually increases, the slope of the curve changes significantly, and the rate of increasing gas flow relative to the square of the pressure gradient is approximately linear. Extending the linear part of the curve to the X-axis, it will intersect with the X-axis at a point where the pressure gradient corresponding to that point is the TPG of the core.
[image: Figure 2]FIGURE 2 | Schematic diagram of pressure gradient curve of non-Darcy flow.
The variation of TPG with water saturation was measured in three reservoirs at a formation pressure of 15MPa, as shown in Figure 3. The variation law of the TPG of three reservoirs was measured through experiments, as shown in Figure 3. The experimental results show that the TPG of the reservoir exhibits a clear regularity, generally increasing rapidly with the increase of the original water saturation. Under the same water saturation conditions, reservoirs with lower permeability correspond to more significant TPG. All three reservoir curves show that when the water saturation is greater than 50%, there is a significant turning point in the amplitude of the TPG change, and the TPG increases rapidly. Among them, J30S2 and J58H1 show more pronounced performance. This is because when the water saturation is high, the gas in the core is difficult to form a continuous phase flow, but is divided into many small bubbles. These tiny bubbles are subjected to capillary forces during their flow process, resulting in the so-called Jamin effect when passing through the core throat, which refers to the additional resistance caused by the shape change of the bubbles when passing through narrow channels. As the water saturation increases, the flow resistance caused by bubble segmentation and Jamin effect also increases accordingly, resulting in an increase in reservoir TPG at the macro level.
[image: Figure 3]FIGURE 3 | TPG of rock cores with different water saturation in three layers. (A) J30H1, (B) J30S2, (C) J58H1.
When the water saturation is 30%, the TPG of rock cores with permeability less than 0.1mD is 0.026 MPa/m, 0.086 MPa/m, and 0.048 MPa/m, respectively. J30S1 has the least impact on water saturation. When the water saturation increases from 30% to 70%, the TPG increases by 114.27%. J30S2 and J58H1 increase by 314.19% and 316.37%, respectively. The threshold pressure range for J30S1 is 0.026–0.036 MPa/m, J30S2 is 0.086–0.131 MPa/m, and J58H1 is 0.048–0.103 MPa/m. At the same water saturation, as the core permeability increases, the TPG decreases. When the water saturation is 30% and the permeability of the three layers increases from less than 0.1mD to greater than 1mD, the TPG decrease by 29.5%, 86.03%, and 75.83%, respectively. Similarly, when the water saturation reaches 70%, the TPG decrease by 36.14%, 52.18%, and 75.54%, respectively. By conducting nuclear magnetic resonance analysis on three core layers with permeability less than 0.1mD, as shown in Figure 4, The pore distribution of J30S2 and J58H1 is mainly concentrated in micropores and small pores smaller than 1 µm. The proportion of mesopores and macropores in J30H1 accounts for 53.44% of the total pores, the smaller pore throats of J30S2 and J58H1 will result in greater capillary force, while J30S2 and J58H1 account for 23.57% and 20.13% of the total pores. The smaller pore throats in J30S2 and J58H1 need to overcome stronger capillary force to push gas through the pore throats, thus requiring higher pressure to initiate gas flow. On the contrary, the larger pore throat structure of J30H1 results in a smaller TPG.
[image: Figure 4]FIGURE 4 | Comparison of NMR spectra of three layers.
3.2 Effect of formation pressure on TPG
To study the variation of the threshold pressure in dense experimental rock cores under different formation pressures, pore pressures were set at 15, 20, 25, and 30 MPa, respectively, with corresponding confining pressures set at 25, 30, 35, and 40 MPa. The difference between confining pressure and pore pressure was kept constant during the experiment to ensure the permeability of the rock core remained stable. When the water saturation is 30%, the relationship between formation pressure and TPG is shown in Figure 5.
[image: Figure 5]FIGURE 5 | TPG of rock cores under different formation pressures in three layers. (A) J30H1, (B) J30S2, (C) J58H1.
Under low formation pressures, the TPG of tight gas reservoir cores decreases as pressure increases. However, once the local pressure exceeds 25.0 MPa, the rate of change in the TPG significantly diminishes and eventually stabilizes. The primary reason for this phenomenon is the significant impact of the slippage effect on gas permeation behavior in the cores of tight gas reservoirs. The slippage effect, also known as the Klinkenberg effect, refers to the phenomenon where gas flow in a porous medium at low pressure exhibits higher permeability compared to liquid permeability under the same conditions. This occurs because, at lower pressures, gas molecules have longer mean free paths and undergo slip at the pore walls, thereby increasing the apparent permeability and resulting in a lower measured TPG.
As formation pressure gradually increases, gas density rises, the mean free path between molecules shortens, and the frequency of collisions with pore walls decreases. Consequently, the slippage effect weakens, the increase in gas permeability becomes less pronounced, and the rate of change in the TPG decreases until it stabilizes. Once the local pressure exceeds 25 MPa, the gas density is sufficiently high, the influence of the slippage effect essentially disappears, and gas flow behavior begins to resemble conventional Darcy flow as described by Darcy’s law. Thus, the TPG stabilizes.
When formation pressure changes, cores with lower permeability exhibit more significant variations in the TPG, while cores with higher permeability show a relatively smaller range of TPG changes. Specifically, for cores with permeability exceeding 1.0 mD, the TPG remains almost stable with changes in formation pressure, decreasing by 12.41%, 12.88%, and 16.91%, respectively. In contrast, for cores with permeability less than 0.1 mD, the TPG decreases by 19.68%, 44.93%, and 39.68%. This difference can be attributed to the varying influence of the slippage effect in cores with different permeabilities. At the same formation pressure, as the core permeability increases, TPG decreases. When the formation pressure is 15MPa, the permeability of the three layers increases from less than 0.1mD to greater than 1mD, and the TPG decreases by 21.21%, 85.45%, and 73.28%, respectively. Similarly, when the formation pressure is 30MPa, the TPG decreased by 27.69%, 76.98%, and 81.25%, respectively. In low-permeability cores, the pore channels are narrow, making the slippage effect more pronounced, which significantly increases gas permeability at low pressures and thus causes a substantial decrease in TPG. Conversely, in high-permeability cores, the pore channels are relatively wide, and the slippage effect is weaker, resulting in a more gradual and stable change in TPG.
4 DISCUSSION
4.1 Establish of mathematical model for dynamic TPG
Through the study of the variation of TPG with water saturation and formation pressure, the relationship between TPG, water saturation, and formation pressure was statistically fitted, as shown in Figures 6, 7. The corresponding expression for a single factor was obtained as shown in Equation 1.
[image: image]
[image: Figure 6]FIGURE 6 | The fitting curve between TPG and water saturation.
[image: Figure 7]FIGURE 7 | The fitting curve between TPG and formation pressure.
Where G is the TPG (MPa/m), P is the formation pressure (MPa), and Sw is the water saturation (%).The parameters a,b,and c are fitting coefficients. A total of 12 sets of coefficients a,b,and c were obtained through fitting,and the expressions for the TPG in cores with different permeabilities across the three layers were derived, as shown in Table 4. To explore the relationship between the TPG and core permeability, the coefficient a, b, and c was fitted to the core permeability. The detailed steps are outlined in the Appendix. Finally, the mathematical models for the TPG of the three layers are obtained as shown in Equations 1–3.
[image: image]
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TABLE 4 | Fitting result of dynamic TPG of cores with different permeabilities.
[image: Table 4]4.2 Model validation
In order to verify the reliability of the model proposed in this article, different models were used to calculate the TPG using J30H1 as an example. The predicted results are shown in Figure 8. From the Figure 8, it is evident that there is a significant discrepancy between the theoretical calculation results of previous researchers and the measured values. However, the theoretical value of the TPG calculated using the new model bears little difference from the measured value, thus validating the rationality and accuracy of the new model. It can effectively describe and evaluate the TPG of tight sandstone gas reservoirs containing water.
[image: Figure 8]FIGURE 8 | The comparison between the newly developed model and other models (Yi et al., 2006; Huang et al., 2016; Zhu et al., 2022).
The general formula for TPG can be effectively utilized to rapidly determine the TPG for reservoirs with varying permeability. For instance, by selecting three reservoirs with permeabilities ranging from 0.1 mD to 1 mD, calculations can be performed to generate a graph depicting the relationship between TPG, formation pressures, and water saturation levels in the study area, as illustrated in Figure 9. The results presented in Figure 9 indicate that water saturation exerts a more significant influence on TPG compared to formation pressure. This finding underscores the critical importance of closely monitoring changes in formation water content during the development of tight sandstone gas reservoirs to ensure optimal reservoir management and production efficiency.
[image: Figure 9]FIGURE 9 | The TPG relationship diagram of three reservoirs under different formation pressures and water content conditions.
5 CONCLUSION
This study conducted a comprehensive analysis of the variation in threshold pressure gradient (TPG) under different water saturation and formation pressure conditions for tight sandstone gas reservoirs in the Ordos Basin, China, through experimental research and mathematical modeling. The key conclusions are as follows:
(1) The study revealed that TPG is closely related to both water saturation and formation pressure, with water saturation having a significantly greater impact on TPG compared to formation pressure.
(2) As formation pressure increases, the slippage effect of gas molecules gradually diminishes, resulting in a decrease in the rate of change of TPG, which eventually stabilizes. When the local pressure exceeds 25.0 MPa, the slippage effect almost disappears, and gas flow behavior approaches the conventional flow described by Darcy’s law, leading to a stabilized TPG.
(3) The study also found that TPG in low-permeability cores exhibits greater variation with changes in formation pressure, whereas TPG in high-permeability cores remains relatively stable. In low-permeability cores, the slippage effect significantly enhances gas permeability, resulting in larger fluctuations in TPG.
(4) Based on the experimental data, a mathematical model was established to describe the relationship between TPG, permeability, water saturation, and formation pressure. The model’s applicability was validated through case studies, providing a theoretical basis for predicting TPG in gas reservoirs with varying permeability.
In the development of tight sandstone gas reservoirs, special attention should be paid to changes in formation water content, as it has a more pronounced impact on TPG. This insight is crucial for formulating effective development strategies. Future research should integrate actual production data to further optimize and refine the model, enhancing its applicability and predictive accuracy under complex geological conditions.
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APPENDIX
According to studies 3.1 and 3.2, it is known that the TPG is influenced by the permeability of the rock core. To investigate the influence of different reservoir permeability on the TPG, the relationship between the coefficients a, b, and c and permeability in Equation 1 was fitted, using J30H1 as an example, as shown in Figure A1. The coefficients a, b and c exhibit a linear or exponential relationship with permeability. By substituting the relationship between the coefficients and permeability into Equation 1, the mathematical model for the TPG as a function of permeability, water saturation, and formation pressure for J30H1 was obtained, as shown in Equation 2. Similarly, mathematical models for J30S2 and J58H1 were established, as shown in Equations 3, 4.
[image: Figure A1]FIGURE A1 | Coefficient and permeability fitting curve.
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