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The underlying mechanism for spontaneous imbibition in a water–gas system plays a significant role in hydraulic fracturing in sandstone gas reservoirs. The objective of this study is to characterize the heterogeneity of low-permeability sandstones and investigate their effect on spontaneous imbibition from the perspective of the pore scale. We selected different cores with various pore structures and heterogeneity to evaluate their impact on the dynamics of spontaneous imbibition. The heterogeneities of the cores are contributed from the clay mineral distribution and are characterized through CT scans. The results show that clay minerals have higher CT numbers than the core matrix and that micropores are predominantly distributed in clay particles rather than in the core matrix. Additionally, the water imbibition rate of micropores is larger than that of the macropores, and when the porosities are similar, the water imbibition rate is increased with decreasing permeability. Moreover, the results of 1D frequency scans show that the distribution of water at different locations in the core is governed by the distribution of clay particles. These findings can help us further understand the distribution of fracturing fluids in the heterogeneous low-permeability sandstone reservoirs.
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1 INTRODUCTION
Hydraulic fracturing is the most essential technology for the development of low-permeability sandstone gas reservoirs. Complex artificial fracture networks are generated by injecting large amounts of fracturing fluid into the formation at extremely high pressures. The fracturing fluid is spontaneously imbibed into the matrix pores during fracture propagation. However, the flow back efficiencies of low-permeability sandstone gas reservoirs are generally lower than 50% (Alkouh and Wattenbarger, 2013). The flow back fluid mainly contributes to the fracture rather than the matrix pores. This results from the fracturing fluid imbibition which are promoted by the high capillary pressure in matrix pores, and the capillary pressure can also prevent the outflow of fracturing fluids from matrix pores. In addition, the residual fracturing fluid can lead to severe formation damage by reducing the relative gas permeability and forming aqueous phase trapping. Therefore, it is important to clarify the water distribution and spontaneous imbibition mechanism in low-permeability sandstone gas reservoirs. Numerous studies have been performed to investigate the spontaneous imbibition in the gas–water system from different perspectives, including the boundary conditions (Yang et al., 2016), permeability differences (Meng et al., 2015), initial water saturations (Li and Horne, 2001), and water block damages (Zhou et al., 2016; Zhang et al., 2019). Additionally, computed tomography (CT) scans, nuclear magnetic resonance (NMR) scans, and microfluidic models are selected as new methods to monitor the spontaneous imbibition (Bao et al., 2017; Liang et al., 2017; Liu et al., 2017; Shen et al., 2017; Liang et al., 2018; Yuan S. et al., 2019; Liang et al., 2020). Through these microstructure characterization techniques, the water distribution in different pores can be quantified and analyzed, and thus, it can clarify the effects of different factors on spontaneous imbibition. The water distribution and flow morphology during spontaneous imbibition in cores have been depicted based on CT scans and NMR scans (Standnes, 2003; Mirzaei et al., 2016; Akbarabadi et al., 2017). Li and Horne (2001) characterized the process of spontaneous water imbibition into gas-saturated rocks, and they demonstrated a linear relationship between the imbibition rate and the gas recovery by water imbibition. They also found that the imbibition rate and the ultimate gas recovery are decreased with the initial water saturation. Dutta et al. (2014) investigated the spontaneous imbibition in the low-permeability Berea sandstones by using CT scans. They show that the water saturation distribution along the length of the rock sample is changed with imbibition time, and they indicate that the heterogeneity of these samples plays an important role in the spreading and final saturation of the imbibition front. There is a linear relationship between the imbibed volume and the square root of imbibition time, but during the later period of imbibition, the imbibed water volume is not proportional to the square root of imbibition time (Washburn, 1921; Handy, 1960; Li and Horne, 2001).
The previous studies mostly focused on the spontaneous imbibition in homogenous core samples. There are a few studies to comprehensively consider the difference in the pore structure caused by heterogeneity of cores and its effects on the spontaneous imbibition. Also, the water distribution in heterogeneous cores and the effects of clay mineral distribution on the heterogeneity of spontaneous imbibition are still not clear.
In this study, three core samples with different clay mineral distribution patterns are selected to investigate the spontaneous imbibition in the heterogeneous sandstones. The clay mineral distribution and heterogeneity of core samples are characterized through CT scans. NMR scans are used to monitor the changes of water distribution in different pores. The relationship between the clay mineral distribution and water saturation is established based on the results of CT scans and NMR scans. This study has a great significance in further understanding the water distribution in the formation matrix and the mechanism of spontaneous imbibition in tight gas reservoirs.
2 METHODOLOGY
2.1 Experimental materials
Three core samples were obtained from the same well in a low-permeable sandstone gas reservoir in the Ordos Basin of the Changqing Field in China. These core samples were carefully drilled from the different depths. The basic properties of the core samples were analyzed using the Chinese petroleum industry standard (Table 1). All core samples were completely cleaned using the Soxhlet extraction device with petroleum ether and methanol. The mineral compositions of core samples are listed in Table 2. The core samples mainly consist of quartz and feldspar, and the main clay minerals are illite, kaolinite, and chlorite. According to the different distribution patterns of the clay mineral, the three core samples are distinguished and called the mixed-layer sandstone (MLS), matrix sandstone (MS), and clay-particle sandstone (CPS). The pictures of the core samples from different views are shown in Figure 1. To avoid permeability damage from clay swelling, 2 wt% KCl was selected as the aqueous phase to perform the spontaneous imbibition experiments in this study. Before conducting experiments, all core samples were dried at the temperature of 105°C until their weights were constant. The contact angles of core samples were measured using the sessile drop method. Also, the contact angles range from 10° to 20°, which indicates that the core samples are all strongly water-wet.
TABLE 1 | Properties of the core samples.
[image: Table 1]TABLE 2 | Mineral compositions of the core samples.
[image: Table 2][image: Figure 1]FIGURE 1 | The pictures of core samples.
2.2 CT scans
A CT scan is an effective method to investigate the mineral distributions and internal structures of the core samples. Due to the density difference, the CT number is different for different minerals. Therefore, a GE Brivo 385 CT scanner is used to characterize the heterogeneity due to clay mineral distribution. Helical scans are set on 120 kV and 140 mA with a rotation time of 1 s and a slice thickness of 0.625 mm. Then, these data were analyzed using Avizo 2019 software. The data processing procedures mainly include the following steps: 1) Data of CT scans are loaded through Avizo software; 2) the interactive threshold module is selected to separate the clay minerals and core matrix with appropriate threshold value; 3) the label analysis module is selected to analyze the properties of clay minerals, including space coordinates, areas, and volumes; 4) the volume-rendering module is used to display the clay mineral distribution in the 3D view.
2.3 NMR scans
NMR relaxation is a rapid and non-destructive tool to study the water distribution in the porous medium. The water-molecule relaxation time ([image: image]) in the magnetic field can be divided into bulk relaxation time ([image: image]), surface relaxation time ([image: image]), and diffusion relaxation time ([image: image]) as the water molecules in the porous media are confined in the pores due to the capillary and adsorptive force. This will result in less contributions of [image: image] and [image: image] to [image: image]. Therefore, [image: image] of water molecules can be described by Eq. 1:
[image: image]
where [image: image] (μm2) and V (μm3) are the pore surface area and pore volume, respectively, and [image: image] (μm/s) is the surface relaxivity (Lai et al., 2016). For a specific core, its surface reflectivity can be assumed to be constant. Therefore, T2 can be converted into the pore radius using the following equation:
[image: image]
where [image: image] is a function of the dimensionless shape factor of a pore, which is equal to S/V; [image: image] is the constant conversion coefficient (ms/μm). On the basis of Eqs 1, 2, it is found that T2 has a linear relationship with the pore radius (Wei et al., 2020). Therefore, the T2 value is increased with the pore radius. To obtain the water distribution along the length of cores, 1D frequency scanning is selected by collecting and calculating the signals in different positions. The T2 distributions and 1D frequency scans of different core samples are measured using a MacroMR12-150H-I NMR spectrometer (NIUMAG, Shanghai, China). The T2 measurements are conducted based on the Carr–Purcell–Meiboom–Gill (CPMG) sequence, and 1D frequency scans are conducted by using the GR-HSE sequence (Liu and Sheng 2020). The water saturations of different positions are calculated with Eq. 2
[image: image]
where [image: image] is the water saturation of a certain length of cores; [image: image] is the amplitude of spontaneous imbibition experiments at a certain position; and [image: image], the amplitude of the water-saturated condition at a certain position. All measurements are conducted at an ambient temperature (25°C). The field frequency is 12.448 MHz. The magnetic field intensity is 0.3T. The polarization times, scanning times, and echo numbers for T2 scans and 1D frequency scans are 3,000 ms, 16, and 18,000, respectively. The echo spacings for T2 scans and 1D frequency scans are 0.2 ms and 1.2 ms, respectively.
2.4 Spontaneous imbibition experiments
The spontaneous imbibition experiments are performed through the following steps: 1) After drying them to a constant weight, the core samples are weighted to obtain their dry weight. 2) The core samples are immersed in brine as shown in Figure 2. The boundary condition is considered an all-face open (AFO) condition. 3) The core samples are taken out from brine at a certain time interval and the NMR scans are conducted, including T2 scans and 1D frequency scans. In addition, the current weights of core samples are recorded. The spontaneous imbibition experiments are completed until the peak areas of T2 spectra and the weights of the core samples have changed by less than 1%. To obtain the T2 spectra of the core samples saturated with brine, the core samples are dried and vacuum saturated with brine under a pressure of 10 MPa for 48 h after the spontaneous imbibition experiments are completed. Then, the same scanning sequence and procedures are performed again.
[image: Figure 2]FIGURE 2 | The diagram of spontaneous imbibition experiments.
3 RESULTS AND DISCUSSION
3.1 Heterogeneity characterization
The CT scanning images along the core samples are shown in Figure 3. The slice interval of CT scans for MLS, MS, and CPS are 6.459 mm, 5.033 mm, and 5.359 mm, respectively. There are notable differences among different the core samples. For the mixed-layer sandstone, there is a large area of high CT number in each scanning slice, which corresponds with the area of high clay-mineral content. The clay minerals are associated with other minerals such as quartz, feldspar, and dolomite, and this leads to high CT numbers in these areas. Additionally, the mixed-layer regions have CT numbers ranging from 2,300 to 2,600. This indicates that the distribution of clay minerals in MLS is not uniform, and this may have effects on the heterogeneity of spontaneous imbibition in different positions of this core. For the matrix sandstone, there are a few areas of high CT number. The small red areas in some slices are probably some clay particles formed by the aggregation of clay minerals. This is consistent with the lower clay mineral content of the matrix sandstone. The result of CT scanning shows that the matrix sandstone is more homogeneous along the length of the core than the mixed-layer sandstone. The CT number of MS ranges from 1,800 to 2,300. For the clay-particle sandstone, which has more evident differences between clay particles and matrix in each scanning slice, it is notable that the clay particles in these core samples are separated from the core matrix. Also, the CT numbers of clay particles and core matrix range from 2,300 to 2,600 and 1,800 to 2,300, respectively, which is consistent with the ranges of the CT numbers in MLS and MS. Additionally, the heterogeneity of CPS is more severe than MLS and MS. Finally, the sequence of core heterogeneity is CPS > MLS > MS. The different distribution patterns of the clay minerals may affect the pore structures of the core samples and thus the spontaneous imbibition performances along the length of the core samples.
[image: Figure 3]FIGURE 3 | CT scanning slices in different positions for different cores.
3.2 Pore structure analysis
To correlate the water volume and peak area of the T2 spectrum, the weight differences and peak area differences in the spontaneous imbibition experiments are used to generate a standard curve. As shown in Figure 4, the water volumes in the core samples and the peak areas of the T2 spectra have a good linear relationship. This demonstrates that the water distribution in different pores can be reflected through the T2 spectra and the water volumes can be calculated through the fitting equation. Figure 5 shows the T2 spectra of the core samples saturated with brine, and they can also represent the pore structure of the core samples due to the correlation between T2 and the pore radius. It is found that the T2 spectrum of MLS mainly has one peak of 1.0 ms, and the T2 spectra of MS and CPS both have two peaks. The first peaks of these two samples are the same as that in MLS. The second peaks of MS and CPS are 18.74 ms and 32.75 ms, respectively. Therefore, the pores of the core samples can be divided into two types using the T2 spectra: micropores (1–10 ms) and macropores (10–1,000 ms). Additionally, this indicated that the pore structure of MLS mainly consists of micropores, and the MLS and CPS have both micropores and macropores. The pore volumes and proportions of micropores and macropores for the core samples are listed in Table 3. The proportion of macropores in CPS is larger than that of MS. In addition, CPS also has more macropores than MS. The results of the T2 spectra for different core samples are correlated with the core permeabilities. Also, the permeability of the core sample is increased with the proportion of macropores.
[image: Figure 4]FIGURE 4 | Standard curve between peak area and water volume.
[image: Figure 5]FIGURE 5 | T2 spectrums for water-saturated cores.
TABLE 3 | Pore volumes and proportions for different core samples.
[image: Table 3]3.3 Spontaneous imbibition experiments
The water saturation curves of the core samples are obtained using the weight differences at different times. In Figure 6, the water saturations of the core samples are rapidly increased in the early period and gradually reach plateaus. It is found that MLS has the highest water saturation of 81.8%, and the final water saturations of MS and CPS are 63.1% and 55.2%, respectively. Additionally, the sequence of time to reach imbibition equilibrium is CPS (222 h) > MS (96 h) > MLS (32 h). This indicates that higher clay mineral content of the core sample can make water imbibition faster. However, the results show that the final water saturations of the core samples decrease with core permeability. To further investigate the imbibition characteristics in different pores of the core samples, the changes of the T2 spectra for different cores are shown in Figure 7. It is found that the amplitudes of micropores in MLS gradually increase with time and reach equilibrium at around 24 h, as shown in Figure 7A. After that, the difference in the T2 spectra mainly results from the macropores. In Figure 7B, it is evident that the water mostly is imbibed into micropores rather than macropores, and the amplitudes of micropores increase more rapidly than those of macropores. The same tendency of amplitude changes is found in the case of CPS (Figure 7C). The amplitude of micropores in MS is larger than that of CPS, but the amplitude of macropores in MS is smaller than that of CPS. This probably results from the different pore structures of the two cores. CPS has a larger proportion of macropores but a smaller proportion of micropores than MS, which indicates the pore structures of core samples can dominate the spontaneous imbibition in different pores. Furthermore, there is a similar trend for these core samples that indicates that the imbibition rate of micropores is larger than that of macropores. For the homogenous cores, a larger pore size means a higher permeability and thus a higher imbibition rate (Washburn, 1921; Meng et al., 2017; Abd et al., 2019). However, there is crossflow between micropores and macropores due to the capillary pressure difference. Also, this can lead to the driven forces in micropores being larger than macropores, and thus, the imbibition fronts in micropores move faster than macropores (Dong et al., 2006; Li et al., 2019). A similar phenomenon is also observed in coals (Yuan X. et al., 2019) and low-permeability sandstones (Chen et al., 2018).
[image: Figure 6]FIGURE 6 | Water saturation curves for different cores changed with time.
[image: Figure 7]FIGURE 7 | T2 spectrums of different cores changed with time: (A) MLS sample; (B) MS sample; (C) CPS sample.
3.4 Water distributions in different pores
To investigate the water saturation of different core samples, the comparisons of the T2 spectra when the cores are saturated with brine and reach imbibition equilibrium are shown in Figure 8. It is found that water saturation of micropores is much higher than that of macropores. The water saturation and water volumes in different pores are summarized in Figure 9. The sequence of water volumes in micropores is MLS > MS > CPS, which is consistent with the trend of clay mineral contents and micropore proportions. The sequence of water volume in macropores is CPS > MS > MLS, which is consistent with the trend of macropore proportions. This demonstrates that the differences in spontaneous imbibition mainly resulted from the differences of the pore structure. However, the water saturations in micropores and macropores have the same sequence: MLS > MS > CPS. The water saturation of micropores is increased with the increase in the micropore proportion. This indicates that the water volume of macropores for CPS is larger than that of MS, but the water saturation of macropores is still smaller than that of MS. This also demonstrates that the spontaneous imbibition is dominated by the micropores and the water saturation of different pores is increased with the micropore proportions.
[image: Figure 8]FIGURE 8 | T2 spectrums in different conditions for different cores: (A) MLS sample; (B) MS sample; (C) CPS sample.
[image: Figure 9]FIGURE 9 | Water distribution in different pores for different cores: (A) water volume; (B) water saturation.
3.5 Effects of heterogeneity on spontaneous imbibition
To further understand the effects of the clay mineral distribution during spontaneous imbibition, the results of 1D frequency scanning are shown in Figure 10. For the mixed-layer sandstone, the amplitudes in different positions vary with the mixed-layer area, and the positions of high amplitude correspond with the positions that have high mixed-layer areas. For the matrix sandstone, the amplitudes of the water-saturated condition are more uniform than those in the mixed-layer sandstone. Also, the amplitudes of the imbibition equilibrium condition are much more uniform than those of MS. For the clay-particle sandstone, the amplitudes of different positions are mainly controlled by the positions of the clay particles. The clay particle positions are shown in Figure 11 from different perspectives. The colors of clay particles are generated from the label analysis module, and the different colors are used to distinguish the clay particles in different positions. It is evident that the clay particles are not uniformly distributed along the length of the core sample. Due to the significant difference between the clay particles and core matrix in CPS, the relationship between water saturations and clay particle volumes in the different positions are illustrated in Figure 12. There is the same tendency for water saturations and clay particle volumes changing with the positions. A high clay particle volume can lead to high water saturation, which demonstrated that the heterogeneity of the core samples can affect the water distribution. Also, water is mainly distributed in the clay minerals. These results have a good correlation with the changes of the T2 spectra.
[image: Figure 10]FIGURE 10 | The results of 1D frequency scanning for different core samples: (A) MLS sample; (B) MS sample; (C) CPS sample.
[image: Figure 11]FIGURE 11 | The clay particle distribution of CPS in 3D view.
[image: Figure 12]FIGURE 12 | The water saturations and clay particle volumes at different position of CPS.
4 CONCLUSION
In this study, three kinds of heterogeneous sandstone cores are used to characterize the heterogeneity through CT scans and investigate the effects of the clay mineral distribution on spontaneous imbibition. The water distribution at different pores and positions of core samples are characterized and quantified through T2 scans and 1D frequency scans. The conclusion can be drawn as follows:
(1) The CT number of the clay minerals is higher than the core matrix; therefore, the clay mineral distribution can be characterized through CT scans. The sequence of heterogeneity of the core sample is CPS > MLS > MS. The different pore structures of core samples are related to the clay mineral distribution patterns, and the micropore proportion is increased with clay mineral content.
(2) The water saturation of the core samples is increased with the clay mineral content. The sequence of water saturation is MLS > MS > CPS. Water is mainly imbibed in the micropores, and this leads to a higher imbibition rate of micropores than that of macropores. The water saturations of different pores are increased with the corresponding pore proportions. This mainly results from the crossflow between micropores and macropores due to the capillary difference.
(3) The clay mineral distribution along the length of the core samples affects the water distribution. For CPS, the water saturation is correlated with the clay particle volume in different positions. This is because the micropores are mainly contributed by clay minerals. Also, this indicates that the water distribution is dominated by the clay mineral distribution in the heterogeneous sandstone.
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