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Foamy oil flow is a potentially important reason for enhanced oil recovery (EOR) in super-heavy oil reservoirs during depressurized cold production (DCP). M oil reservoir and H oil reservoir located in Venezuela are typical super-heavy oil reservoirs with the foamy oil flow stage, and the properties of two reservoirs are similar. However, the production performances between two reservoirs in the stage foamy oil flow is quite different. In this paper, the novel microscopic visual physical experiments for foamy oil flow have been carried out to determine the flow characteristics of foamy oil and production performance. Three production stages of DCP are divided: stage I (the pressure greater than bubble point pressure), stage II (the pressure ranging from pseudo bubble point pressure to bubble point pressure), and stage III (the pressure lower than pseudo bubble point pressure). Then, the effects of different foamy oil flow characteristics in each production stage on production performances are investigated using comparative analysis method. The results show that the flow characteristics of the oil in the M and H oil reservoirs are both single-phase flow at stage I of DCP and two-phase flow at stage III of DCP. However, a phenomenon of strong foamy oil flow appeared in M oil reservoir while a phenomenon of weak foamy oil flow appeared in H oil reservoir at stage II of DCP. For the production performance, the oil rate, cumulative oil production and cumulative gas production of M oil reservoir increased obviously, while which of H oil reservoir increased slowly. The reason for the difference between the two oil reservoirs is that the super-heavy oil of M oil reservoir has more dissolved GOR and asphaltene content compared to H oil reservoir, and the pressure and temperature of M oil reservoir are more suitable for strong foamy oil flow.
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1 INTRODUCTION
As a significant unconventional oil and gas resource, heavy and super-heavy oil reservoirs have a reserve of about 900 billion barrels, accounting for about two-thirds of the world’s crude oil reserves (Goodarzi et al., 2007; Shah et al., 2010; Chen et al., 2015; Sun et al., 2015; Zhou et al., 2017a; Yang et al., 2019; Wu et al., 2020a; Gong et al., 2022; Zhu et al., 2022; Guo et al., 2023). Most super-heavy oil reservoirs with foamy oil flow in the world are mainly located in Venezuela, Canada and Tuha Oilfield in China. During the DCP, the gas phase is extracted from the super-heavy oil with high dissolved gas-oil ratio and flows with the high viscosity crude oil, which results in foamy oil flow (Akin and Kovscek, 2002; Sun et al., 2019; 2021; Zhou et al., 2020; Li et al., 2022). Many scholars have investigated that, compared to super-heavy oil reservoirs without foamy oil flow stage, the foamy oil flow will improve oil recovery by 3%–7% during the DCP, which is essential for the efficient development of super-heavy oil reservoirs (Sheng et al., 1999; Lago et al., 2002; Bennion et al., 2003; Peng et al., 2009; Sun et al., 2018).
Given the significance of foamy oil, many studies have been done to determine the flow characteristics of foamy oil and its effects on the production performance of super-heavy oil reservoirs (Wang et al., 2020; Xu et al., 2020). The phenomena that bubbles are scattered in the oil phase of foamy oil have been observed from the wellhead sampling oil. The keys to differentiate foamy oil from conventional heavy oil are the dispersion time of gas phase and the bubble quantities. The physical experiments are considered as the important method to studying the flow characteristics of the foamy oil (Li. et al., 2012; Busahmin et al., 2016; Zhou et al., 2016; Zhou et al., 2017b; Wu et al., 2020b). The foamy oil flow stage of super-heavy oil reservoir is considered as the stage of oil production with the long gas dispersion time and the large bubble quantities. Second, the main factors affecting the generation of foamy oil, such as heavy oil components, gas-oil ratio, viscosity, pressure and temperature, etc., have been researched (Abusahmin et al., 2017; Zhou et al., 2017c; Basilio and Babadagli, 2020; Jia et al., 2020). Aldea (1967) devised a sand filling experiment to investigate the impacts of pressure gradient on the mechanism of dissolved gas flooding and ultimate oil recovery to determine the flow characteristics of foamy oil. The sand filling experiments were also employed by Pooladi-Darvish and Firoozabadi (1999) compared the difference of the mechanism of dissolved gas flooding between heavy oil and light oil, which revealed different displacement mechanisms of heavy oil reservoir with dissolved gas flooding at different stages. In addition, Kumar et al. (2002) developed a sand filling physical model to investigate the impact of pressure drop rate on gas mobility and solution gas flooding of super-heavy oil reservoirs. According to the analysis above, the physical experiment is an important method to study foamy oil flow, but there is little research on the visualization experiments of foamy oil flow in cores.
Foamy oil flow stage is observed in M and H super-heavy oil reservoirs during the DPC. Despite similar reservoir properties, there are great differences in production performance. In this paper, the novel visual physical experiments were developed to determine the different microscopic flow characteristics of foamy oil of two reservoirs. The reasons for different flow mechanisms of foamy oil and the effects of foamy oil on production performance were investigated by comparative analysis method. The logical structure of this paper is as follows: The experiment methodology and processes are introduced in Section 2; The results are analyzed in Section 3. The conclusions are drawn in Section 4. More importantly, a novel microscopic visual physical device is self-developed, and the different production characteristics and flow behaviors of two similar oil fields have been deeply researched.
2 EXPERIMENTS
2.1 Experimental materials
The oil samples are the degassed crude oil from the M and H super-heavy oil reservoir of Venezuela. The super-heavy oil samples with specific gas-oil ratio were compounded by the high-pressure and high-temperature sampler under the initial conditions of two reservoirs. The reservoirs temperature, pressure and dissolved gas-oil ratio used in this experiment are shown in Table 1.
TABLE 1 | Parameters for compounding oil sample of M and H super-heavy oil reservoir.
[image: Table 1]The artificial long-cores of two reservoirs were prepared according to the reservoir properties. The core parameters are shown in Table 2.
TABLE 2 | Core parameters of M and H super-heavy oil reservoirs.
[image: Table 2]2.2 Experimental apparatus
A novel visualization microscopic flow experimental apparatus with long-core displacement for foamy oil flow was established, which is shown in Figure 1. The experimental apparatus consists of five parts: fluid injection system, super-heavy oil reservoir simulation system, microscopic visual monitoring system, oil-gas separating and measuring system, and data acquisition and control system. The novelty of this experimental apparatus is the connection between the long-core holder and the microscopic visualization monitoring device, which can indirectly observe the flow characteristic of foamy oil in the cores.
(1) Fluid injection system: The keys of the fluid injection system are the pump (FY-HSHY-80), two intermediate containers, and a heating sleeve. Oil samples and formation water are both prepared in the intermediate containers. Two intermediate containers are connected to the pumps to saturate cores with formation water or oil.
(2) Super-heavy oil reservoir simulation system: It mainly consists of long-core holder, piston pump, and thermostat. The long-core holder, which can fill a core with a diameter of 2.5 cm and a length of 100 cm, is made up of a pressure measurement pipeline, a metal case, a casing cap, and a core rubber sleeve. There are six pressure taps and high-precision pressure gauge (DG2113-B-20, ranging from 0 to 20 MPa) on the core holder, which can measure the pressure changes at different positions of cores. The overburden pressure could be precisely controlled by connecting the cavity between the core rubber sleeve and the metal case with the piston pump. The long-core holder was placed in the thermostat to create reservoir conditions, which can accurately simulate the DCP for super-heavy oil reservoir.
(3) Microscopic visual monitoring system: It mainly includes a novel high-temperature and high-pressure visual observation window, camera and light source. The high-temperature and high-pressure visual observation window, which could withdraw 15 MPa and 150°C, is connected to the outlet of the long-core holder to observe the foamy oil flow characteristics and morphological changes of gas phase. The camera and light source were used to record the observation results. The system can used to determine the pseudo bubble point pressure, which is defined as the pressure at which the oil transitions from a foamy state to a two-phase liquid-gas state, where the gas bubbles are no longer dispersed throughout the liquid but begin to separate and form a distinct gas phase. The changes in bubble behavior, such as bubble coalescence and gas release, can be observed by this system, and the pressure at which these changes become significant indicates the pseudo bubble point pressure.
(4) Oil-gas separation measuring system: It mainly consists of an oil-gas separation cylinder, a balance, a vacuum pump, and a gas measurement cylinder. The produced oil and gas are separated by the oil-gas separation cylinder, the oil mass is measured by the balance, and the gas volume is measured by the gas measurement cylinder based on the vacuum dewatering method. The vacuum pump is used to produce negative pressure on the gas measurement cylinder, so that the water in the lower tank enters the measuring cylinder.
(5) Data acquisition and control system: This includes a computer, back-pressure valves (HYF-III), and a nitrogen cylinder. The outlet pressure is controlled by the back-pressure valves. The pressure data of 6 pressure taps are automatically recorded by the software.
[image: Figure 1]FIGURE 1 | Experimental device schematic diagram of foamy oil seepage characteristics.
2.3 Experimental methods and procedures
The objective of the experiments is to investigate the reasons for the differences of production performance in foamy oil flow stage between M and H reservoirs. The experimental procedures are as follows:
(1) Experimental preparations: The oil samples, formation water and the long cores are prepared before the experiment. The experimental apparatus is installed as described in Section 2.2, and check for air leak.
(2) Saturated formation water: First, open the thermostat and increase the temperature to the reservoir temperature. Second, the experimental apparatus is vacuumed by the vacuum pump. And then, the cores are saturated with the formation water until the outlet flow rate is the same as the injection rate. Finally, keep the conditions that the confining pressure is 3 MPa above the core pressure, the formation water is continued to inject into the cores until the core pressure reaches the reservoir pressure.
(3) Saturated oil samples: The cores are saturated by the oil samples after 24 h core aging until the measured gas-oil ratio equals the initial dissolved gas-oil ratio. The oil saturations of cores are calculated, and the cores are heated in thermostat for 24 h.
(4) DCP Experiment: from the original reservoir pressure, the back-pressure valve pressure is reduced at a rate of 1 MPa/h until it reaches standard atmospheric pressure. Oil production, gas production, and pressure variations at each pressure tap were recorded during the DCP. Meanwhile, cameras were used to record foamy oil flow characteristics in the visual observation window.
3 RESULTS AND DISCUSSION
3.1 Analysis of production performance
The experimental results show that the bubble point pressure is 5.10 MPa and the pseudo bubble point pressure is 2.12 MPa in M reservoir, while the bubble point pressure is 3.54 MPa and the pseudo bubble point pressure is 0.41 MPa in H reservoir. The production performance of M reservoir is shown in Figures 2–4.
[image: Figure 2]FIGURE 2 | The curves of oil rate, cumulative oil production, oil recovery vs. pressure in M reservoir.
[image: Figure 3]FIGURE 3 | The curves of cumulative gas production, instantaneous GOR vs. pressure in M reservoir.
[image: Figure 4]FIGURE 4 | The curves of pressures at each pressure taps in M reservoir vs. time.
Three production stages of DCP are divided: stage I (the pressure greater than bubble point pressure), stage II (the pressure ranging from pseudo bubble point pressure to bubble point pressure), and stage III (the pressure lower than pseudo bubble point pressure). The production performances in each production stage are quite different. Furthermore, the production performances between two reservoirs are also different. The analyses of production performance in M reservoir are as follows:
Stage I: During this stage, the oil rate is very low, and the cumulative gas production and GOR are 0. The pressure at each pressure tap decreased linearly with time and at the same pace due to the high permeability.
Stage II: During this stage, the oil rate, cumulative oil production all increased quickly, but the instantaneous gas oil ratio remained low, ranging from 11.36 to 20.16 m3/m3. The pressures at each point tap decreased linearly with time when the pressure is lower than 5.10 MPa, and started to deviate from the pressure of the back-pressure valve. The reason is that the oil viscosity lowered and the oil volume expanded due to the foamy oil flow, which effectively maintain the reservoir pressure. In addition, the continuous gas phase has not been formed so that the instantaneous gas-oil ratio is retain low.
Stage III: During this stage, the oil rate decreased rapidly while the gas rate increased rapidly, due to the formation of continuous gas phase. Furthermore, the pressure fluctuation near the inlet is small while which near the outlet is large, indicating foamy oil flow at the inlet and continuous gas flow at the outlet.
The production performance of M reservoir is shown in Figures 5–7, which are as follows:
[image: Figure 5]FIGURE 5 | The curves of oil rate, cumulative oil production, oil recovery vs. pressure in H reservoir.
[image: Figure 6]FIGURE 6 | The curves of cumulative gas production, instantaneous GOR vs. pressure in H reservoir.
[image: Figure 7]FIGURE 7 | The curves of pressures at each pressure taps in H reservoir vs. time.
Stage I: During this stage, the production performance between M and H reservoirs is the same. The oil rate is very low, and cumulative gas production and GOR are 0.
Stage II: This stage can be further divided into two distinct periods. At the early period of stage II (pressure ranging from 3.54 MPa to 2.20 MPa), the instantaneous gas-oil ratio was very low, the oil production rate and accumulative oil production increased slowly. The deviation of pressures at each point tap from the pressure of back-pressure valves is small. At the later period of stage II (pressure ranging from 2.20 MPa to 0.41 MPa), the oil rate and cumulative oil production increased rapidly. The instantaneous GOR is slightly higher than dissolved GOR, ranging from 8.25 to 14.84 m3/m3. The deviation of pressures at each point tap from the pressure of back-pressure valves gradually increased.
Stage III: During this stage, the increase of oil rate, cumulative oil production was reduced, but the oil production capacity can still be maintained. The instantaneous GOR increased sharply in a brief period before decreasing sharply. Due to the formation of the continuous gas phase, the pressure near the inlet remained high, and the differential pressure gradually increased.
After comparative analysis, it can be found that when the pressure is higher than the bubble point pressure (Stage I) or lower than the pseudo bubble point pressure (Stage III), the production performance of M reservoir is the same as that of H reservoir. However, when the pressure decreased from the bubble point pressure to the pseudo bubble point pressure (Stage II), there is an obvious difference in production performance between M and H reservoir during DCP.
3.2 Analysis of microscopic flow characteristics of foamy oil flow
The images of foamy oil flow in M reservoir were shown in Figure 8, and the morphology descriptions were shown in Table 3. The flow characteristics of foamy oil in M reservoir during each stage of DCP are as follows:
[image: Figure 8]FIGURE 8 | Foamy oil flow characteristic of M super-heavy oil reservoir during DCP.
TABLE 3 | Bubble properties of foamy oil of M reservoir during DCP.
[image: Table 3]Stage I: During this stage, there is primarily single oil flow, no dissolved gas separation, and the bubble quantities are 0.
Stage II: During this stage, the oil phase contains a lot of widely dispersed bubbles due to the dissolved gas separating from the oil phase. The foam shape is basically regular round, the foam size is small. As the pressure drops from 5 MPa to 2.25 MPa, the bubble quantity gradually increased from 6 to 789, and the bubble density gradually increased from 1.33/cm2 to 174.85/cm2, which demonstrate a strong foamy oil flow in M reservoir. In addition, the maximum diameter and average diameter of bubbles generally increase, indicating that the small bubbles gradually grow and become larger with the decrease of pressure at this stage.
Stage III: During this stage, the bubble quantity and bubble density respectively decreased from 456 to 101.05/cm2 to 103 and 22.16/cm2 when the pressure dropped from 2.02 MPa to 0.10 MPa, while the maximum bubble diameter and mean bubble diameter increased from 1.41 mm to 0.30 mm to 6.25 m and 0.48 mm, respectively. In, addition, the bubble shape also changed from the regular round to the irregular round, and finally to the long strip. These phenomena demonstrate that small bubbles progressively converge into larger ones, and form the continuous gas phase. Finally, the foamy oil flow changes into oil-gas two-phase flow.
The images of foamy oil flow in H reservoir were shown in Figure 9, and the morphology descriptions were shown in Table 4. The flow characteristics of foamy oil in H reservoir during each stage of DCP are as follows:
[image: Figure 9]FIGURE 9 | Foamy oil flow characteristic of H super-heavy oil reservoir during DCP.
TABLE 4 | Bubble properties of foamy oil of H reservoir during DCP.
[image: Table 4]Stage I: During this stage, the microscopic flow characteristic of H reservoir is the same as which of M reservoir. It is the single oil flow, and the bubble quantity is 0.
Stage II: During this stage, the microscopic flow characteristic of H reservoir is quite different from which of M reservoir. The bubble quantity and the bubble density are 9 and 1.99/cm2 at the pressure of 3.39 MPa, respectively. It is difficult to form foamy oil flow due to the small bubble quantity and large bubble diameter. As the pressure drops from 1.71 MPa to 0.58 MPa, the bubble quantity and bubble density increased from 24 to 5.32/cm2 to 397 and 87.98/cm2 respectively, which indicating the formation of foamy oil. However, the bubble quantity and bubble density of H reservoir are lower than those of M reservoir. All these phenomena demonstrate a weak foamy oil flow in H reservoir.
Stage III: During this stage, the bubble quantity and bubble density respectively decreased from 397 to 87.98/cm2 to 86 and 19.06/cm2 when the pressure dropped from 0.58 MPa to 0.18 MPa, while the maximum bubble diameter and the mean bubble diameter increased from 1.04 mm to 0.30 mm–1.82 mm and 0.40 mm, respectively. In, addition, the bubble shape also changed from the regular round to the irregular round, and finally to the long strip. Therefore, the flow characteristics of H reservoir at this stage are similar to those of M reservoir.
3.3 Analysis of microscopic flow characteristics of foamy oil flow
The experimental results show that the oil recovery, cumulative oil production, cumulative gas production and maximum oil rate of M reservoir are respectively 19.81%, 30.95 g, 1498 cm3 and 0.34 g/min, which are 9.38%, 15.29 g, 1,168.31 cm3 and 0.10 g/min higher than those of H reservoir during DCP. The comparison results of production performance between M and H reservoir are shown in Table 5.
TABLE 5 | Comparison of production performance of experiments between M and H reservoir during DCP.
[image: Table 5]The difference in production performance between the two reservoirs occurs in stage II, that is, the difference in foamy oil flow characteristics between the two reservoirs. The flow characteristic of M reservoir in stage II is a strong foamy oil flow, while that of H reservoir is a weak foamy oil flow. The main causes are as follows:
(1) The initial dissolved GOR of M reservoir is 15.86 m3/m3, higher than that of H reservoir (8.6 m3/m3). The formation of bubbles is affected by the initial GOR. More gas will disperse in super-heavy oil during DCP due to larger dissolved GOR of M reservoir, which could form the foamy oil flow. In addition, he higher the original dissolved gas-oil ratio, the increase of critical gas saturation, which is conducive to the reduction of gas phase fluidity.
(2) The asphalt content of super-heavy oil in M reservoir is higher. Because of the more stable molecular structure and higher molecular weight, the asphalt molecular is a suitable location for the formation of foam. Furthermore, asphaltene is also the most polar and interfacial active component of the heavy oil, which helps to preserve the stability of foamy oil.
(3) The reservoir temperature of M reservoir is in the moderate temperature range where strong foamy oil flow occurs. The density and viscosity of super-heavy oil are lower and the mobility of which is stronger. However, due to the low reservoir temperature, high oil density and viscosity, and poor fluidity in H reservoir, it would be difficult for foamy oil flow.
(4) The reservoir pressure in M reservoir is higher. High pressure makes the interfacial tension of oil-gas lower, which is conducive to formation of foamy oil. Furthermore, the action time of foamy oil is longer under high pressure.
4 CONCLUSION
The differences of foamy oil flow characteristics and production performance of M and H super-heavy oil reservoir with similar reservoir properties are analyzed using the microscopic visual physical experiments. The reasons for the difference between the two reservoirs are investigated. The conclusions are as follows:
(1) The production performance of two reservoirs at stage I and stage III of DCP are the same, while the production performance at stage II are quite different. The oil recovery, cumulative oil production, cumulative gas production and maximum oil rate of M reservoir are respectively 19.81%, 30.95 g, 1498 cm3 and 0.34 g/min, which are 9.38%, 15.29 g, 1,168.31 cm3 and 0.10 g/min higher than those of H reservoir during DCP.
(2) The flow characteristic makes the difference in production performance. The flow characteristics of two reservoirs at stage I and stage III of DCP are the same, while the flow characteristics at stage II are quite different. There is the single-oil flow in two reservoirs at stage I, and the gas-oil two-phase flow at stage III of DCP. But at stage II, the strong foamy oil flow is formed in M reservoir, while the weak foamy oil flow is formed in H reservoir.
(3) Due to the greater dissolved GOR, higher asphaltene content, higher pressure, more suitable temperature of M reservoir compared with those of H reservoir, the strong foamy oil flow is formed, which are the main reasons for the difference of flow characteristics and production performance between two reservoirs.
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