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Shale oil resources have enormous potential and broad development prospects in China. Especially with the rapid development of horizontal well volume fracturing technology, the production of shale oil has been greatly increased, and it has become an important position to increase oil and gas storage and production. However, due to the existence of artificial and natural fractures produced by fracturing, gas channeling will occur in the process of huff-n-puff gas injection, which will affect the production and lead to poor development effect. In this paper, foam is used as an anti-channeling agent in the process of huff-n-puff gas injection. The results of microfluidic experiments show that the production mode of foam in porous media is liquid membrane hysteresis and liquid membrane separation. In porous media, foam first blocks large channels such as fractures, and then enters the matrix. The oil recovery mechanism of foam assisted gas injection in porous media is to improve the sweep efficiency and oil displacement efficiency of gas. Compared with N2 huff-n-puff, the oil recovery of the first cycle of foam assisted N2 huff-n-puff increased by 4.50%, and the third cycle increased by 9.58%. It is proved that foam has good anti channeling effect in gas huff-n-puff injection process. The research results provide an effective method for efficient gas injection development of shale oil.
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1 INTRODUCTION
Shale oil is an important unconventional oil and gas resource, which is widely distributed in China, with considerable predicted reserves and great development potential (Jia et al., 2012; Du et al., 2014; Qiu et al., 2015; Ning et al., 2017; Qu et al., 2017; Qi et al., 2018; Rao et al., 2018; Yang et al., 2018). The permeability of shale oil reservoir is usually very low, and the oil mobility is poor. It is necessary to achieve effective transformation of shale oil reservoir through large-scale fracturing to form artificial fractures, so as to improve the oil production of single wells. Therefore, the typical heterogeneity characteristics of shale oil reservoirs are reflected in the matrix with ultra-low permeability and fractures with high permeability (Soliman et al., 2010).
A large number of experiments and numerical simulation studies show that huff-n-puff gas injection is the most effective process measure to improve the recovery factor of shale reservoir (Wan et al., 2013; Gamadi, 2014; Sheng, 2015; Yu and Sheng, 2016; Li et al., 2017; Li L. et al., 2019; Mahzari et al., 2020). Fracturing technology creates artificial fractures in shale reservoirs and expands the flow channel of fluids in the reservoirs. Its purpose is to improve oil displacement efficiency, but it poses challenges for huff and puff gas injection technology to improve oil recovery. In the middle and late stages of gas injection through huff -n-puff, the oil content in the matrix inside and near the fracture decreases, and the subsequently injected gas is prone to flow along the fracture, which is unfavorable for improving oil recovery. Therefore, in order to weaken the adverse effects of cracks, we should manually intervene in the gas flow behavior during the gas injection process. The injected gas can accumulate pressure in the fractures and matrix, and enter the matrix for oil recovery under the established pressure difference.
So far, foam injection technology has good adaptability in the development of fractured reservoirs (Bernard and Jacobs, 1965; Dellinger et al., 1984; Heller et al., 1985; Casteel and Djabbarah, 1988; Srivastava and Nguyen, 2010; Szlendak et al., 2013; Szlendak et al., 2016; Li S. et al., 2019; Hao et al., 2020). Foam can seal fractures, control gas flow, and improve gas sweep efficiency and oil displacement efficiency. However, few scholars have paid attention to the issue of anti channeling during the process of gas injection through huff-n-puff. Therefore, it is instructive to study the channeling prevention effect of foam in huff -n-puff gas injection of shale reservoir.
By means of microfluidic experiments, the law of foam migration in porous media and the mechanism of auxiliary gas injection for oil recovery were revealed. The oil content in micro pores is monitored by NMR equipment, and the core recovery factor is calculated. The anti-channeling effect of foam in fractured shale core is confirmed.
2 THE MIGRATION LAW OF FOAM IN POROUS MEDIUM
2.1 Experimental materials and methods
The experimental materials include a glass etching model and an Olympus BX-61 optical microscope. The intention of the model was drawn with CAD drawing software. The injection end and production end were connected by fractures, and the two sides of the fractures were evenly covered with irregular matrix, forming a fracture matrix Porous medium model. The model size is 63 mm × 63 mm, range of etching model is 44 mm × 44 mm, with a porosity of 10% (as shown in Figure 1). With the help of this model, the flow of foam in the fracture matrix can be observed intuitively, and the plugging mechanism of foam can be revealed. In the experiment, the foaming agent is 0.8wt% AOS surfactant solution, and the volume fraction of foam is 50%.
[image: Figure 1]FIGURE 1 | The fracture-matrix porous media model.
The experimental process of foam Microfluidics is shown in Figure 2, and the experimental steps are as follows:
1. Clean the glass etching model;
2. After the glass etching model is dry, we push 0.05 mL (0.25 times the pore volume) foaming agent solution into the model, and then inject the same volume of N2 to generate foam in this way. The migration of foam in porous media was observed and recorded with a microscope.
[image: Figure 2]FIGURE 2 | The microfluidic experimental setup.
2.2 Plugging process of foam in porous medium
As shown in Figure 3, the shape characteristics of foam in the fracture are related to the volume fraction of foam. When the volume fraction of foam is 30%, the proportion of gas in foam is small, and the generated foam is small in volume and thick in liquid film. The foam is distributed in the fracture channel in a spherical shape. With the increase of foam volume fraction, the proportion of gas in foam increases, the volume of foam becomes larger and the liquid film becomes thinner. When the volume fraction of foam is greater than 50%, the shape of foam in the fracture is irregular polygon, the liquid film of foam is thin, and the stability in the fracture is weak.
[image: Figure 3]FIGURE 3 | The morphology of foam with different volume fractions in fractures. (A) Volume fraction of foam is 30%. (B) Volume fraction of foam is 50%. (C) Volume fraction of foam is 70%. (D) Volume fraction of foam is 90%.
Foam accumulates and arranges in the fracture in the way of face to face contact, fills the fracture space, and forms sealing. Figures 4, 5, respectively show the morphology of foam in the fractures near and far from the injection end after gas injection for a period of time. The gas content at the injection end is high, so the generated foam has large volume, thin liquid film and weak stability. However, the gas content far away from the injection end is not high, so the foam produced is relatively stable. The sealing first occurs in the fracture at the entrance. As the gas injection rate increases, the sealing effect at the entrance deteriorates, and the sealing position moves forward along the fracture.
[image: Figure 4]FIGURE 4 | The morphology of foam in the fracture near the injection end.
[image: Figure 5]FIGURE 5 | The morphology of foam in the fracture away from the injection end.
At the beginning of gas injection, foam is only generated in the fracture. With the increase of gas injection volume, the number and volume of foam in the fracture increase, forming a stable group structure. The subsequently injected gas is diverted by the plugging resistance of foam in the fracture to enter the matrix channel and combine with the foaming liquid to produce foam (as shown in Figure 6). When the gas injection volume is 0.5 mL, the amount of gas entering the matrix is less, and the amount of foam generated in the matrix is less (as shown in Figure 6A). When the gas injection volume is 1.0 mL, the number of foam in the matrix increases and is arranged continuously in the matrix (as shown in Figure 6B). When the gas injection volume is 1.5 and 2.0 mL, the volume of foam further increases, small foam gathers and forms large foam, and foam with stable structure also begins to appear in the matrix (as shown in Figures 6C, D). It can be concluded that in fracture matrix Porous medium, foam first blocks large channels such as fractures, and then enters into matrix channels under the influence of plugging resistance.
[image: Figure 6]FIGURE 6 | Effect of gas injection volume on foam distribution in matrix porous media. (A) Gas injection volume is 0.5 mL. (B) Gas injection volume is 1.0 mL. (C) Gas injection volume is 1.5 mL. (D) Gas injection volume is 2.0 mL.
3 OIL RECOVERY MECHANISM OF FOAM ASSISTED GAS INJECTION IN POROUS MEDIUM
3.1 Oil production experiment of foam assisted gas injection
The oil recovery mechanism of foam in Porous medium is studied by means of microscopic glass etching model (as shown in Figure 7). The experimental steps are as follows: 1. Inject dyed kerosene into the model until the model channel is filled with kerosene; 2. Inject 0.1 mL foam (0.5 times the pore volume) into the model; 3. Continuously inject N2 into the model at a rate of 0.05 mL/min until gas breakthrough occurs at the outlet of the other end of the model; 4. Use a microscope to observe the local oil recovery effect of the model.
[image: Figure 7]FIGURE 7 | Glass etching model.
3.2 Oil production mechanism of foam assisted gas injection in fractures
When foam is injected initially, foam is dispersed in the fracture flow channel (as shown in Figure 8A), and moves in the fracture along the direction of driving force. The surfactant molecules on the foam liquid film used to maintain foam stability will transfer after contacting with oil, reducing the stability of foam liquid film, and foam is easy to burst. With the increase of foam injection amount, foam gradually accumulates in the fracture channel and accumulates in the fracture channel (as shown in Figure 8B). Since the diameter of a single foam is smaller than the fracture width, foam is not compressed by the wall, and several foam can be stacked in a “spherical” shape. Then gas is injected into the fracture. Under the impact of gas, the volume of foam in the fracture becomes larger, the distance between foam and each other becomes smaller, and the polygon is closely arranged. The contact area changes from point to surface, occupying the fracture space. The gas is blocked in the fracture by the resistance of foam, and is not easy to flow along the fracture. Under the effect of foam resistance, the gas can spread to the oil that is difficult to wave at the gap between foam and the fracture (as shown in Figure 8C), which increased gas sweep volume and oil recovery in fractures. Under the plugging resistance of foam, the fluidity of gas in the fracture decreases, and it is easy to enter the matrix with relatively small resistance for oil production (as shown in Figure 8D), which increases the swept volume and oil production of gas in the matrix. With the continuous injection of gas, the diameter of foam continues to increase to more than the width of the matrix channel. Driven by the injected gas, the foam is deformed by the wall extrusion and flows into the matrix (as shown in Figure 8E).
[image: Figure 8]FIGURE 8 | Oil recovery scene of foam-assisted gas injection in fractures.
3.3 Oil recovery mechanism of foam assisted gas injection in matrix
Foam is divided into two or more foam due to the influence of Porous medium wall when it enters the small channel of matrix from the large channel of fracture (as shown in Figure 9A). The separated small foam with small volume can enter the matrix channel (as shown in Figures 9B–D). Different from the distribution of foam in fractures, there is no accumulation space for foam in the matrix, and a single large volume of foam will be severely deformed by the wall extrusion, and closely contacted with the matrix channel to extract the oil in the matrix channel (as shown in Figures 9E–H). Some extremely small foam can also enter into smaller matrix space (as shown in Figures 9I–L). After entering the matrix, the gas will be subject to the resistance provided by the foam occupying the matrix space, and the fluidity in the matrix channel will be reduced. The flow along the foam gap and the gap between the foam and the wall will produce oil that cannot be affected, which will increase the swept volume and oil production of the gas in the matrix (as shown in Figures 9M–R).
[image: Figure 9]FIGURE 9 | Oil recovery scenario of foam-assisted gas injection in matrix.
Therefore, the oil recovery mechanism of foam in the process of Porous medium gas injection is: 1) The foam accumulates in the fracture and blocks the fluidity. 2) The fluidity of gas along the fracture decreases under the blocking resistance of foam, and the swept volume in the fracture increases. 3) Some gas turns into the matrix under the influence of foam blocking resistance. 4) Some foam enters the matrix driven by the gas and plays an oil production role in the matrix, which increased flow resistance and swept volume of gas entering the matrix. This flow characteristic of foam enables it to seal fractures in the process of auxiliary gas injection production, prevent gas from flowing along the fracture channel, improve the injection performance of gas in the matrix, and increase the swept volume of gas in Porous medium.
4 STUDY ON CHANNELING PREVENTION EFFECT OF FOAM IN GAS HUFF-N-PUFF INJECTION OF FRACTURED SHALE CORE
4.1 Core test of foam assisted N2 huff-n-puff
As shown in Figure 10, nitrogen and 0.8wt% AOS surfactant solution are simultaneously injected into the six way valve at a volume ratio of 1:1, and foam is generated through the foam generation device (sand filling pipe). After each gas huff-n-puff experiment, we will rinse and dry the foaming device to prevent residual foaming agent solution from affecting the next experiment. Since the injection of foam will increase the weight of the core, the mass conservation method cannot be used to calculate the oil recovery in the N2 huff-n-puff experiment assisted by foam. Therefore, we will use nuclear magnetic resonance T2 spectrum to calculate the recovery rate during this process. The core data is shown in Table 1.
[image: Figure 10]FIGURE 10 | Experiment process of foam-assisted N2 huff-n-puff.
TABLE 1 | The petrophysical properties of the samples.
[image: Table 1]4.2 Embodiment of channeling prevention effect of foam in micro pores
Figure 11 shows the nuclear magnetic resonance T2 spectrum curve of a cycle of N2 huff-n-puff experiments. The horizontal axis reflects the pore size of the core, while the vertical axis represents the amplitude of the nuclear magnetic signal. The black curve in the figure represents the initial oil distribution of the core, while the red curve represents the oil distribution of the core after a cycle of gas huff-n-puff. After a cycle of huff-n-puff, the amplitude signal of the nuclear magnetic resonance T2 spectrum curve will change, which is caused by the flow of oil in various pores. N2 huff-n-puff and foam assisted N2 huff-n-puff experiments were conducted under similar initial oil bearing conditions of cores, and the amplitude signal distribution of NMR T2 spectrum was also similar, so the influence of the two experimental methods on oil distribution in pores can be compared.
[image: Figure 11]FIGURE 11 | T2 spectra for fractured shale cores with 1 cycle of N2 huff-n-puff.
From Figure 11, it can be seen that there is no significant change in the nuclear magnetic resonance amplitude signal in the core before and after a cycle of N2 huff-n-puff. Figure 12 shows the change of NMR amplitude signal in core before and after a cycle of N2 huff-n-puff assisted by foam. The relaxation time can be divided into three parts based on the increase or decrease of the nuclear magnetic resonance amplitude signal. When the relaxation time is 0.01–0.65 ms or greater than 3.05 ms, the corresponding nuclear magnetic resonance amplitude signal decreases to varying degrees. When the relaxation time is 0.65–3.05 ms, the corresponding nuclear magnetic resonance amplitude signal increases.
[image: Figure 12]FIGURE 12 | T2 spectra for fractured shale cores with 1 cycle of foam-assisted N2 huff-n-puff.
In order to further observe the anti channeling effect of foam in gas huff-n-puff injection process, we monitored the nuclear magnetic resonance T2 spectrum of three cycles of gas huff-n-puff. Figure 13 shows that after three cycles of N2 huff-n-puff experiments, there was no significant change in the nuclear magnetic resonance amplitude signal of the core. It can be seen from Figure 14 that after three cycles of foam assisted N2 huff-n-puff experiments, the relaxation time between 0.01 and 0.1 ms, the NMR amplitude signal quantity decreases slightly. When the relaxation time is greater than 0.1 ms, the amplitude signal quantity of nuclear magnetic resonance significantly decreases.
[image: Figure 13]FIGURE 13 | NMR T2 spectra of three cycles of N2 huff-n-puff.
[image: Figure 14]FIGURE 14 | NMR T2 spectrum of three cycles of foam-assisted N2 huff-n-puff.
Some scholars classify shale pores into micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) based on their pore size (Louks et al., 2012; Hinal et al., 2014; Liu et al., 2018; Zhang et al., 2018). According to the nuclear magnetic resonance T2 spectrum, shale pore radius distribution, and pore classification standards, the pores of shale cores in the experiment were divided into three types: micropores (T2 < 0.1 ms), mesopores (0.1 ms < T2 < 2.5 ms), and macropores (T2 > 2.5 ms) (Freedman, 2006; XIONG and SHENG, 2021; XIONG et al., 2022).
We analyze the effect of channeling prevention of foam on the production of oil in various pores of core from the perspective of microscopic pore oil content. Comparing Figures 11, 12, it can be visually observed the changes in oil content in various pores. Figures 13, 14 show the strong oil production performance caused by the channeling prevention of foam. This reveals the oil recovery mechanism of foam in huff-n-puff gas injection from the perspective of micro pores, that is, it increases the swept volume of gas in micro pores, middle pores and large pores, and improves the oil recovery as a whole (Diwu et al., 2018; Zhu et al., 2018; Feng et al., 2020; Yang et al., 2021).
In the T2 spectrum curve of nuclear magnetic resonance, the area enclosed by nuclear magnetic amplitude and relaxation time is related to the oil content of the core. The calculation formula for recovery rate is as follows.
[image: image]
Where, [image: image] represents the area enclosed by the nuclear magnetic amplitude and relaxation time under the initial oil-bearing condition; [image: image] represents the area enclosed by the nuclear magnetic amplitude and relaxation time after throughput; h is a constant.
According to Formula 1, the oil saturation of various pores in the core before and after a cycle of foam assisted N2 huff-n-puff and N2 huff-n-puff is calculated, and the results are shown in Table 2. In a cycle of N2 huff-n-puff experiments, the oil saturation of micropores and mesopores showed almost no change compared to the initial oil saturation, while the oil saturation of macropores only decreased by 0.0007. However, in a cycle of foam assisted N2 huff-n-puff experiment, the oil saturation in macropores decreased by 0.0233, while that in micropores and mesopores decreased by 0.0018 and 0.0199, respectively.
TABLE 2 | Oil saturation in different pores by one cycle huff-n-puff.
[image: Table 2]In order to further reveal what kind of pore oil is mainly produced by the anti channeling effect of foam, we conducted five rounds of nuclear magnetic resonance monitoring experiments of foam assisted N2 huff-n-puff. The changes in oil saturation of various pores in the core are shown in Figure 15, and the cumulative recovery rate of various pores is calculated in Table 3. In the first and second cycles of these experiments, oil was extracted from the micropores. The cumulative recovery rate of mesopores and macropores has been continuously increasing in five cycles of gas huff-n-puff experiments. Therefore, the application of foam in huff-n-puff gas injection can use oil in all types of pores. As the number of cycles increases, oil in mesopores and macropores is continuously extracted, while oil in micropores is only extracted in the first two cycles. The recovery rate of the core during the entire process is mainly contributed by mesopores and macropores.
[image: Figure 15]FIGURE 15 | T2 spectra for fractured shale cores with 5 cycles of foamassisted N2 huff-n-puff.
TABLE 3 | NMR cumulative oil recovery for different pore intervals at different stages.
[image: Table 3]5 CONCLUSION

(1) With the help of Microfluidics experiments, it is clear that the generation mode of foam in Porous medium is liquid membrane hysteresis and liquid membrane separation. The plugging position of foam in Porous medium moves forward along the fractures. It will first plug large channels such as fractures, and then enter the matrix channel to play a role under the influence of plugging resistance.
(2) The oil recovery mechanism of foam assisted gas injection in Porous medium is to seal fractures, reduce the flow of gas along fracture channels, and improve the sweep efficiency and oil displacement efficiency of gas in Porous medium. It is reasonable to evaluate the channeling prevention effect of foam in gas huff-n-puff injection of fractured shale core with recovery factor as an indicator. The higher the core recovery factor is, the better the channeling prevention effect of foam is.
(3) It is feasible to use nuclear magnetic resonance method to calculate the recovery rate of gas huff-n-puff in fractured shale cores. Comparing the oil saturation of various pores in the core under two different huff-n-puff modes, it can be concluded that after a cycle of N2 huff-n-puff experiments, the oil saturation of macropores in the core decreased by 0.07%, while the oil saturation of mesopores and micropores did not decrease. However, after a cycle of foam assisted N2 huff-n-puff experiment, the oil saturation of macropores in the core decreased by 2.33%, and that of micropores and mesopores decreased by 0.18% and 1.99%, respectively. This shows that the channeling prevention effect of foam in huff-n-puff gas injection is significant from the perspective of oil content in micropores.
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