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Clay minerals are regarded as an important factor affecting the results of low salinity water (LSW) flooding. However, most researchers put great attention on their microscopic properties, only few of them investigated the influence of clay minerals by the sand pack flooding experiments. This paper quantifies the effects of clay minerals on LSW flooding with artificial sand pack samples. We used three kinds of sand pack samples (100% quartz sand; 90%/10% quartz sand/kaolinite or montmorillonite) and heavy oil in the LSW flooding experiments. For the samples made of montmorillonite, results show that there exists an optimal salinity range for the LSW flooding. The best salinity range of Na+ is between 1,000 mg/L and 5,000 mg/L, and Ca2+ is between 500 mg/L and 1,000 mg/L. As for kaolinite, a better result will be produced with lower salinity. In addition, using CaCl solution floods samples made of montmorillonite has a better result. A similar phenomenon was also observed when NaCl solution was used to flood kaolinite samples. Respect of flooding modes, the continuous injection of high-low salinity water is more effective, but the LSW flooding method is better considering the economy and time cost.
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INTRODUCTION
With the exploitation of oil and gas resources, the development of oilfield becomes harder. Although chemical flooding method can help to improve the oil recovery, it needs a huge cost and causes great environmental concerns (Guo, 2020). Under this situation, researchers are eager to develop new enhanced oil recovery (EOR) technologies. Recently, they realized that the saturation of residual oil can be effectively reduced by injecting LSW. As a new oil recovery technology (Zhang et al., 2007), LSW flooding is widely used in the field due to its advantages of high efficiency, environment-friendly and low cost. Up to now, it has been used in Burgan oilfield, North Sea oilfield, Powder River basin in Wyoming and Endicott oilfield (Idowu et al., 2011; Nasralla et al., 2011).
LSW flooding can alter the physical and chemical properties of reservoir by injecting water with a low concentration of soluble ions. It can reduce the saturation of residual oil and improve oil recovery as a result (Wu et al., 2015; Li et al., 2016; Wu et al., 2016). However, the salinity of LSW has a threshold value. If the salinity is too low, it may cause swelling or flocculation of the clay minerals. And if it is too high, it will lose its function. A large number of experiments have proved the positive effect of LSW on EOR and revealed a lot of relevant mechanisms. However, different testing methods produced different dominant mechanisms, some mechanisms are contradictory to others. Meanwhile, it is generally believed that clay minerals are necessary factors that would affect the result of LSW flooding (Bernard, 1967; Tang and Morrow, 1999; Zhang and Morrow, 2006; Zhang et al., 2007; loahardjo et al., 2010). Lots of studies on mechanisms of clay minerals were conducted. First, in terms of microcosmic mechanism, the main mechanisms include the diffusion of double electron layer (Ligthelm et al., 2009; Cui et al., 2020), cation exchange of clay minerals (Almada et al., 2013; Amirian et al., 2017) and changes in wettability (Nasralla et al., 2011; Amirian et al., 2017). The study of micro percolation mainly focuses on the particle migration of clay minerals. Tang and Morrow (1999) first discovered that the migration of clay mineral particles is important for the flooding of residual oil adsorbed in the pore wall. Song and Kovscek (2016) observed the migration of clay mineral particles with crude oil. There are also many studies through the core flooding experiment. Lebedeva and Fogden (2011) found LSW flooding can increase oil recovery in kaolinite; Kim and Lee (2017) showed the influence of clay type and relative permeability with sandstone cores. Al-Saedi and Flori (2018) prepared sandstone cores with a controllable percentage of clay and carried out the flooding experiment. All of them have investigated the EOR mechanisms of LSW flooding.
From the micro point, most researchers think that the influence of clay minerals is caused by the change of wetting angles and the migration of particles. However, experiment results are quite different under reservoir conditions due to the influence of clay occurrence mode and fluid properties. Also, relevant research on clay minerals is mainly in the qualitative stage, without quantitative evaluation and analysis on the influence of LSW flooding. Moreover, the LSW flooding experiment has special requirements on ion composition and concentration of injected water (Yang et al., 2020). Up to now, there is no study conducted on the optimal ion and concentration of LSW for different types of clay minerals. At the same time, the artificial cores used in the experiments are simply made through the mixing of clay and cores, which can not simulate the cementation state of clay minerals in natural cores. As a result, the accuracy of the experimental data and conclusions is hard to guarantee. In this paper, two kinds of popular clay minerals (kaolinite and montmorillonite) were used to make synthetic sand cores that can simulate the adhesion of clay minerals in natural cores. Through the LSW flooding experiments, the macroscopic flooding effects in different cores were observed, the adaptability evaluation of different clay minerals was obtained and the influence law of clay minerals was summarized. In this way, this paper can provide basic guidance for the use of LSW flooding in the oilfield.
EXPERIMENTAL SECTION
Equipment
The LSW flooding equipment can be seen in Figure 1. It consists of three systems: reservoir simulation system, fluid injection system and the acquisition and control system for pressure data. The reservoir simulation system includes customized mineral-filled sand filling pipe and thermostat, which can accurately simulate the production process of real reservoir; the fluid injection system can maintain a constant flow rate for the injection of various fluids; the pressure data acquisition and control system can simulate the formation and bottom hole pressure and collect the pressure dring the injection process.
[image: Figure 1]FIGURE 1 | Schematic diagram of the LSF experimental device.
Materials
Materials used in the experiment include quartz sand, clay minerals, crude oil, and LSW with different salinity.
Oil used in the experiment is the heavy oil from Shengli oilfield. The viscosity, resin content and asphaltene of it are pretty high. Its composition and basic physical properties are listed in Table 1.
TABLE 1 | Components and physical properties of crude oil.
[image: Table 1]Two kinds of water, including Na+ and Ca2+ solution, with four different concentration were prepared: 500, 1,000, 5,000, 20000 mg/L. The compositions of these water are listed in Tables 2 and 3. High salinity water (HSW 20,000 mg/L) was used to measure the permeability of sand packs and form the connate water in sand packs before flooding. The salinity of injected water used in LSW is less than 12,000 mg/L.
TABLE 2 | Composition of Na+ solution (mg/L).
[image: Table 2]TABLE 3 | Composition of Ca2+ solution (mg/L).
[image: Table 3]Synthetic sand packs are made of quartz sand and clay minerals. The ratio of the 10–20 mesh coarse quartz sand, the 40–60 mesh fine quartz and clay is 4.5:4.5:1. First, mixed the clay and deionized water with a ratio of 1:15, then degraded by a 15 Hz acoustic wave for 30 min. After that, added NaOH to adjust the pH value to 9.8 (consistent with the injected water in the research oil field), centrifuged the solution for 3 min, removed the sediment, took out the suspension, quickly stirred and degraded for 10 min, centrifuged 3 min again, repeated the above step for three times. Took the suspension attached to the surface of quartz sand and placed it in the oven at 120 C. Finally, the quartz sand with clay was filled in the sand filling pipe to complete the sand pack production process. The scanning electron microscope (SEM) of the sand pack surface is shown in Figure 2. The physical properties and experimental parameters of the sand packs are listed in Table 4.
[image: Figure 2]FIGURE 2 | Scanning electron micrograph (SEM) of (A) montmorillonite and (B) kaolinite attached to quartz.
TABLE 4 | Sand pack properties.
[image: Table 4]Procedure
1) Make different kinds of synthetic sand packs: 100% quartz sand; 90%/10% quartz sand/kaolinite or montmorillonite. 2) Measure the porosity of each sand pack using the weighing method. 3) Test the permeability of each sand pack under simulated reservoir conditions. 4) Saturate HSW and crude oil in sequence under the pressure of 10 MPa and reservoir temperature of 60°C with a liquid injection rate of 0.2 ml/min, after that, leave the sand packs in the holder for 1 weak to make the oil, water and rock contact sufficiently. 5) Inject water at 0.2 ml/min according to designed scheme. During the sand pack flooding experiments, produced oil and water were recorded at each 0.2 PV. 6) Calculate the oil recovery factor and water content in produced fluid. When the water content became 98%, the sand pack flooding process was finished.
Schemes
A single variable was controlled in the experiment. Clay minerals were divided into kaolinite, montmorillonite and non-clay minerals, the ion type of the flooding fluid was set to Ca2+ and Na+. First, 18 groups of experiments were designed with LSW with a concentration of 5,000, 1,000, and 500 mg/L, respectively. Then, each kind of sand pack was flooded by HSW-LSW (20,000, 5,000, 1,000, 500 mg/L) in sequence to see the effect of flooding mode on oil recovery.
EXPERIMENT RESULTS AND DISCUSSION
Performance of Enhanced Oil Recovery
Results of sand pack flooding are shown in Table 5, including injection water, flooding mode and oil recovery. During the successive LSW injection, more and more oil was produced with the decrease of salinity of the injected water. This phenomenon successfully proves the EOR performance of LSW injection.
TABLE 5 | Experimental results of sand pack flooding.
[image: Table 5]Analysis of Montmorillonite Flooding Results
The comparison of oil recovery in different sand pack-flooding runs can be seen in Figures 2 and 3. With the rise of injected volume of LSW, the recovery degree increases rapidly at first, then gradually tends to be stable. The result of oil recovery with a salinity of 1,200 mg/L is similar to that of 2,400 mg/L, which is much higher than that of 12,000 mg/L.
[image: Figure 3]FIGURE 3 | Oil recovery of montmorillonite sand packs of different salinity of NaCl.
The final oil recovery of montmorillonite is shown in Figure 4. For Na+, when the salinity of injected water decreased from 12,000 to 2,400 mg/L, the final oil recovery increased from 53.82 to 58.91%, which increased by 5.09%. When the salinity of injected water decreased from 2,400 to 1,200 mg/L, the final oil recovery increased from 58.91 to 59.03%, which increased by only 0.21%. It can be seen that the increase is pretty obvious in the range of 12,000–2,400 mg/L, however, the recovery in the range of 2,400–1,200 mg/L had little change. The Ca2+ flooding had a similar situation. When the salinity of injected water decreased from 12,000 to 2,400 mg/L, the final oil recovery increased from 51.15 to 57.68%, which increased by 6.53%. When the salinity decreased from 12,400 to 1,200 mg/L, the final oil recovery increased from 57.68 to 58.06%, which increased by only 0.38%.
[image: Figure 4]FIGURE 4 | Oil recovery of montmorillonite sand packs of different salinity of CaCl2.
This indicates that under the condition of montmorillonite sand pack, the oil recovery increases with the decrease of salinity, but there is a limit for the salinity content. As a result, the oil recovery cannot keep increasing with the decrease of the salinity of LSW. And there exists an optimum salinity to maximize oil recovery. This is because montmorillonite is pretty expansive and has great expansibility under acidic conditions. When the ion concentration becomes higher, the diffusion electron layer of montmorillonite will be compressed and the expansion volume will decrease (Zadaka et al., 2010), which is helpful to increase the permeability of the reservoir. However, when the ion concentration is too low, the compression capacity of metal cation ions on the electric double layer decreases rapidly, and the expansion capacity of montmorillonite increases rapidly, which leads to the expansion and dispersion of clay and block the seepage channel.
Analysis of Kaolinite Flooding Results
The comparison of oil recovery of kaolinite is shown in Figures 4 and 5. Like montmorillonite, the oil recovery increases rapidly first, then tends to be stable slowly. However, what is different from the montmorillonite sand pack is that the oil recovery increases with the decrease of salinity of injected water.
[image: Figure 5]FIGURE 5 | Oil recovery of montmorillonite sand packs of different salinity brine.
[image: Figure 6]FIGURE 6 | Oil recovery of kaolinite sand packs of different salinity of NaCl.
The final oil recovery of kaolinite is shown in Figure 7. For Na+, when the salinity of injected water decreased from 12,000 to 2,400 mg/L, the final oil recovery increased from 52.32 to 60.14%, which increased by 7.82%. When the salinity of injected water decreased from 2,400 to 1,200 mg/L, the final oil recovery increased from 60.14 to 65.82%, which increased by 5.86%. The Ca2+ flooding had a similar situation. When the salinity of injected water decreased from 12,000 to 2,400 mg/L, the final oil recovery factor increased from 50.59 to 55.73%, which increased by 5.14%. When the salinity decreased from 12,400 to 1,200 mg/L, the final oil recovery factor increased from 55.73 to 60.27%, which increased by 4.54%.
[image: Figure 7]FIGURE 7 | Oil recovery of kaolinite sand packs of different salinity of CaCl2.
Regardless of the replacement of the kaolinite sand packs by NaCl solution or CaCl2 solution, the increase of oil recovery in the range of 1,200–2,400 mg/L is higher than that in the range of 2,400–12,000 mg/L. It shows that the oil recovery increase with the decrease of salinity, and a lower salinity will have a faster increase rate. This is because kaolinite is non-expansive, which will not expand and migrate when meets water, and does not need the inhibition of cations. When the salinity of the displacement fluid decreases in pore throat, the diffusion of double electron layer between clay particles promotes the migration of clay particles, and the oil droplets adsorbed on the surface of clay particles migrate as well. With the increase of negative zeta potential and electrostatic repulsion, the oil droplets on the surface of clay particles gradually move from the surface of clay particles, eventually leading to the enhancement of water wettability to enhance oil recovery.
Analysis of Quartz Sand Flooding Results
Figures 8 and 9 show the change of oil recovery with the change of injection volume for sand packs that are only made from quartz sand. From these two figures, we can see that the quartz sand packs also underwent three stages: rapid growth, slow growth and stabilization. However, the recovery degree of these quartz sand packs is pretty high even under low salinity conditions. This phenomenon means that the low salinity condition does not affect the recovery factor. The ultimate recovery factor of the quartz sand packs is about 70%, which cannot be achieved by water flooding with low salinity water.
[image: Figure 8]FIGURE 8 | Oil recovery of kaolinite sand packs of different salinity brine.
[image: Figure 9]FIGURE 9 | Oil recovery of quzrtz sand packs displaced by different salinity of CaCl2.
Analysis of the Influence of Ion
In this study, different kinds of NaCl and CaCl2 solutions are used to flood the montmorillonite and kaolinite, respectively. The comparison of the oil recovery is shown in Figure 10. It can be seen from Figure 10 that when the CaCl2 solution displacement montmorillonite, the result is better, and the NaCl solution is better for kaolinite.
[image: Figure 10]FIGURE 10 | Oil recovery of quartz sand packs displaced by different salinity of CaCl2.
Under same condition, using different kinds of LSW for the flooding of the same type of sand packs, the result of univalent ions (Na+) is always better than that of divalent ions (Ca2+). The reason is that the Ca2+ just like a bridge between clay particles and crude oil, which is not conducive to crude oil desorption. However, Na+ can replace the high valence ions for the water in the pore, and the substitution of the high valence ions will behave as a bridge making the crude oil desorb from the surface of clay particles easily. Univalent ions can induce the diffusion of double electron layers on the surface of clay particles and oil-water interface, increase the negative zeta potential on the surface of clay particles and the oil-water interface, and enhance the electrostatic repulsion between the interfaces, thus promote the desorption of crude oil on the surface of clay particles. The change of zeta potential at the interface also makes the wettability of clay particles to be more hydrophilic. Therefore, under different valence states, if ions have an impact on the recovery of LSW flooding, the displacement effect of the solution containing monovalent ion is more obvious than that of the solution containing divalent ion.
Additionally, it can be seen that when the montmorillonite is flooded by LSW, the increasing rate of CaCl2 solution is faster and its result is more obvious. Compared with monovalent ions, divalent ion needs a lower concentration to compress the dielectronic layer. This is mainly due to the characteristic absorption of divalent ions (Ma et al., 2011), which reacts with hydroxyl groups on the surface of montmorillonite to form hydroxyl compounds and enters into the Stern layer. So Ca2+ still has a better compression effect on the double electron layer than Na+ when the salinity of the water is low.
Analysis of the Influence of Displacement Mode
Figure 11 shows the results of kaolinite sand packs under different displacement modes. When the Na+ concentration of LSW is 5,000, 1,000, 500 mg/L, the oil recovery is 10.95, 18.77, and 24.45% higher than that of HSW. The final oil recovery of continuous injection of high-low salinity water (H-LSW) can reach 69.42%, which is 28.05% higher than that of direct injection of HSW, and 17.1, 9.28, 3.6% higher than the direct injection of 5,000, 1,000, 500 mg/L.
[image: Figure 11]FIGURE 11 | Oil recovery of montmorillonite sand packs displaced by different salinity of CaCl2.
The oil recovery curve of the montmorillonite sand pack under different displacement modes is shown in Figure 12. When the concentration of LSW is 5,000, 1,000, 500 mg/L, the recovery is 10.57, 15.66, 15.78%, respectively, higher than that of HSW with the concentration of 20,000 mg/L. However, the oil recovery can be as high as 63.75% with continuous injection of H-LSW, which is 20.5% higher than that of direct injection of high salinity water with a concentration of 5,000 mg/L. The oil recovery of low salinity water with a concentration of 5,000, 1,000, 500 mg/L, is 9.93, 4.84 and 2.96% higher than the direct injection of 5,000, 1,000, 500 mg/L.
[image: Figure 12]FIGURE 12 | Variation curve of the recovery degree of kaolinite sand packs under different displacement methods.
[image: Figure 13]FIGURE 13 | Variation curve of the recovery degree of montmorillonite sand packs under different displacement methods.
To sum up, the final oil recovery under different displacement modes is in order of H-LSW > LSW > HSW. This is because when the H-LSW is injected continuously, the concentration of brine reduces gradually, besides, the long inject time and large injection volume are conducive to the interaction among brine, crude oil and clay minerals. Therefore, to achieve maximum oil production, the continuous injection of H-LSW is the best choice. However, this method requires a large amount of brine, and its injection volume is larger than the volume required by the direct injection of LSW to achieve optimal production. As a result, the displacement mode of direct injection of LSW can achieve an ideal recovery in a short time.
CONCLUSIONS
In this paper, experiments were conducted with synthetic sand packs that contain different types of clay and different kinds of LSW to determine the relationship between clay minerals and LSW. From the results, the following conclusions have been drawn:
(1) LSW flooding can improve the oil recovery of sand packs made from clay minerals, including montmorillonite and kaolinite, but it cannot increase the oil recovery of sand packs that do not contain clay minerals.
(2) For expansive clays such as montmorillonite, the oil recovery is higher with CaCl2 solution. And the best displacement concentration of Ca2+ is between 500 mg/L and 1,000 mg/L. The reason is that the cations in LSW can inhibit the expansion and migration of expansive clay minerals. If the concentration is too low, it will lead the migration of clay mineral particles, block the pores and increase the residual oil.
(3) For non-expansive clays, such as kaolinite, the oil recovery is higher with the CaCl2 solution. And when the ion concentration is lower, the recovery will be higher. That is because when the ion concentration is lower, the water wettability of the sand pack will be higher, and the oil displacement efficiency will be higher.
(4) No matter whether the montmorillonite or kaolinite is contained in the sand packs, the final oil recovery under different displacement modes is in the order of H-LSW > LSW > HSW.
(5) As for field production, for sand packs rich in montmorillonite, CaCl2 solution should be used as displacement fluid, and ion concentration should be 1,000 mg/L. For sand packs rich in kaolinite, NaCl solution should be used as displacement fluid, and solution with lower ion concentration will have better results. In terms of displacement modes, from the perspective of maximizing oil production, continuous injection of H-LSW is the best choice; from the perspective of achieving ideal recovery in a short time, the direct LSW flooding mode is more attractive.
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