[image: image1]Experimental Study on Sweep Characteristics of Gas Gravity Drainage in the Interlayer Oil Reservoir

		ORIGINAL RESEARCH
published: 12 November 2021
doi: 10.3389/fenrg.2021.760315


[image: image2]
Experimental Study on Sweep Characteristics of Gas Gravity Drainage in the Interlayer Oil Reservoir
Hongwei Yu1, Lu Wang2, Daiyu Zhou3, Fuyong Wang2*, Shi Li1, Jun Li3, Xinglong Chen1, An Cao3 and Haishui Han1
1State Key Laboratory of Enhanced Oil Recovery, PetroChina Research Institute of Petroleum Exploration and Development, Beijing, China
2Unconventional Petroleum Research Institute, China University of Petroleum, Beijing, China
3Research Institute of Petroleum Exploration and Development, Tarim Oilfield, Korla, China
Edited by:
Zhixiang Zhao, Xi’an Polytechnic University, China
Reviewed by:
Tony Gao, Variables Intelligence, United States
Yanfu Pi, Northeast Petroleum University, China
* Correspondence: Fuyong Wang, wangfuyong@cup.edu.cn
Specialty section: This article was submitted to Process and Energy Systems Engineering, a section of the journal Frontiers in Energy Research
Received: 18 August 2021
Accepted: 29 September 2021
Published: 12 November 2021
Citation: Yu H, Wang L, Zhou D, Wang F, Li S, Li J, Chen X, Cao A and Han H (2021) Experimental Study on Sweep Characteristics of Gas Gravity Drainage in the Interlayer Oil Reservoir. Front. Energy Res. 9:760315. doi: 10.3389/fenrg.2021.760315

Stable gas gravity drainage is considered an effective method to enhance oil recovery, especially suitable for deep buried, large dip angle, and thick oil reservoirs. The influence of reservoir heterogeneity on controlling the gas–oil interface and sweep characteristics of injected gas is particularly important to design reservoir development schemes. In this study, according to the interlayer characteristics of Donghe carboniferous oil reservoirs in the Tarim Basin, NW China, 2D visual physical models are established, in which the matrix permeability is 68.1 mD and average pore throat radius is 60 nm. Then, hydrocarbon gas gravity drainage simulation experiments are carried out systematically, and a high-speed camera is used to record the process of gas–oil flow and interface movement. In this experiment, the miscible zone of crude oil and hydrocarbon gas is observed for the first time. The interlayer has an obvious shielding influence, which can destroy the stability of the gas–oil interface and miscible zone, change the movement direction of the gas–oil interface, and reduce the final oil recovery after gravity drainage. The remaining oil mainly is distributed near the interlayers. The higher displacement pressure leads to increased stability of the gas–oil displacement front and later gas breakthrough, which leads to higher oil recovery. The lower gas injection rate contributes to a slower front velocity and wider miscible zone, which could delay gas breakthrough. For the immiscible gas gravity drainage, there is a critical gas injection rate, with which the oil recovery factor is the highest.
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INTRODUCTION
Low-permeability reservoirs account for about 46% of oil and gas resources in China (HU et al., 2018). Due to the poor physical properties, fracture development, and strong heterogeneity, the water flooding efficiency in low-permeability oil reservoirs is low. Therefore, it is crucial to exploit the remaining oil of low-permeability oil reservoirs with advanced technologies.
Several studies have shown that the oil recovery factor of low-permeability sandstone reservoirs can be improved by gas injection after water flooding (Liu, 2012). Gas injection flooding mainly includes nitrogen flooding, air flooding, hydrocarbon gas flooding, and CO2 flooding (Feng et al., 2019). Janssen et al. (2018) analyzed several immiscible nitrogen injection schemes and found that compared with the two-phase flow, the residual oil saturation after immiscible nitrogen flooding was lower. Yang et al. (2020) conducted four kinds of nitrogen flooding experiments on typical fractured-vuggy carbonate reservoirs using 2D visual models and reported that the recovery rate of nitrogen flooding is 12% lower than that of foam-assisted nitrogen flooding, which is mainly because of foam delaying gas channeling. Jiang et al. (2010) studied the mechanism of air flooding in low-permeability oil reservoirs by combining numerical simulation with physical simulation and demonstrated that air injection is useful for establishing an effective pressure displacement system. Lai et al. (2014) studied the phase change and the characteristics of dynamic oil displacement efficiency in the process of gas injection based on the slim-tube test and pointed out that the main mechanism of hydrocarbon gas flooding was evaporation and condensation. CO2 miscible flooding is to improve the volumetric sweep efficiency by reducing the viscosity and density of crude oil and ultimately achieve the purpose of improving oil recovery (Behnoudfar, 2018). In addition, CO2 can also improve CBM recovery by occupying the original adsorption position of CH4 in coal (Liu et al., 2019).
In recent years, gas gravity drainage technology has been widely used worldwide. Its main technical characteristics are as follows: gas injection at the top of the reservoir, promotion of the stability of gas–oil interface by the gas overlap, expansion of the swept volume, and exploitation of the lower part remaining oil. Ren et al. (2018) analyzed the influencing factors of steady gas gravity drainage and found that the reduction of the crude oil viscosity and gas injection rate and the increase of formation inclination can extend the time of steady gravity drainage and increase the oil recovery factor. Parsaei and Chatzis (2011) studied the influence of wettability heterogeneity on the gravity-assisted inert gas injection (GAIGI) process and pointed out that the GAIGI process was more effective than water injection as it can reduce the residual oil saturation in heterogeneous porous media. Fan et al. (2015) explored the sealing characteristics of the interlayers during gas injection and found that the continuous interlayer has a strong sealing capacity, but the sealing capacity of the discontinuous interlayer is related to its distribution range.
In this paper, the physical models for physically simulating gas gravity drainage are established to investigate the effects of the distribution of interlayers and fractures on oil production by miscible and immiscible hydrocarbon/nitrogen gravity drainage. The gas–oil front and miscible zone are observed in the physical models. The key factors influencing sweep characteristics of gas gravity drainage performance, such as distributions of interlayers and fractures, gas injection rate, and pressure, are studied.
GEOLOGICAL BACKGROUND
The Tarim Basin is the largest oil-containing basin in China, which covers an area of 560,000 square kilometers (Fang et al., 2018). The block of this study is the Donghe 1CIII reservoir in the Tarim Basin, which is a thick sandstone oil reservoir. The top structure of this reservoir is an asymmetric short-axis anticline, the long-axis direction is northeast–southwest, and the ratio of the long axis to the short axis is 2.7. The lengths of the long axis and short axis are 5.1 and 1.9 km, respectively. The top of the reservoir is flat, and the corresponding dip angle is between 3° and 4°. The northwest wing angle is 12°, which is steep. In contrast, the southeast wing is relatively flat with an inclination of 4.5° (Ye, 2019). The average porosity is 15.1%, the average permeability is 68.1 × 10–3 μm2, and the average pore throat radius is 60 nm. The interlayers in this area are widely distributed.
DESIGN AND PREPARATION OF 2D VISUAL MODEL
Model Design
To reveal the sweep characteristics of stable gas gravity drainage in typical oil reservoirs, seven 2D visual large rock models are designed according to physical properties and interlayer distributions in Donghe 1CIII, Tarim Basin, and the lower Wuerhe oil reservoir in block 8 of the Xinjiang Oilfield, the sweep characteristics of gas gravity drainage can be observed with these models, and the detailed parameters of these models are shown in Table 1. The model size is 150 × 170 × 20 mm, and there are two to three compartments and two to four fractures in the models.
TABLE 1 | Design parameters of the 2D visual model.
[image: Table 1]There are two different types of 2D visual models, i.e., interlayer models and vertical fracture models. According to the location of the interlayer, injection well, perforation location, and production well, the interlayer model can be divided into five different types, as shown in Figure 1. It can be found that the interlayer is between the injection well and the horizontal production well, while the vertical production well and the highly deviated production well pass through the interlayer. Although the first, second, and third types of models have the characteristics of the dual interlayer, there are certain differences. Compared with the third model, the second model has one more horizontal production well between the two interlayers. In the first model, two more vertical production wells were drilled based on the second model, and the injection wells were located above the right of the model. Similarly, the vertical fracture model can be subdivided into two types, as shown in Figure 2. The production wells are horizontal and perforated in the horizontal section in the first type model. In the second type model, there are two vertical production wells and two vertical injection wells.
[image: Figure 1]FIGURE 1 | Design diagram of interlayer models.
[image: Figure 2]FIGURE 2 | Design diagram of vertical fracture models.
To sum up, we can combine the interlayer model and vertical fracture model to change the injection and production modes through the change of location and combination of the vertical wells, horizontal wells, highly deviated wells, and the perforation position, to achieve different experimental purposes.
Model Preparation
As shown in Figure 3, four 2D visual large rock models including the homogeneous model, dual interlayer heterogeneous model, triple interlayer heterogeneous model, and dual vertical fracture heterogeneous model are prepared. Taking the homogeneous model as the control group, the influence of the interlayers and vertical fractures on the sweep characteristics of gas gravity drainage was obtained by comparing the experimental results of the homogeneous model and the other three heterogeneous models.
[image: Figure 3]FIGURE 3 | Two-dimensional visualization of large rock models: (A) homogeneous model; (B) dual interlayer heterogeneous model; (C) triple interlayer heterogeneous model; (D) dual vertical fracture heterogeneous model.
EXPERIMENTAL MATERIALS AND METHODS
Experimental Materials
The oil samples used in the experiments are made up of kerosene, dead oil from the oilfield, and n-pentane, and the viscosity of the oil is 4.09 mPa·s under the reservoir condition (140°C and 45 MPa). Propane with 99.95% purity and nitrogen with 99.99% purity are used as the injected gases.
Experimental Equipment
As shown in Figure 4, the experimental equipment mainly includes three parts: injection system, measurement system, and 2D visual model. Among them, the ISCO pump, distilled water, gas intermediate vessel, and simulated oil intermediate vessel compose the injection system. The metering system includes three parts: back-pressure regulator, output liquid metering device, and gas flow meter. The 2D visual model system contains a camera that is used to monitor the process of gas drainage at different times.
[image: Figure 4]FIGURE 4 | 2D visual flow chart of the hydrocarbon gas gravity drainage sweep characteristic experiment (1, 2: ISCO pump; 3: distilled water; 4: gas intermediate container; 5: oil intermediate container; 6: interlayer model; 7: camera; 8: back-pressure regulator; 9: output liquid metering device; 10: gas flow meter; 11, 12: digital pressure gauge; 13, 14, 15, 16, 17, 18: stop valve; 19, 20: three-way valve).
Experimental Procedures

1) The model was vacuumized for more than 12 h.
2) The model was saturated with the simulated oil from the bottom, and the volume of the injected oil was more than three times the pore volume of the model.
3) The gas was injected from the top of the model with the constant rate, and the oil was produced at the bottom. The image of gas drainage during the experiments was taken by a camera every 10–60 s, and the time interval was set according to the injection and production rates. Meanwhile, the produced oil and gas volume was measured with a certain interval. The experiment ended when no more oil was produced.
4) The model was cleaned with the organic solvent, and the injection volume was more than five times the pore volume of the model.
EXPERIMENTAL RESULTS AND DISCUSSION
Immiscible Nitrogen Gravity Drainage
The characteristics of immiscible gravity drainage include that the vertical movement of the gas–oil interface can be automatically adjusted, and the macroscopic sweep coefficient is high, but the microscopic oil displacement efficiency is low due to the unstable displacement process. However, in practice, the sweep characteristics of gas drainage and remaining oil distribution are affected by interlayers and fractures in oil reservoirs. Therefore, to reveal the influence of barriers, interlayers, and fractures on the sweep characteristics of immiscible nitrogen gravity drainage, the homogeneous model and the double vertical fracture model were used in the experiment.
The immiscible nitrogen gravity drainage in the homogeneous model is shown in Figure 5. At the initial stage of gas displacement, as shown in Figures 5A–C, the change of crude oil in the model is not obvious. After that, the morphology of the displacement front can be observed. Then, the displacement front did not advance steadily but rushed down along the model boundary, and the uneven and unstable gas–oil interface appeared. The gas–oil interface is conveyed in Figures 5D–G.
[image: Figure 5]FIGURE 5 | Gas–oil front of immiscible nitrogen gravity drainage vs. time in the homogenous model: (A) 0 min; (B) 21 min; (C) 52 min; (D) 98 min; (E) 100 min; (F) 114 min; (G) 127 min; (H) 155 min.
Figure 5H is the photo of the end of immiscible nitrogen gravity drainage, and it can be found that the microscopic oil displacement efficiency of immiscible nitrogen gravity drainage in the homogeneous model is relatively low, and there is a lot of remaining oil in the pores, which is mainly distributed in the middle and lower parts of the model.
Figure 6 illustrates the immiscible nitrogen flooding with a high injection rate in the dual vertical fracture heterogeneous model. The sweep characteristics of immiscible nitrogen flooding can be summarized as follows:
1) In the early stage of displacement, the advance speed of the displacement front is slow.
2) In immiscible nitrogen gravity drainage, the oil displacement efficiency is low, and only small-scale local gas channeling occurs near fractures.
3) The gas–oil interface is less affected by the fluctuation of injection velocity, and the movement of the front is relatively stable.
4) A large amount of the remaining oil is distributed in the lower part of the model.
[image: Figure 6]FIGURE 6 | Gas–oil front of immiscible nitrogen gravity drainage vs. time in the dual vertical fracture model with high gas injection rates: (A) 0 min; (B) 7 min; (C) 17 min; (D) 25 min; (E) 30 min; (F) 50 min.
In addition, the effects of different gas injection rates on oil recovery were analyzed in this dual vertical fracture model, as shown in Figure 7. It is found that when the gas injection rate increases from 0.01 to 2 cm3/min, the oil recovery factor decreases from 71.22 to 66.86%, which means that the increasing gas injection rate leads to the reduction of oil recovery, but the reduction is insignificant.
[image: Figure 7]FIGURE 7 | Oil recovery factor of immiscible nitrogen gravity drainage with different injection rates in the dual vertical fracture heterogeneous model.
Immiscible Hydrocarbon Gas Gravity Drainage
As shown in Figure 8, a homogeneous model was used to study the immiscible hydrocarbon gas gravity drainage mechanism. It can be seen that the sweep characteristics of immiscible hydrocarbon gas gravity drainage are different from those of immiscible nitrogen gravity drainage. The sweep characteristics of immiscible hydrocarbon gravity drainage are summarized as follows:
1) In the early stage of displacement, there is an obvious semicircular gas front, and then the injected gas slowly forms a gas cap and displaces evenly with the progress of gas displacement.
2) The displacement front becomes more stable, and the injected gas displaces down along the model boundary as a result of the relatively small resistance.
3) The gas–oil interface is relatively uniform and stable.
4) The microscopic oil displacement efficiency is relatively good. It can be seen from the photos that the remaining oil in the pores is small and mainly distributed in the middle and lower parts of the model.
[image: Figure 8]FIGURE 8 | Gas–oil front during immiscible hydrocarbon gas gravity drainage vs. time in the homogeneous model: (A) 0 min; (B) 16 min; (C) 45 min; (D) 112 min; (E) 168 min; (F) 273 min; (G) 317 min; (H) 367 min.
Miscible Hydrocarbon Gas Gravity Drainage
The miscible zone with the disappearance of the gas–oil interface can be observed in immiscible hydrocarbon gas gravity drainage. Compared with the immiscible hydrocarbon gas gravity drainage, the miscible hydrocarbon gravity drainage has a more stable displacement front, higher sweep volume, and higher displacement efficiency. The prerequisite for effective miscible gravity drainage is that the minimum miscible pressure should be no more than the reservoir pressure (Wei et al., 2019). The minimum miscible pressure can be determined by five different methods: rising bubble method, slim-tube method, core displacement experiment, interfacial tension measurement, and pressure–volume–temperature experiment (Zhang et al., 2019).
Three different models including the homogeneous model, the dual interlayer model, and the fracture model are selected for miscible hydrocarbon gravity drainage. The process of miscible hydrocarbon gas gravity drainage in the homogeneous model is shown in Figure 9. Similar to immiscible hydrocarbon gravity drainage, the injected gas firstly plunged and then formed a gas cap. The gas–oil interface is uniform and stable. The displacement front is stable without breakthrough along the model boundary. Overall, the microscopic oil displacement efficiency of miscible hydrocarbon gas gravity drainage is the best, as the remaining oil in pores is minimum.
[image: Figure 9]FIGURE 9 | Hydrocarbon gas miscible gravity drainage in the homogeneous model at different times: (A) 0 min; (B) 6 min; (C) 13 min; (D) 21 min; (E) 45 min; (F) 69 min; (G) 83 min; (H) 117 min.
Before the experiment of miscible hydrocarbon gas gravity drainage in the dual interlayer model, it is necessary to saturate the model with the oil. The oil saturation process is shown in Figure 10. The oil was injected from the lower right corner of the model and was produced from the middle of the model top. The injected oil volume was at least twice the total pore volume, which was 153 cm3.
[image: Figure 10]FIGURE 10 | Process of oil saturation in the dual interlayer model.
The hydrocarbon was injected from the middle of the model top position, and oil was produced from the bottom horizontal well. As shown in Figure 11, in the early stage of displacement, the injected gas plunged quickly and formed a gas cap and then uniformly pushed the gas–oil interface forward. Therefore, the displacement front is stable. With the increase of injected gas volume, the gas–oil interface was close to the interlayer. Due to the obvious shielding effect of the interlayer, the movement direction of the displacement front changed, the stability of the gas–oil interface and the miscible zone was destroyed, and a small amount of remaining oil was distributed in the upper part of the interlayer. Figure 12 shows that the oil production rate decreased rapidly from 1.925 to 1.05 cm3/min after gas breakthrough. The remaining oil was gradually produced, and the ultimate recovery factor remained high, reaching 94.16%.
[image: Figure 11]FIGURE 11 | Process of miscible hydrocarbon gravity drainage in the dual interlayer heterogeneous model: (A) 0 min; (B) 45 min; (C) 90 min; (D) 128 min; (E) 160 min; (F) 193 min.
[image: Figure 12]FIGURE 12 | Oil recovery factor and oil production rate of miscible hydrocarbon gas flooding in the dual interlayer heterogeneous model.
The effects of different injection pressure and injection rate on the oil recovery of the miscible hydrocarbon gas gravity drainage are studied with this dual interlayer model. Figure 13 shows the effect of injected gas pressure on oil recovery. When the injected gas pressure increases from immiscible gravity drainage to miscible gravity drainage, the oil recovery increases. The reason is that the increasing displacement pressure leads to the stable gas–oil front, late gas breakthrough, and high sweep and oil displacement efficiency. In addition, comparing the oil recovery factor and gas breakthrough time of miscible drainage with low, medium, and high injection rates, it can be found that the oil recovery factor is all higher than 90% with little difference, and the high injection rate leads to the early gas breakthrough.
[image: Figure 13]FIGURE 13 | Oil recovery factor of gas gravity drainage with different injection pressures and rates.
Figure 14 shows the effect of gas injection rate on oil recovery. As the gas injection rate decreases, the movement of the gas–oil front will be slower and the gas breakthrough will occur later. However, after gas breakthrough, the oil production rate by gas displacement decreases. For miscible gravity drainage, the injection–production rate can be appropriately increased to enhance the capacity of carrying oil by gas. However, immiscible gravity drainage has a critical gas injection rate, with which the oil recovery factor is the highest.
[image: Figure 14]FIGURE 14 | Oil recovery factor of immiscible nitrogen gravity drainage with different gas injection rates.
\The dual vertical fracture heterogeneous model was adopted to study the sweep characteristics of hydrocarbon gas gravity drainage under different pressures and injection rates. Figure 15 shows the sweep characteristics of hydrocarbon gas gravity drainage with a high gas injection rate (2 ml/min). The fractures lead to gas channeling and early gas breakthrough, which seriously destroy the stability of the gas–oil interface and miscible zone. After gas breakthrough, the oil production rate is greatly reduced, and the remaining oil is mainly distributed in the unswept area between the injection well and the production well. When the gas injection rate is reduced to 0.5 ml/min, as shown in Figure 16, the phenomenon of gas channeling becomes insignificant, the movement of the gas–oil interface becomes more stable, and the swept area of hydrocarbon gas gravity drainage increases. As shown in Figure 17, comparing the oil recovery factor of hydrocarbon gas gravity drainage with different injection rates, it can be found that when the medium gas injection rate is 0.5 ml/min, the oil recovery factor is highest. Therefore, when fractures are parallel to the gas injection direction, the gas injection rate should be optimized to obtain the highest oil recovery factor.
[image: Figure 15]FIGURE 15 | Process of miscible hydrocarbon gas flooding in a dual vertical fracture heterogeneous model with 2 ml/min gas injection rate: (A) 0 min; (B) 7 min; (C) 21 min; (D) 59 min; (E) 84 min; (F) 121 min.
[image: Figure 16]FIGURE 16 | Hydrocarbon gas miscible flooding process in a dual vertical fracture heterogeneous model with 0.5 ml/min gas injection rate: (A) 0 min; (B) 34 min; (C) 82 min; (D) 197 min; (E) 260 min; (F) 341 min
[image: Figure 17]FIGURE 17 | Oil recovery factor of miscible hydrocarbon gas gravity drainage in the dual vertical fracture heterogeneous model with different gas injection rates.
Methods of Enlarging Gas Sweep Volume
The experiment was carried out with a heterogeneous model with three interlayers. Firstly, miscible hydrocarbon gravity drainage was injected horizontally, and the injection production rate was controlled intermittently until no oil was produced. After that, the position of the production well was changed to enlarge the swept volume of gas gravity drainage. As shown in Figure 18, the gas injection and oil production are both parallel and horizontal. The gas firstly overlaps and then forms a gas cap. After that, oil is displaced by gas drainage and the swept area of gas gravity drainage is 55.2%. However, 44.8% of the model area cannot be swept due to the shielding effect of interlayers. Figure 19 shows that the position of the production well is changed to the bottom of the model. Gas gravity drainage continues to produce more oil, the gas–oil interface moves down evenly, and the swept area increases by 40.4%. Besides, periodic oil production through controlling the oil production rate helps form a stable gas–oil interface and enlarge macroscopic sweep efficiency.
[image: Figure 18]FIGURE 18 | Process of gas drainage when the injection well and production well are parallel and horizontal in a heterogeneous model with three interlayers.
[image: Figure 19]FIGURE 19 | Process of gas drainage when the production well is changed to the bottom of the model.
CONCLUSION
The interlayers have obvious shielding effects, damage the stability of the gas–oil interface and miscible zone, and change the direction of front movement. A small amount of the remaining oil distributes in the upper part of the interlayer. The gas sweep area can be enlarged by changing the position of the production well and controlling the oil production rate.
The increase of displacement pressure leads to the stable gas–oil interface, late gas breakthrough, and high sweep and oil displacement efficiency. The oil recovery factors of miscible gravity drainage are usually higher than 90% with little difference. The high injection rate of miscible gravity drainage leads to early gas breakthroughs.
The decrease of gas injection rate leads to slow movement of gas–oil front and late gas breakthrough. The capacity of gas carrying oil is weakened after the breakthrough. For miscible gas gravity drainage, the gas injection rate can be appropriately increased to enhance the capacity of gas carrying oil. However, immiscible gas gravity drainage has a critical gas injection rate, with which the oil recovery factor of immiscible gravity drainage is the highest.
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