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In addition to tectonic fractures, the ubiquitous and important bedding fractures are often overlooked in the imbibition processes. Based on the identification of different fracture types in tight sandstone from the middle Permian Lucaogou Formation in the Jimusar Sag, NW China, spontaneous imbibition of water experiments was carried out, aiming to investigate the effect of tectonic and bedding fractures on hydrocarbon recovery efficiency in tight reservoir rocks. The results show that the difference in connectivity between the vertical (tectonic fractures) and horizontal (bedding fractures) directions of pores and pore throats is the main reason for the distinction in microscale permeability and, hence, fluid imbibition. The difference in the time required for imbibition between bedding and tectonic fractures is subtle, but the former is slightly lower than the latter in terms of imbibition depth and efficiency. Higher temperatures can shorten the reaction time of imbibition. On the basis that the tectonic fractures are opened, opening the same scale of bedding can increase the imbibition effectiveness by 8.7% at reservoir conditions (27 MPa, 80°C), and the closer to the fracture, the higher the imbibition efficiency in the matrix. The samples with higher porosity and permeability per unit volume have high imbibition oil recovery. However, the imbibition efficiency of the samples with lower porosity and permeability is higher, i.e., the final imbibition efficiency is inversely proportional to porosity and permeability.
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INTRODUCTION
Spontaneous imbibition refers to the process in which porous media imbibe wetting liquid spontaneously by means of capillary forces (Morrow and Mason, 2001; Hasan et al., 2006; Mason et al., 2009; Zhou et al., 2018). Spontaneous imbibition can be seen in two ways. On the one hand, the change curve of imbibition over time can be used to describe its process (Li et al., 2018). Gu et al. (2017) found that with the increase in the rate of fluid imbibition (volume of liquid/unit of time), the spontaneous imbibition recovery efficiency which is defined as the amount of oil that is recovered after the spontaneous imbibition occurred compared to original reservoir reserves is improved. However, Peng et al. (2010) showed that when the spontaneous imbibition rate is greater than a certain value, the improvement of spontaneous imbibition recovery will slow down or stabilize. Li et al. (2018) proposed that with the increase in interfacial tension, the thickness of spontaneous imbibition film first increases and then decreases. On the other hand, the control factors of spontaneous imbibition were explored. Previous studies have shown that reservoir and fluid properties have an impact on spontaneous imbibition, including temperature (Babadagli, 2001), wetting index and interfacial tension (Wei et al., 2016), clay mineral content (Cai et al., 2020), porosity (Liu and Dai, 2008), permeability (Yang et al., 2019), pore size and pore throat properties (Lai et al., 2019), water content and crude viscosity in rocks (Fischer et al., 2008), geometry and boundary conditions of samples (Standnes and Chun, 2004; Hasan et al., 2006; Mason et al., 2009), contact area of rocks with wetting phase fluids, and initial water saturation (Wang et al., 2019a). These studies show that results from different imbibition experiments are impacted by the properties of the samples both solid and liquid.
Imbibition studies are used to help understand fluid recovery efficiencies. At present, studies on imbibition aiming at improving oil recovery from low permeability rocks have been mainly emphasized the fractured carbonate reservoirs or low-permeability and ultra-low-permeability unfractured tight shale reservoirs, and they have mainly focused on the influence of reservoir physical properties such as pore and throat characteristics on spontaneous imbibition (Standnes and Chun, 2004; Hasan et al., 2006; Mason et al., 2009; Saberhosseini et al., 2019; Junira et al., 2020). On the one hand, capillary forces make the positive spontaneous imbibition effect of crude oil significant to the production of crude oil at the early stage. On the other hand, due to the strong heterogeneity between the matrix and fracture network, the fractures are likely to become flow channels for water and oil (Kathel et al., 2013). Therefore, the high permeability channel formed by fractures leads to poor water flooding efficiency in low-permeability reservoirs (Zhao et al., 2018). The permeability of a tight reservoir matrix is low, generally less than 0.1 mD in the subsurface, and conventional water flooding is difficult for improved oil production, and spontaneous imbibition is an alternative method for tight oil reservoir development (Schechter et al., 1994). Oil recovery can be improved by displacement using imbibition (Al-Attar, 2010). Spontaneous imbibition has attracted much attention due to its simple operation, low cost, and high efficiency (Mirzaei and Dicarlo, 2013). At the fracture surface and near the fracture matrix, spontaneous imbibition of water into the small pores takes place, while oil is displaced into the large pores (Wang et al., 2019b; Dai et al., 2019). The displacement of oil in the matrix can only be realized by capillary spontaneous imbibition, while the displacement of oil in fractures can be called forced imbibition because of the viscous pressure gradient (Babadagli, 2000) applied in the system. In the past, intact or single linear fracture rock samples were used in the study of fracture spontaneous imbibition, but in tight oil reservoirs, the fractures are considered as fracture networks. There have been limited studies on the spontaneous imbibition into tectonic and bedding fractures in tight reservoirs. For tight reservoirs, the developed bedding and tectonic fractures are very different in genesis and structure. As an important flow channel in tight reservoirs, attention should be paid to bedding fractures (Zhang et al., 2017). During simple burial and diagenesis of sediments, fractures will be near-horizontal and parallel to the original bedding (texture) (Zeng et al., 2008). These are mainly developed in argillaceous rocks, clastic rocks, and turbidite. Tectonic fractures are formed under the interaction of different tectonic stress fields and usually have high dip angles (Zeng and Li, 2009). At present, the horizontal well and multi-stage hydraulic fracturing method are used to artificially create more fractures to open up tight oil reservoirs and produce oil (Langford et al., 2013; Kim et al., 2015). However, for tight reservoirs with undeveloped tectonic fractures, it is challenging for hydraulic fracturing to re-open the pre-existing limited fractures and hydraulic fractures to form a large volume of fracture network. The bedding fracture is easy to open and has significant lateral extension (Zeng et al., 2008), making it an important channel for oil and gas flow (Wang et al., 2016). Therefore, for the tight reservoirs with developed bedding fractures but no tectonic fractures, it is important to understand the mechanism of imbibition and replacement of the fluid in both the bedding fracture and in the matrix porosity on either side of the bedding fracture and to explore and confirm the imbibition capacity and efficiency of the rock.
In this study, we first systematically identify bedding and tectonic fractures of the sandstones from the Jimusar Sag in NW China, and then we study the imbibition properties of imbibition efficiency, imbibition curve, and imbibition rate, etc. of these fracture types at different scales and conditions. The differences in imbibition effects between bedding and tectonic fractures are documented, and the types of imbibition and main controlling factors of bedding fractures are further discussed. The purpose of this article, therefore, is to explore whether fracturing fluid in the ubiquitous bedding fractures can be imbibed and replace crude oil in the reservoir and to compare the difference in imbibition efficiency between bedding and tectonic fractures, so as to provide a theoretical basis to aid in the development and production of tight oil.
THEORY OF IMBIBITION
Spontaneous imbibition was first reported by Moore and Slobod (1956). For hydrophilic rocks containing oil and water, the wetting phase is water, and the non-wetting phase is oil. Under constant external displacement pressures, a capillary force is generated at the boundary of the two phases due to wettability difference, inducing spontaneous imbibition, which makes aqueous fluids (either formation water or fracturing fluid) replace oil (Jadhunandan and Morrow, 1991). The capillary force can be described by the Young–Laplace equation:
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where Pc is the capillary pressure; σ is the interfacial tension between oil and water phases; θ is the contact angle; r is the pore radius. θ is related to reservoir wettability.
According to formula (1), only when the reservoir is water wet, can water be imbibed by the matrix and oil be displaced from the pores. This is because when the wettability changes from lipophilic to hydrophilic, the capillary pressure changes from negative to positive. In addition, if the reservoir is hydrophilic, the capillary pressure is inversely proportional to the capillary radius. Therefore, a low permeability reservoir has a larger spontaneous imbibition tendency when the throat radius decreases. Wettability is therefore a key factor.
Based on the different directions of the water phase entering the rock matrix and oil and gas discharging, imbibition can be divided into two types of consequent and reverse modes (Schechter et al., 1994). Consequent imbibition is dominated by gravity, and the imbibition direction of wetting phase water is the same as that of oil. Reverse imbibition is dominated by capillary force, and the direction of water entering the matrix is opposite to that of oil (Figure 1). In a tight reservoir with small pore throats (permeability <0.1 × 10−3μm2), large capillary force, and a high ratio of capillary force to gravity, the rock matrix is surrounded by fracturing fluid, and its imbibition process is reverse imbibition controlled by capillary force (Schechter et al., 1994).
[image: Figure 1]FIGURE 1 | Model diagram of imbibition mechanism. (A) consequence imbibition and (B) reverse imbibition.
SAMPLES AND METHODS
Geological Setting and Representativeness of Samples
Jimusar Sag is a secondary tectonic unit located on the eastern uplift of the Junggar Basin in NW China, and it occupies an area of 1,278 km2. Deposited on basement rocks consisting of Carboniferous folded strata, the sag is dustpan-shaped and features a high in the east and a low in the west without obvious boundary traits. It is adjacent to the Beisantai uplift in the northwest and southwest, the Shaqi uplift in the northeast, with the Fukang fault zone to the south, and a transitional slope rising to the Guxi uplift in the east (Cao et al., 2016, Figure 2).
[image: Figure 2]FIGURE 2 | Location (A), Structural setting (B) and stratigraphic column (C) of Jimusar Sag. The middle Permian Lucaogou Formation (P2l) is the tight reservoir of this study.
Jimusar Sag is a typical multi-cycle lacustrine sedimentary basin. Since the Permian, it has experienced four stages of tectonic movement (Gao et al., 2016). The late Hercynian tectonic movement and Yanshan tectonic movement played an important role in the formation of large-scale shale oil and gas reservoirs in the study area. During the late-middle Permian period, a lacustrine facies was deposited known as the Lucaogou Formation, which is now the main tight and shale reservoirs of oil production focus in the study area. In 2010, the flow of oil from tight reservoirs in the Lucaogou Formation was obtained for the first time in well J23 (Zou et al., 2015). In 2017, high oil flow (flow rate >100 t/d) was achieved in JHW025 and JHW023 (Yang and Zhang, 2019). The tight reservoir in the Lucaogou Formation is thicker in the southwest and thinner in the northeast, with a thickness of 200–350 m.
The lithology of reservoirs in the study area is between sandstone and shale. There are two sweet spots of tight reservoir development in the Lucaogou Formation (Figure 3). Sweet spot interval 1 (upper sweet spot) is located in the second member (P2l22), and its lithology is mainly composed of gray doloarenite, feldspathic siltstone, lithic siltstone, and dolomitic sandstone, intercalated with gray mudstone and dolomitic mudstone. This sweet spot is mainly developed on the eastern slope of the sag, with a thickness range of 13–43 m and an average of about 33 m. Sweet spot interval 2 (lower sweet spot) is located in the first member (P2l12), and its lithology is mainly composed of gray dolomitic siltstone, intercalated with gray mudstone or gray dolomitic siltstone, and light gray mudstone interbedded with argillaceous siltstone. The thickness of the lower sweet spot developed in the whole sag is 17–68 m with an average of 43 m.
[image: Figure 3]FIGURE 3 | Stratigraphic correlation of middle Permian oil layers in Jimusar Sag.
The Lucaogou Formation has a large unconventional resource potential, and oil reserves are estimated to be 11.12 × 108t (Du et al., 2019). Lucaogou Formation has a tight reservoir with a low-pressure gradient of about 1.05–1.20 MPa/km (Wu et al., 2014). The permeability of the two sweet spot sections in the study area is generally less than 0.1mD (Figure 4A). According to the influence curve of permeability on imbibition and displacement (Figure 4B), the oil recovery mode of the sweet spot section in the study area should be mainly imbibition oil recovery. The Lucaogou Formation developed abundant bedding fractures with a linear density of more than 3.4 lines/m, which seriously restricts the extension of tectonic fractures opened via fracturing.
[image: Figure 4]FIGURE 4 | (A) permeability frequency distribution plot of Lucaogou Formation in Jimusar Sag and (B) effect of permeability on imbibition and displacement (modified after Wang (2019)).
Sample Source and Physical Property
The study samples are from the middle Permian Lucaogou Formation (P2l) sweet spot section of well JHW043 (about 2,920 m in depth). The lithology is gray-white argillaceous silt with well-developed lamina. The porosity of the two core samples of group A and group B is 14.5 and 5.9%, respectively. The core samples were drilled vertically and horizontally. The cores were drilled vertically to the bedding for group V and parallel to the bedding for group H. The upper and lower bottom surfaces of group V cylinders are the simulated bedding fractures, and the upper and lower bottom surfaces of group H are the simulated tectonic fractures (Supplementary Figure S1). The relevant physical parameters are shown in Table 1. The plunger sample is wrapped by a Φ25 mm heat-shrinkable tube to separate the core side from the environment. Only the upper and lower bottom surfaces (simulating the surfaces of the bedding and tectonic fractures) contact the fracturing fluid during the experiment.
TABLE 1 | Porosity and permeability data table of the outcrop samples of the Lucaogou Formation in the study area.
[image: Table 1]Two thin sections of R-A and R-B were made by using the aforementioned two plunger sample scraps for wettability testing (Figure 5). The test results show that the wetting angle of group A sample is 76°, showing weak hydrophilicity, and that of group B sample is 42°, showing hydrophilicity.
[image: Figure 5]FIGURE 5 | Results of wettability test of cores (A) and (B).
The small-scale cuboid sample is made by using the gray-white argillaceous silt samples of the core in the same well section (Supplementary Figure S1). Four samples are taken from group A with well-developed texture and permeability of 0.5–3.5 μD, including one bedding fracture sample (fracture area/volume is 2 cm2/1 cm3), two tectonic fracture samples (fracture area/volume are 2 cm2/1 cm3 and 4 cm2/1 cm3, respectively), and one fully exposed core sample (bedding fracture area is 2 cm2, tectonic fracture area is 4 cm2, and volume is 1 cm3). The mass of the sample was continuously weighed by the mass method, indicating the imbibition reaction process in a dynamic manner. This group of samples has a high degree of saturated oil, and the difference of imbibition effect for bedding and tectonic fractures is indicated by the comparison of multiple groups of experiments. However, because the exact porosity of the sample is unknown, an accurate imbibition efficiency cannot be obtained.
The large-scale test sample is from the gray-white tight sandstone outcrop in Baoming Mining Industries. The measured porosity is about 3.6%, the permeability of parallel bedding fracture is 1.3 μD, and that of vertical bedding fracture is 0.7 μD. The sample was cut into four cuboid cores of 10 × 8 × 2 cm. First, the core was vacuumized for 72 h and then saturated with simulated oil (the ratio of crude oil to kerosene is 1:4) at 27 MPa and 80°C under high pressure for 72 h, and the mass basically does not change further. By weighing the mass before and after the reaction, the calculated saturation degree is about 91%. Four cores were spliced into two groups of samples. Holes were drilled, electrodes were buried, water inlet and outlet holes were drilled at the designated positions to make a waterproof layer, and epoxy resin was used for cementing. After 48 h, the epoxy resin was completely solidified, and then the sample was connected with the instrument with a soldering gun. The waterproof layer was made, and the sample was ready. The schematic diagram of the sample is shown in Supplementary Figure S1.
Imbibition Experiments
Currently, there are three kinds of physical laboratory simulation methods for imbibition experiments: volume, mass, and micro-experiment methods. Among them, the volume method and the mass method can be used to study the impact of different parameters on the overall imbibition of the core, which is mainly the qualitative description of the experimental results. Micro-experiment methods, including computed tomography (CT) and magnetic resonance images (MRI), can be used to explore the impact of the internal microstructure of rock matrix on the imbibition effect, as well as the characteristics such as the change law of oil-water flow pattern and spatial distribution in the process of imbibition, which is a qualitative description of the experimental process. With the further development of unconventional oil and gas resources, it is difficult to solve new problems by using the traditional experimental means and methods. Therefore, based on the conventional methods of imbibition experiment, it is necessary to further improve and innovate appropriate experimental methods.
Cubed Samples
The principle of the mass method is that the oil-bearing core is suspended in the wetting phase fluid container. In the vertical direction, gravity is downward, the buoyancy and added tension are upward, and the three forces are balanced. As a result of imbibition, the wetting phase fluid (deionized water) with higher density replaces the oil phase with lower density in the core, which makes the core density increase, while the core volume remains unchanged. Therefore, the buoyancy remains unchanged. The increased value of added tension force ΔF is equal to the increment of density ΔG. The change in tension force can be expressed by the change in electronic scale reading. This method is very accurate, and data are obtained at any time point in the imbibition process.
In this study, a high-precision scale (model: Shimadzu AUW120D, accuracy: 0.000001 g) was used. Measurements of the mass were recorded every minute. Due to the density difference between water and oil, the rock sample imbibes water and discharges oil, so the mass gradually increases. The calculation formula of imbibition recovery efficiency R (imbibition efficiency) is as follows:
[image: image]
where Δm is the incremental mass of the rock sample at time t, g; ρw is the density of the wetting phase, g/cm3; ρo is the density of oil, g/cm3; Vo is the volume of saturated oil of rock sample, cm3.
HT-HP Experiments Using Standard Core Plugs
The experimental process is as follows: oil drainage, drying, measuring porosity and permeability, weighing dry weight, oil saturation, weighing wet weight, wrapping the sides of plunger sample tightly with heat-shrinkable tube (to control fracture type), putting into HT and HP reaction vessel to simulate oil-water imbibition displacement process, the sample is taken out and weighed at certain intervals, and the mass data are recorded and tabulated. The experimental conditions were as follows: the pressure was 30 MPa and the temperature was 80–100°C. This experiment can accurately measure the sample porosity, calculate the pore space (i.e., the buoyancy method; finding detail in Qiao et al. (2020)), and then calculate the imbibition efficiency by weight gain. However, the core weighing error of this method is large, the imbibition rate is fast in the initial stage, and the mass of the core changes rapidly. Some data may be lost by manual weighing.
Exploring the Change of Imbibition Efficiency of Bedding and Tectonic Fractures at Reservoir Conditions
In order to better simulate subsurface conditions, a set of HT and HP imbibition experiments were designed to carry out oil-water imbibition displacement. The change of resistivity between 15 pairs of electrodes reflects the change in oil saturation, which is the result of oil displacement at formation temperature and pressure. The inner diameter of the device is Ф470 mm × 120 mm, the maximum working pressure is 30 MPa, and the maximum working temperature is 150°C.
The sample is placed in a pressure vessel which is then heated and pressurized to subsurface formation conditions of 27 MPa and 80°C. The fracturing fluid in the fracture interacts with the oil in the matrix by imbibition and displacement. As the imbibition proceeds, the weight of the sample increases gradually as the oil is replaced by water, and the resistance measured between the electrodes decreases gradually as the oil saturation of the sample declines. When the resistance vs. time curve flattens off, the imbibition is considered to have stopped. The imbibition efficiency is calculated from the change of mass before and after the imbibition.
RESULTS AND DISCUSSION
Basic Characteristics of Bedding and Tectonic Fractures
Via the observation of rock thin sections of more than 30 wells and core scanning photos of more than 20 wells in the target formation located in the Jimusar Sag, the bedding and bedding fractures of Lucaogou Formation in Jimusar Sag are widely developed, and tectonic fractures are locally developed (Figure 6). Bedding fractures are generally located at the boundary between different lithologies and often run through the full diameter of the core. They are generally developed at a low angle close to horizontal, with narrow fracture widths, rough surfaces, and a relatively continuous nature. They are often not filled or only partially filled with mudstone, calcite, or bitumen. The density of bedding fractures is more than 10 lines/m. Most of the oil-saturated and oil-immersed sections are closely related to bedding fractures (Supplementary Figure S1A). The fractures in oil-bearing reservoirs are mostly characterized by dissolution, such as uneven bedding fractures, corrosion grooves, and even string bead phenomenon in the study area. Tectonic fractures are mainly of high angle, and a few are of medium and low angles. The length is beyond the centimeter level, and the opening is mostly less than 5 mm. Most of them are filled or semi-filled by calcite (Supplementary Figure S1B). The oil-bearing property is good, and most of the tectonic fractures are limited by bedding fractures or developed along with the bedding fractures (Supplementary Figure S1C). The linear density is generally less than 3–5 lines/m. From the perspective of oil accumulation, the contribution of tectonic fractures is less than that of bedding fractures because tectonic fractures are much less abundant than bedding fractures.
[image: Figure 6]FIGURE 6 | Relationship between dual lateral logging parameter r and fracture dip angle of Lucaogou Formation.
Two groups of cores A and B were made into thin sections along the vertical bedding direction (tectonic fracture section) and horizontal bedding direction (bedding fracture section). The thin section of rock shows that the lamina is thin, about 0.1–3 mm. The bedding is linear and parallel to each other, being horizontal bedding, reflecting the characteristics of weak hydrodynamics (Supplementary Figure S2). The opening of the bedding fracture is small, its extension range is not large with a bending shape and pinch-out. Generally, the length of the bedding fracture is between 1 and 1,000 μm and the width is between 1 and 5 μm. A minority of bedding fractures are filled with mud, calcite, and asphalt with a filling degree of about 20%. Dissolution pores are highly developed, accounting for about 65% of the total. However, the pores are not connected to microfractures, resulting in poor connectivity (Figure 7A). Consequently, the vertical permeability is lower than the horizontal permeability. Observation shows that the oil content in the horizontal section is less, and oil may be more easily lost along this direction, and the residual oil is distributed irregularly in the porosity in the form of being scattered (Figures 7B, C).
[image: Figure 7]FIGURE 7 | Characteristics of pore connectivity in vertical thin sections (A) and horizontal thin section (B) of tight sandstone and fluorescence characteristics of vertical section (C,E) and horizontal section (D,F) of tight sandstone.
In addition to bedding fractures, there are other types of fractures, such as tectonic and dissolution fractures, whose dimensions are greater than those of pore throat diameters and are reasonable oil migration channels (Su et al., 1991). The microfractures in the vertical section (tectonic fracture) are developed parallel to the bedding. The opening of the microfracture is about 10–20μm, and the length is about 200–400 μm. The porosity of the vertical thin section is basically consistent with that of the horizontal section, and a small number of residual intergranular pores can be observed under the microscope. The dissolution pores are mainly developed in shale rocks, indicating that they were formed by organic acid dissolution of calcite and feldspar. Neighboring dissolved pores form fractures and further form open bedding fractures visible to the naked eye. Some microfractures connect to form longer bedding fractures (Figure 7D). In the vertical section, the oil in the banded structure is distributed along with the lamina and bedding fractures. There is less oil in the fractures that are well-connected with the adjacent fractures, but more oil is found in the isolated pores and fractures (Figures 7E, F).
Based on the observation of the previous thin section, there is obvious anisotropy in the horizontal (bedding fracture section) and vertical (tectonic fracture section) directions. From the vertical section, the pores are long and narrow. The adjacent pores can be connected to form microfractures, even further to form bedding fractures, and oil is enriched in the pores and microfractures with good connectivity. From the direction of bedding fractures, the connectivity of pores is poor, and oil is distributed in the pores irregularly in a scatted manner. Therefore, it is easier for oil and gas to migrate into the tectonic fractures along with the horizontal narrow pores and microfractures, which indicates that there are obvious differences in oil migration and imbibition characteristics between bedding and tectonic fractures.
Physical Simulation of Oil Migration Through Bedding and Tectonic Fractures
Imbibition Efficiency on Standard Core Plugs
The control pressure of the imbibition experiment of this tight reservoir fracture was 30 MPa (wellhead pressure), and different formation conditions were simulated by setting different temperatures (80–100°C). The experimental results are consistent with those of other researchers (Gu et al., 2017; Li et al., 2018), i.e., under the condition of constant temperature, the imbibition reaction can be divided into three stages. The first stage consists of very rapid imbibition, the second stage is rapid imbibition, and the third stage is slow to no imbibition (Figures 8A, B). The shape of the imbibition curve in general mainly depends on the mineral composition, permeability, pore radius distribution, and pore space connectivity. In the initial stage of very rapid reaction, the imbibition rate of all samples is proportional to the square root of time, which is consistent with previous research results (Washburn, 1921; Handy, 1960), and the maximum imbibition rate is achieved at about 2 h, indicating that imbibition is mainly dominated by capillary forces in a low permeability core, and the influence of gravity can be ignored (Li and Horne 2000; Li et al., 2015). After that stage, the imbibition rate decreases rapidly. This stage is not significantly impacted by temperature. However, the straight line of imbibition rate vs time does not pass through the origin, mainly because the oil droplets ejected in the initial stage are distributed on the core surface. Therefore, the spontaneous imbibition rate was zero for the first hour in the beginning, and the oil volume measured is less than the actual spontaneous imbibition volume. Spontaneous imbibition recovery efficiency (R—Eq. 2) is suitable to describe the general influence of different factors on spontaneous imbibition. In the rapid reaction stage, the imbibition rate decreases slowly and then remains stable. With the increase in temperature, the rapid imbibition stage becomes shorter. In the slow to no imbibition stage, the imbibition rate decreases further. At high temperatures, this stage is significantly longer. At the same time, there is no obvious change law in different sample types in the experiment. At the same time, generally speaking, the imbibition rate of group B is significantly higher than that of group A, which may be due to the stronger hydrophilicity of group B. However, spontaneous imbibition is actually a complex process, involving quite a few factors such as porosity, absolute permeability, interfacial tension, pore size, fluid viscosity, and so on, and different curve shapes and different spontaneous imbibition recovery rates can be obtained even for cores with the same physical properties (Hu et al., 2020).
[image: Figure 8]FIGURE 8 | Imbibition efficiency (A,B) and imbibition rates (C,D) at different temperatures.
The imbibition efficiency is related to the imbibition rate and can be divided into three stages. However, the imbibition efficiency is more closely related to the properties of the sample itself. Both groups of samples show that the imbibition effect of tectonic fractures is about 6.7% higher than that of the bedding fracture sample (46.2% for the tectonic fracture sample and 43.2% for the bedding fracture sample) (Figure 8C), which may represent the difference in imbibition efficiency of different pore structures, i.e., high porosity and permeability are more conducive to imbibition efficiency, which is also consistent with previous research results (Sun et al., 2020). During the stage of the imbibition rate increase, the difference in imbibition efficiency of various samples is very small (Figure 8D). With the continuous infiltration of the osmotic medium, because of the weaker hydrophilicity of group A samples, the flow resistance of the liquid is greater than that of the samples of group B. The spontaneous imbibition of the samples of group A slows down, and the spontaneous imbibition of the samples of group B continues, which leads to the difference in imbibition efficiency in different samples. Finally, when the recovery efficiency is stable, the final imbibition effect of group B cores with lower porosity but stronger hydrophilicity is slightly higher than that of group A cores with higher porosity. The average imbibition effect increases by about 5.7% (Figures 8C, D). However, the total amount of oil imbibed is lower than that of group A. Therefore, it is considered that the amount of imbibition in cores with good porosity and permeability is large, but the imbibition reaction is not as thorough as that of cores with high hydrophilicity, i.e., the final imbibition efficiency is inversely proportional to porosity and permeability, and is directly proportional to hydrophilicity. Based on the previous research results, it is concluded that the hydrophilicity is more important than its porosity and permeability in our study samples.
Figures 8C, D show that the imbibition efficiency increases as the temperature rises. The reasons may be as follows: 1. The increase in temperature can reduce the adhesion work/droplets of oil film to the hole wall in porous media. With the increase in temperature, the interfacial tension and wettability decrease (Sun et al., 2020), which leads to a decrease in adhesion. The latter makes more oil driven by imbibition (Li, 2006). 2. An increase in temperature will also reduce the viscosity of the oil. This makes the flow resistance decrease when oil is discharged from porous media, which is beneficial to the oil drainage process (Sola et al., 2007). 3. The movable liquid increases at high temperatures. Under high temperatures, water and oil layers become thinner due to the more active molecular movement of water and oil (Wang et al., 2015). The effective diameter of pores increases, and the flow resistance decreases. This accelerates oil recovery by imbibition. Although the effect of increasing the temperature on improving imbibition is not obvious, it can greatly shorten the imbibition time (from nearly 50 to 30 h).
Imbibition Differences in Cuboid Samples
Figure 9A shows the variation in imbibition efficiency with time at room temperature and pressure for bedding fractures and tectonic fractures with different specific surface areas. The imbibition process can also be divided into three stages, i.e., very rapid imbibition, rapid imbibition, and slow to no imbibition. The poor imbibition quality of the unit volume core sample is about 6.5 × 10−3–8.0 × 10−3 g/cm3, i.e., the volume of oil imbibition and displacement per cubic centimeter core is about 0.0325–0.0400 ml, and the imbibition efficiency is about 20.1–26.2%. The cuboid samples also show the difference between tectonic and bedding fractures for imbibition. The imbibition termination time of tectonic fractures (20 h) is less than that of bedding fractures (40 h). The imbibition time can be greatly reduced (by about 15 h) by opening bedding and tectonic fractures (full exposure core imbibition) simultaneously. The imbibition efficiency of tectonic fractures (average imbibition efficiency is about 26.2%) is significantly higher than that of bedding fractures (20.1%), and the imbibition efficiency of bedding fractures is 77% of that of tectonic fractures. This difference is mainly due to the poor connectivity and poor capillary force of bedding fractures. The imbibition of the fully exposed core is between bedding and tectonic fractures, which indicates that it is the coupling of bedding and tectonic fractures. However, the increase in bedding fracture opening has no positive effect on the imbibition efficiency.
[image: Figure 9]FIGURE 9 | Variation of imbibition efficiency at normal temperature and pressure (A), resistance change in the fractures (B) and in rock (C), and changes of oil saturation at various measurement points in rocks (D).
Imbibition Efficiency of Bedding and Tectonic Fractures at Reservoir Conditions
In most experiments, the samples are usually immersed in a spontaneous imbibition fluid without confining pressure. Therefore, compared with the in situ stress state under formation conditions, the recovery efficiency of effective permeability resulting from the initiation and extension of microfractures may be overestimated. Moreover, the retained fluid still has high pressure, which provides a driving force for entering the matrix during immersion. In addition, the recovery of hydrocarbons is usually obtained by spontaneous imbibition experiments at ambient temperature. However, at formation temperature, the viscosity of the oil is lower and, as a result, the ability to flow is improved. Therefore, it is necessary to devise experiments that can combine in situ stress and temperature to simulate real reservoir conditions. The resistivity of oil-bearing rocks is determined by oil saturation (So), formation water resistivity, and rock physical parameters (Archie, 1950). By continuously measuring the resistance values at different positions of the two groups of samples, the resistivity variation curves (Figures 9B, C) can be converted into oil saturation (Table 2) with the Archie formula (Eq. 3). Based on the dynamic oil saturation curves (Figure 9D) dynamically measured by oil-water migration model software, the difference in imbibition oil recovery in bedding and tectonic fractures is studied.
[image: image]
where Rt is the resistivity of oil-bearing rock, Ω/m; R0 is the resistivity of water-bearing rock, Ω/m; SO is the oil saturation, %; rock-electro parameters b = 1, n = 2.
TABLE 2 | Comparison of oil saturation changes before and after the reaction.
[image: Table 2]Imbibition at reservoir conditions was conducted for tight reservoir with a porosity of 3.6%, Kh = 1.3 μD, and Kv = 0.7 μD (27 MPa, 80°C). Physical simulation experiment of oil-water imbibition displacement efficiency of bedding fracture and bedding + tectonic fractures shows that the backflow fluid in fracture (including tectonic and bedding fractures) can imbibe and replace oil in the matrix. The closer to the fracture, the higher the displacement efficiency of the flow back fluid in the fracture to the oil in the matrix will be. The average efficiency of the single tectonic fracture model is 50.3%, and that of the bedding fracture opening increased model is 54.7%, showing the imbibition effect can be improved by 8.7% after the bedding fracture is opened based on the same scale of unit area tectonic fractures have been opened (Table 2). Under the tight condition, the imbibition rate of samples with low porosity (and low permeability) is higher than that of samples with high porosity (high permeability), but the total imbibition capacity is lower. The imbibition rate and efficiency of bedding fractures are slightly lower than those of tectonic fractures. Due to the difference between vertical and horizontal permeability, vertical permeability is much lower than horizontal permeability.
Types of Imbibition Oil Recovery for Bedding Fractures
A tight reservoir is characterized by small pore throat diameters, high capillary forces, and a high ratio of capillary force to gravitational force. Tight reservoirs can be considered closed environments, and crude oil cannot diffuse outward. Therefore, its imbibition process is reverse imbibition controlled by capillary force.
Thin section data show that the reservoir of the Lucaogou Formation in the study area is well developed, and the horizontal pore connectivity is good (Figure 7). The framework of the imbibition model is constructed to simulate the imbibition effect of different fracture types for crude oil in the rock matrix. The imbibition pattern of bedding fractures shows that the water phase enters the reservoir matrix along the vertical pore throat and displaces the crude oil therein (Figure 10A). Based on the pattern, it can be seen that the pore throat of the channel of bedding fracture imbibition is narrow, and the path of water phase entry and oil phase discharge is long and tortuous. Due to the influence of compaction and cementation, the upper part of the throat in the longitudinal direction is flattened, and the pore throat decreases or even disappears, forming a closure, resulting in the existence of stagnant pores in the bedding fracture imbibition.
[image: Figure 10]FIGURE 10 | Imbibition pattern of bedding fractures (A) and of tectonic fractures (B) and gravity (buoyancy) effect on imbibition response (C) and reverse imbibition pressure in the lower part of rock matrix (D).
The imbibition pattern of tectonic fractures shows that the water phase enters the reservoir along the bedding direction to replace the oil phase therein (Figure 10B). The result indicates that the imbibition reaction mainly occurs in the horizontal pores with good connectivity, the reaction channels are straight, and the main channels of imbibition are pores or microfractures in the bedding direction. The stagnant pores which cannot participate in the imbibition reaction of bedding fractures can still participate in the imbibition reaction of tectonic fractures. For imbibition in tectonic fractures, if there are fairly wide microfractures or bedding fractures (Figure 10C), the water phase in the left tectonic fractures cannot overcome the gravity effect under the condition of the small capillary force, therefore, the imbibition reaction will not occur; while the water phase in the tectonic fractures on the right can replace the crude oil in the microfractures or bedding fractures because the capillary force and gravity are in the same direction. As shown in Figure 10D, due to the imbibition from the lower part of the matrix into the deep core, the replaced oil droplets are difficult to discharge due to the combined action of capillary force and gravity, resulting in the imbibition reaction being unable to further enter the deep matrix.
Comparing the imbibition patterns of bedding and tectonic fractures, it can be found that the imbibition channel of bedding fracture is more tortuous, but there is no significant difference in imbibition time between bedding and tectonic fractures due to its narrow throat and large capillary force. Compared with the tectonic fractures, there are some stagnant pores in the bedding fractures, which leads to the final imbibition efficiency of the bedding fractures being lower than that of the tectonic fractures. The higher the linear density of bedding fractures is, the higher the imbibition reaction efficiency is and the more thorough the reaction will be.
It shall be emphasized that under the setting of a tight reservoir, the influence of permeability on imbibition needs to be weakened, i.e., it shall not be over-emphasized that the smaller the permeability, the smaller the pore throat, the stronger the imbibition. Critical factors such as curvature of pore throat and reservoir wettability, etc., shall also be considered. Taking the tight oil reservoir of the Lucaogou Formation in Jimusar Sag as an example, due to the overall lipophilicity of the reservoir, the pore throat radius of the reservoir is small, the capillary force is large, and the effect of imbibition is good.
CONCLUSION
In this study, the difference in imbibition between bedding and tectonic fractures only lies in the difference of pore throat structure in horizontal and vertical directions and the gravity effect caused by the oil-water density difference. The time required for imbibition of bedding fracture is not significantly different from that of tectonic fractures, and the depth and efficiency of imbibition are slightly lower than those of tectonic fractures.
(1) The tectonic fractures of the Lucaogou Formation in Jimusar Sag are locally developed while the bedding fractures are widely developed. The linear density of bedding fractures can be 2.0–4.5 lines/m, which is 4–5 times the linear density of tectonic fractures.
(2) Under the condition of normal temperature and pressure, the imbibition efficiency of bedding fracture is 20.1%, and the imbibition depth is about 1.0 cm. The imbibition efficiency of tectonic fractures is about 26.2%, and the imbibition depth is about 1.7 cm. The imbibition efficiency of bedding fracture is about 76.7% of that of tectonic fractures; under the condition of simulated formation temperature and pressure, the imbibition efficiency of the bedding fracture sample is about 43.2%, and that of tectonic fractures is about 46.2%. The imbibition efficiency of bedding fractures is about 93.4% of that of tectonic fractures. The reaction time can be shortened if the temperature is higher.
(3) Under the simulated formation temperature and pressure (80°C, 100 MPa), the opening of bedding fractures can increase the imbibition efficiency of the reservoir by 8.7% based on the same scale of opened tectonic fractures, and the closer to the fracture, the higher the imbibition efficiency.
(4) The per unit volume amount of imbibition in cores with good porosity and permeability is large, but the imbibition reaction is not as thorough as that of cores with high hydrophilicity, i.e., the final imbibition efficiency is inversely proportional to the porosity and permeability and is directly proportional to hydrophilicity.
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Oil saturation after reaction/% 47.7 43.0 36.8 39.6 320
Difference of oil saturation/% 325 372 434 39.4 470

Efficiency/% 405 464 54.1 499 59.5





OPS/images/math_3.gif
®





OPS/images/math_2.gif
@






OPS/images/feart-10-918244-t001.jpg
Sample Length/ Diameter/ Mass/ Volume/ Density/ Porosity/ Permeability/ Pore

no. mm mm 9 om® glem® % ud volume/
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Avt 3324 25.10 36.18 16.44 220 14.66 212 241
Av2 35.38 25.10 38.44 17.50 219 14.31 0.89 251
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1) V i the plunger sample drilled from the vertical plane; Nots 2) H i the plunger sample drilled from the parallel plane.
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