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Abstract

:

The Chang 7 shale oil reservoir has low natural energy and is both tight and highly heterogeneous, resulting in significant remaining oil after depletion development. CO2 huff and puff (huff-n-puff) is an effective way to take over from depletion development. Numerous scholars have studied and analyzed the CO2 huff-n-puff mechanism and parameters based on laboratory core sample huff-n-puff experiments. However, experimental procedures are not comprehensive, leading to more general studies of some mechanisms, and existing CO2 huff-n-puff experiments struggle to reflect the effect of actual reservoir heterogeneity due to the limited length of the experimental core samples. In this paper, CO2 huff-n-puff laboratory experiments were performed on short (about 5 cm) and long (about 100 cm) core samples from the Chang 7 shale oil reservoir, and the microscopic pore fluid utilization in the short samples was investigated using a nuclear magnetic resonance (NMR) technique. We then analyzed and discussed the seven controlling factors of CO2 huff-n-puff and their recovery-enhancing mechanisms. The experimental results show that the cumulative recovery increased with the number of huff-n-puff cycles, but the degree of cycle recovery decreased due to the limitation of the differential pressure of the production. The significant increase in recovery after the CO2 mixed-phase drive was achieved by increasing the minimum depletion pressure as well as the gas injection amount. The soaking time was adjusted appropriately to ensure that the injected energy was thoroughly utilized; too short or too long a soaking time was detrimental. The pressure depletion rate was the main factor in the CO2 huff-n-puff effect in shale. If the pressure depletion rate was very high, the effective permeability loss was larger. In the CO2 huff-n-puff process of the Chang 7 shale oil reservoir, the improvement in oil recovery was mainly contributed to by mesopores and small pores. The huff-n-puff experiments using long cores could better characterize the effect of heterogeneity on the huff-n-puff effect than short cores.
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1. Introduction


This paper investigates the potential of CO2 huff-n-puff to enhance oil recovery in the challenging context of the Chang 7 shale oil reservoir, characterized by low natural energy and high heterogeneity. Most shale oil reservoirs are depleted using horizontal wells and hydraulic fracturing technology, which typically yield recoveries of less than 10%, and are less effective at improving recovery [1,2,3]. CO2 has a low density and excellent all-around performance, and it is easy to obtain at a low cost. Its solubility in crude oil is extremely good, it can reduce the viscosity of crude oil, and it can increase the expansion coefficient of crude oil [4,5]. Therefore, CO2 huff-n-puff can be used as an efficient way to take over from the development of depletion. Proper utilization and storage of CO2 play an essential role in shale oil development [6,7].



In recent years, numerous researchers have extended the related research on CO2 huff-n-puff techniques and achieved some interesting results. Gamadi and Li et al. [8,9,10] conducted CO2 huff-n-puff laboratory experiments on shale cores and set various parameters such as soaking time, experimental pressure, and huff-n-puff cycles. They found that the CO2 huff-n-puff technique significantly improved the recovery of shale oil after adjusting parameters. Li and Wan et al. [11,12] conducted a CO2 huff-n-puff laboratory experiment with shale oil to study the influence of permeability, injection pressure, and soaking time on the huff-n-puff effect. Tang et al. [13,14] conducted a core CO2 huff-n-puff laboratory experiment and investigated the influences of CO2 injection amount, soaking time, production rate, and CO2 injection rate on the CO2 huff-n-puff effect. They concluded that the amount of CO2 injected and the production rate were the main factors. Yu and Zhang et al. [15,16] investigated the effects of injection pressure, soaking time, and huff-n-puff cycles on the CO2 sweep range using numerical simulation technology. They concluded that the huff-n-puff cycle had a minor effect and that the injection pressure was the main factor affecting the CO2 sweep. Liu et al. [17] used NMR technology to monitor the real-time migration of core matrix crude oil at different stages of CO2 huff-n-puff. The effects of injection pressure, soaking time, huff-n-puff cycle, and shut-in time on the CO2 huff-n-puff effect were investigated. It was concluded that simply increasing the injection pressure could improve the oil displacement efficiency without increasing the sweeping range.



At present, numerous scholars have carried out laboratory experiments on CO2 huff-n-puff with good results. However, the considered influences are not comprehensive, the mechanism studies are more general, and the interpretation of the experimental results is not clear enough. Most of the laboratory experiments use a short core (about 5 cm) for CO2 huff-n-puff experiments, and CO2 breakthrough is extremely common in laboratory experiments on the short core but rarely occurs in actual field development. Due to the limited total amount of crude oil in the short core, the measurement error of the experimental setup has a large impact, which cannot accurately reflect the mechanism of CO2 huff-n-puff in the actual formation [18,19,20]. Moreover, there is also a difference between long and short cores, characterizing the effect of heterogeneity on the huff-n-puff effect in real formations. Finally, most of the studies based on shale oil CO2 huff-n-puff focus on the improvement in shale oil recovery and optimization of injection production parameters, and very few of them explain the reasons for the improvement in shale oil CO2 huff-n-puff from the mechanism study side.



Based on the above problems, this paper used a long core (about 100 cm) to conduct CO2 huff-n-puff experiments. Then, seven groups of experiments were established to comprehensively compare the influence mechanisms of huff-n-puff cycles, minimum depletion pressure, pressure depletion rate, soaking time, gas injection method, CO2 injection amount, and CO2 injection rate on the effect of CO2 huff-n-puff. We also used NMR to characterize the fluid utilization after a short-core huff-n-puff experiment. A comparison of huff-n-puff experiments in short and long cores was performed to clarify the mechanism and main controlling factors of CO2 huff-n-puff in shale oil reservoirs. The primary objective of this study is to analyze the mechanisms and main control factors influencing CO2-huff-n-puff-enhanced oil recovery in the Chang 7 shale oil reservoir.




2. Experimental Instruments and Methods


2.1. Experimental Material


The core used in the experiment is taken from the natural core of the reservoir section of the Chang 7 shale oil reservoir, which belongs to the black shale of the Yanchang 7 formation in the Ordos Basin. According to previous fine tube experiment results, the minimum miscible pressure (MMP) of CO2 and crude oil in the Chang 7 shale oil reservoir is 13.4 MPa. The crude oil used for the experiment is simulated oil, which is proportioned according to the original formation crude oil (the density of the ground crude oil is 0.89 g/cm3, and the viscosity of the crude oil at 60 °C is 3.98 mPa·s). The gas used in the experiment is CO2, which has a purity of 99.99%. Twenty short cores of the Chang 7 shale oil are concatenated into a long core in a certain form. The detailed physical parameters of the cores are given in Table 1. The total length of the long core is calculated to be 975.31 cm, and the average permeability is 0.151 × 10−3 μm2.




2.2. Experimental Device


The long-core CO2 huff-n-puff experimental device consists mainly of a core support, ISCO displacement pump, thermostat, back pressure pump, hand crank pump, and collection device. The maximum length of the core that can be inserted is 1 m. The temperature of the thermostat is up to 150 °C. The maximum pressure of the core holder system is 70 MPa. The flow accuracy of the pump is 0.01 mL. The experimental device is shown in Figure 1. The model of the NMR device is a Mini-MR, the magnetic field strength is set to 0.5 T, and the frequency of the RF pulse can be controlled from 1 to 30 MHz. Additional devices used in this experiment are an electronic balance, caliper gauge, gas flow meter, and CO2 cylinder.



The consistency of the CO2 huff-n-puff experimental device for the short core is the same as that for the long core, with the only difference being the shortening of the core support. The core support of the short-core experimental device can be inserted up to a maximum length of 30 cm. A rubber cylinder exists in the annulus between the core support and the core, and the diameter of the core that can be inserted in the core support ranges from 2.5 cm to 3.5 cm.




2.3. Experimental Principle (NMR)


NMR technology was mainly used in the medical field in its early stage and was introduced into oil and gas field development later on. It has been widely used and has clear advantages over other techniques in the study of pore structures and pore fluids in reservoirs [21]. The principle of the NMR technique is to determine the response parameter of a hydrogen nucleus in a magnetic field. Then, by detecting the hydrogen nuclei in the reservoir fluid, the reservoir fluid distribution in the pore structure, porosity, permeability, mobile fluid distribution pore throat structure, and other related parameters can be obtained. With this technology, the position of the pore fluid before and after CO2 huff-n-puff can be determined, and the mobilization of the reservoir oil and gas resources can be studied from a microscopic point of view, thus evaluating the effect of oil displacement.



At the start of the experiment, the core to be tested is placed in a uniformly distributed magnetic field generated by the instrument. A vector of magnetized hydrogen nuclei is then created in the reservoir fluid. A specific frequency is then applied to the core and the NMR phenomenon occurs [22]. The transverse relaxation time T1 and longitudinal relaxation time T2 of the hydrogen nuclei undergoing the relaxation motion are analyzed in terms of the parameters. It follows that the pore radius is inversely proportional to the relaxation rate of the hydrogen nucleus, i.e.,


   1   T 2    = ρ   (  S V  )   pore    



(1)




where ρ is the relaxation strength constant and S/V is the specific surface of the throat. S/V is proportional to the pore radius r; S/V = FS/r. FS is the pore shape factor (dimensionless), and its magnitude varies with the pore model. Therefore, the core pore throat T relaxation time can be expressed as


   T 2  =  T  2 S   =  1  ρ  F S    r  



(2)







Since ρ and FS are dimensionless constants, it can be concluded from the equation that the value of T2 is proportional to the radius of the pore throat of the reservoir rock, and its larger value reflects the larger pore throat.





3. Experiments


3.1. Experimental Preparation


The selected core samples were thoroughly washed and dried, after which the porosity and permeability of the core samples were determined. The appropriate cores were selected as the experimental cores, and the cores were sorted according to their length and permeability according to Burra’s rule. In addition, a layer of thermal filtration membrane was added in the middle of the core so that the pore channels between the two different cores could be connected.




3.2. Experimental Procedure


	(1)

	
We configure simulated formation water (salinity of 20,000 mg/L) according to the reservoir geological data and place the experimental core in the simulated formation water, covering the top of the core. The experimental core is then vacuumed for 48 h so that it is fully saturated with simulated formation water. The core porosity is calculated using the difference in weight between the core samples before and after saturation.




	(2)

	
We inject simulated oil into the core, record the amount of water produced, and calculate the bound water saturation. When the core pressure reaches the formation pressure, we close the inlet end and age the core for 24 h.




	(3)

	
At a temperature of 60 °C, in the “huffing” stage, CO2 is injected into the core at a certain rate with a displacement pump, and the pressure is raised to the design value. Then, the inlet end is closed. When the soaking time meets the experimental requirements, the inlet end is opened to enter the “puffing” stage, and four rounds of huff-n-puff are repeated.




	(4)

	
We investigate the effect of these parameters on CO2 huff-n-puff recovery by adjusting the parameters of gas injection amount, minimum depletion pressure, soaking time, pressure depletion rate, gas injection method, and gas injection rate.




	(5)

	
After the experiments are completed, we select 6 contrasting cores out of the 20 cores and group them to perform the core huff-n-puff experiment and measure the NMR T2 spectrum. This is used to study crude oil utilization before and after huff-n-puff in terms of microporosity.









4. Results and Discussions


According to the requirements of reservoir development and the study of the huff-n-puff mechanism, seven experimental groups were designed, each with four huff-n-puff cycles (Table 2). We investigated the impact of the CO2 huff-n-puff cycle, minimum depletion pressure, pressure depletion rate, soaking time, gas injection method, CO2 injection amount, and gas injection rate on the CO2 huff-n-puff. In contrast to previous experiments, the experimental parameters in this paper were more comprehensive, and the mechanism and main controlling factors of the CO2 huff-n-puff EOR in the Chang 7 shale oil were investigated in depth.



4.1. Huff-n-Puff Cycle


In Experiment 1, the gas injection rate was set to 6 mL/min, the well was soaked until the pressure was stabilized, the pressure depletion rate was 3 MPa/h, and the minimum depletion pressure was 0.1 MPa. The influence of huff-n-puff cycles on the CO2 huff-n-puff effect was investigated. In the second cycle of Experiment 1, the production pressure decreased significantly from 11.5 MPa to 6.22 MPa compared with the first cycle, and the cyclic recovery decreased from 9.65% to 5.12% (Figure 2a). As the huff-n-puff cycle progressed, the CO2 advanced to the distal end of the core, the CO2 sweep increased, and the effective utilization radius increased, but the recovery increase decreased. Based on previous N2 adsorption experiments, the pore sizes of the shale in the core hole ranged from 1.59 nm to 161.89 nm, and the molecular diameter of the CO2 gas was 0.33 nm. Under experimental conditions, the CO2 gas reached a supercritical state with little interfacial tension with crude oil, excellent oil washing efficiency, and small capillary resistance. It could enter the pore throat where water could not enter and drove out crude oil [23,24].



After the first huff-n-puff cycle of crude oil in the pore of the long core, the easily flowable crude oil in one of the larger pores was returned and drained out. The second cycle, in which an equal amount of CO2 gas was injected, was limited by the reduction in the pore fluid, which prevented the development of higher pressure. The reduction in the production of differential pressure limited the flow of CO2, did not significantly improve the sweep coefficient, and made it difficult to utilize the crude oil in the small pores, which in turn affected the recovery of the core. In actual production, the remaining oil content in the near-well zone decreased, and the relative content of light components in the remaining oil decreased, which ultimately led to weaker CO2 extraction capacity [25]. When the cycle pressure dropped to 2 MPa, the oil recovery was zero, so the depletion pressure (wellhead pressure in the extraction stage) should be set as a lower limit.



The maximum oil production rates were 0.061, 0.055, 0.041, and 0.025 g/min over the four cycles of Experiment 1. The peak oil production rate decreased more as the number of cycles increased (Figure 2b). In the production stage with pressure decrease, the oil production rate quickly reached the peak and then began to decrease. The amount of oil recovered in each cycle decreased rapidly and then increased. This was mainly due to the microscopic pore structure, and the CO2 gas could not advance uniformly. Since the oil production rate was higher in the first cycle and the highest recovery was eventually achieved, the production time should be extended. By slowing down the pressure depletion rate at the outlet to maintain production pressure in the range of 4–10 MPa for a long time, oil was produced at a higher rate, and cumulative recovery was increased. In actual production, the number of cycles should be minimized considering the development cost.



Figure 3a shows that the cycle recovery measured in Experiment 1 decreased exponentially with an increasing number of huff-n-puff cycles, with a recovery of only 2.63% in the fourth cycle. This indicates that the CO2 huff-n-puff effect gradually deteriorates under the influence of the decrease in residual oil content and the increase in mobilization difficulty. Figure 3b shows that the cumulative cycle recovery measured in Experiment 1 increased with an increasing number of huff-n-puff cycles, but the magnitude of the increase decreased. The above experimental phenomena indicate that the effective development cycle of shale oil reservoirs is about five cycles or so, which is consistent with previous research results [26].




4.2. Minimum Depletion Pressure


In Experiment 2, the gas injection rate was set to 10 mL/min, the well was soaked until the pressure was stabilized, the pressure depletion rate was 3 MPa/h, and the minimum depletion pressure was 2 MPa. A comparison of Experiment 1 was performed to analyze the effect of different minimum depletion pressures on the CO2 huff-n-puff effect. The maximum pressure in the first cycle reached the CO2 MMP (13.4 MPa) due to the injection of a greater amount of gas (from 0.2 PV to 0.3 PV) and the increase in the lower limit of the production pressure (from 0.1 MPa to 2 MPa). The experiments showed that increasing the minimum depletion pressure during CO2 huff-n-puff as well as the CO2 injection amount resulted in a 5.61% increase in recovery. In addition, the first huff-n-puff cycle had an important influence on the total huff-n-puff cycle, which increased the recovery by 3.3%.



After implementing the CO2 huff-n-puff mixed-phase oil drive, the comparison with the non-mixed-phase huff-n-puff oil drive was better. The viscosity of crude oil was significantly reduced, the interfacial tension was lowered, the flow resistance was reduced, and the sweep efficiency and oil washing efficiency were improved [27]. After increasing the minimum depletion pressure and injecting the same amount of CO2 gas, the subsequent cycles can reach a higher production pressure up to the CO2 near-mixed-phase pressure [28]. In real production, the minimum depletion pressure can be appropriately increased in conjunction with economic feasibility issues.




4.3. Pressure Depletion Rate


In Experiment 3, the gas injection rate was set to 10 mL/min, the well was soaked until the pressure was stabilized, the pressure depletion rate was 2 MPa/h, and the minimum depletion pressure was 2 MPa. A comparison with Experiment 2 was performed to analyze the effect of different pressure depletion rates on the CO2 huff-n-puff effect. The pressure depletion rate was 3 MPa/h and 2 MPa/h for Experiment 2 and Experiment 3, and the recovery was 26.42% and 28.25%, respectively (Figure 4a). By reducing the pressure depletion rate, the recovery of the first cycle of Experiment 3 was high, reaching 13.69%, which was the highest among the seven experimental groups, and an increase of 0.74% compared to Experiment 2. From the analysis, it could be concluded that the pressure depletion rate dominated the CO2 huff-n-puff effect. After reducing the pressure depletion rate, the production time of the first cycle was considerably extended (from 175 min to 350 min). The CO2 gas could more completely play the role of viscosity reduction and extraction and carry back additional crude oil for discharging.



When the well was opened for production, the elastic energy of the formation worked with the expansion energy of the crude oil to produce the crude oil. If the pressure depletion rate was too high, the flow rate at the outlet end was fast, and the CO2 gas dissolved in the crude oil was rapidly expelled. The pressure depletion rate affects the sequence of elastic energy release, leading to a large loss of effective permeability of the core at the outlet end. After the CO2 gas in dissolved crude oil was rapidly discharged, the viscosity-reducing effect of dissolved gas on crude oil was weakened, which affected the flow of crude oil [29,30]. Experiment 3 shows a higher recovery for the first three cycles than Experiment 2. It can be concluded that decreasing the pressure depletion rate improves recovery.




4.4. Soaking Time


In Experiment 4, the gas injection rate was set to 10 mL/min, the well was soaked until the pressure was stabilized, the pressure depletion rate was 3 MPa/h, and the minimum depletion pressure was 2 MPa. A comparison of Experiment 2 was performed to analyze the effect of different soaking times on the CO2 huff-n-puff effect. The peak oil production rates in the first two cycles of Experiment 4 were extremely close to each other (0.0796 and 0.0799 g/min, respectively), whereas in Experiment 2, the oil production rate in the second cycle decreased significantly compared to the first cycle. The reason for this difference was the reduction in the soaking time. The first and second cycles of Experiment 2 involved soaking for 550 and 210 min, respectively, with recovery of 12.95% and 6.19%. In Experiment 4, the soaking time was reduced to 60 min, and the corresponding recovery for the first two cycles was 11.86% and 5.32%, respectively (Figure 4b), which indicated that the soaking time had a greater effect on the recovery in the first and second cycles. Especially in the first cycle, in which the recovery decreased by 1.09% after reducing the soaking time. The importance of proper soaking time was evident from the experiments, where the optimal soaking time resulted in a 3.21% increase in recovery.



During the CO2 huff-n-puff process, there are two main parts of the sweep of crude oil, the flow sweep and the diffusion sweep [31,32]. The flow sweep refers to the fraction of CO2 that enters the reservoir due to the effect of the pressure difference in production; the diffusion sweep refers to the part of the crude oil that depends on the molecular diffusion effect controlled by the concentration difference. The area utilized by the two sweep effects is called the effective utilization radius. In the gas injection phase, due to the large pressure difference, the flow sweep dominates, while in the soaking phase, after the formation pressure is restored to equilibrium, the diffusion sweep dominates. The amount of CO2 dissolved in the crude oil is positively correlated with the soaking time because the molecular diffusion effect is time-dependent [33]. The effective radius of CO2 utilization during the soaking stage is the flow sweep dominated by the differential pressure before the formation pressure is returned to equilibrium, as well as the diffusion sweep in the presence of differential molecular concentration. If the soaking time is short and production occurs before the formation pressure returns to equilibrium, the injected energy cannot be thoroughly utilized, which affects the ultimate recovery. If the soaking time is too long after the formation pressure returns to equilibrium, it only relies on the molecular diffusion effect of the CO2 concentration difference to increase the sweep area, which affects the field development efficiency. Crude oil expansion, which is constantly present during the soaking process, also causes a certain depletion of formation energy and is detrimental to the recovery of crude oil.



In actual production, there should be an upper limit on the soaking time. After the upper limit is reached, the viscosity reduction and extraction reactions of CO2 with crude oil are sufficient and the amount of CO2 dissolved in crude oil reaches its maximum value. As illustrated by Fick’s law, while extending the soaking time increases the diffusion region, the diffusion rate slows as CO2 penetrates deeper into the formation. Moreover, crude oil stored deeper in the formation matrix requires extra energy to move. Continuing to increase the soaking time is not appropriate from a field development perspective, resulting in a delay in the production time of opened wells. Therefore, in actual field production, the soaking time should be adjusted to ensure that in the first cycle, the injected CO2 gas is used to produce crude oil after the formation pressure returns to equilibrium. The above allows the energy injected into the formation to be completely utilized. In the subsequent huff-n-puff cycles, the soaking time can be flexible to suit.




4.5. Gas Injection Method


In Experiment 5, the gas injection rate was set to 10 mL/min, the well was soaked until the pressure was stabilized at 12 MPa, the pressure depletion rate was 3 MPa/h, and the minimum depletion pressure was 2 MPa. A comparison with Experiment 4 was performed to analyze the effect of different gas injection methods on the CO2 huff-n-puff effect. The production pressure of each cycle of Experiment 5 was the same, 12 MPa. The peak oil production rate of the second cycle was a maximum 0.0755 g/min (Figure 5a), and the recovery was 7.14%, which was higher than that of the quantitative gas injection method. Overall, the recovery of Experiment 5 decreased by 1.06% compared to Experiment 4, indicating that constant-pressure gas injection is worse than quantitative gas injection. In the first cycle, the saturation of the crude oil in the pore was so high that only a limited amount of CO2 needed to be injected to reach the set pressure. For the same soaking time, the swelling and viscosity reduction effects of the CO2 gas on the crude oil during the first huff-n-puff cycle were not sufficiently exerted due to the limited amount of CO2 dissolved in the crude oil and the poor effect of sweeping in the formation. In the second cycle, more CO2 gas had to be injected to reach the set pressure of 12 MPa, due to the reduction in the saturation of the crude. In other words, the “huffing” stage was longer, and a large amount of CO2 gas came into contact with the crude oil and dissolved, which considerably increased the sweeping area due to the existence of the production pressure difference. In the third and fourth cycles, even if more CO2 gas was injected, there was no significant increase in recovery because a significant amount of crude oil had been displaced from the near-well zone in the previous two cycles.



The recovery in the first cycle of this experimental group was 9.85%, and the cumulative recovery was 23.98%, which was low compared to the previous four experimental groups. This indicates that constant-pressure gas injection was not suitable for shale CO2 huff-n-puff to improve recovery. Compared to the quantitative injection of CO2 gas for production, the degree of utilization of the constant pressure gas injection production was small. In the subsequent third and fourth cycles of injecting a lot of CO2 gas, the recovery was limited, which led to its economic feasibility.




4.6. Gas Injection Rate


In Experiment 6, the gas injection rate was set to 6 mL/min, the well was soaked until the pressure was stabilized, the pressure depletion rate was 3 MPa/h, and the minimum depletion pressure was 2 MPa. The production pressure of each cycle of Experiment 6 was the same, 12 MPa. A comparison with Experiment 5 was performed to analyze the effect of different gas injection rates on the CO2 huff-n-puff effect. The gas injection rates were 10 mL/min and 6 mL/min for Experiment 5 and Experiment 6, respectively. Experiment 6, compared with Experiment 5 with other conditions unchanged, recovery increased in other huff-n-puff cycles except the third cycle (Figure 5b). It was shown that Experiment 6 increased the recovery by 0.77% after reducing the gas injection rate. This indicates that under the condition of a lower injection rate, CO2 gas could better overcome the effect of heterogeneity in the core model [34] (the effect of heterogeneity was mainly reflected in the following: the injected CO2 could not uniformly propel the crude oil, the leading edge of repulsion was unstable, and the sweep efficiency was low).



Since the injection rate of CO2 affected its viscosity reduction and dissolving effect on crude oil, the contact between CO2 and crude oil was more sufficient when the injection rate was lower. The gas injection time in Experiment 6 was 30% longer than that in Experiment 5, which maintained the formation pressure gradient for a long time and drove the flow sweep to a broader area. After increasing the gas injection rate, the CO2 gas chose to enter the large pore with less resistance and could not fully contact the crude oil in the small pore, which affected the efficiency of CO2 oil washing. In the actual production at the well site, even the crude oil near the near-well zone may be pushed into the pore in the deep part of the formation [35]. Therefore, it was necessary to minimize the influence of gas finger inlet and select the appropriate gas injection rate for production.




4.7. CO2 Injection Amount


By comparing the experimental results of Experiment 1, Experiment 2, and Experiment 7, the influence of CO2 injection rate on the huff-n-puff effect was analyzed. As shown in Figure 6a, the maximum experimental pressure continued to increase as the amount of CO2 gas injected increased, as did the final cumulative recovery. This was because as the amount of injected gas increased, the pressure of the model continued to increase. In addition, driven by the production pressure difference, CO2 was more easily dissolved in the crude oil, improving its extraction and viscosity reduction and improving the efficiency of oil washing. The effective utilization radius of the CO2 sweep was increased and the oil recovery rate was improved. In field application, it was necessary to consider the oil displacement efficiency of CO2 for crude oil, and appropriately increase the injection amount of CO2 gas based on economic benefits.




4.8. Declining Contrast


A comparison of the five groups of experiments behind the production decline law found that the production decline law was a linear decline, the slope represented the rate of oil production rate decay, and the larger the absolute value of the slope, the steeper the decay curve and the faster the production decline. From Figure 6b, it can be seen that the peak oil production rate of Experiment 3 was the largest, reaching 0.0812 g/min, the production time reached 350 min, the rate of production decline was the slowest, the slope of the declining section curve was 0.00021, and the final effect of oil increase was the best. The difference between Experiment 3 and the other groups was mainly the reduction in the pressure depletion rate from 3 MPa/h to 2 MPa/h, which indicates that the pressure depletion rate was the main controlling factor of CO2 huff-n-puff to improve the recovery.




4.9. CO2 Microscopic Huff-n-Puff Oil Displacement Effect


To investigate the recovery-enhancing effect of CO2 huff-n-puff on shale cores at the microscopic level, six cores were selected from the long core of the above seven experimental groups to conduct short-core huff-n-puff experiments under the set conditions. Then, the NMR T2 spectrum of the cores was measured before and after huff-n-puff, and the experimental conditions and results are shown in Table 3. The short cores were divided into two experimental groups with soaking times of 12 h and 48 h, the CO2 injection amount was set to 0.25 PV, and three cycles of huff-n-puff were performed.



Assuming that the initial saturated crude oil volume in the core borehole throat is represented by the (So + Si) region and the saturated crude oil content after the CO2 huff-n-puff process is represented by Si, the driving efficiency is calculated by calculating the difference between the T2 spectrum of the crude oils before and after the huff-n-puff experiments and by calculating the oil displacement efficiency E.


  E =    S o     S o  +  S i    × 100 %  



(3)




where E is the oil displacement efficiency, %; So is the frequency range difference between the initial remaining oil content and the secondary saturated oil content T2 spectrum; and Si is the secondary saturated oil content T2 spectrum frequency range. The initial remaining oil content before huff-n-puff is represented by the area covered under the T2 spectrum curve, and the oil displacement efficiency is represented by the difference between the area covered by the T2 spectrum curve after the huff-n-puff cycle and the area of the amplitude curve before huff-n-puff (Figure 7a). As the number of huff-n-puff cycles increased, the amplitude value of the T2 spectrum decreased continuously, which was due to the reduced crude oil content in the core. The relationship between the NMR T2 spectrum and pore size was classified as follows: T2 relaxation time <1 ms for micropores, 1–10 ms for small pores, 10–100 ms for mesopores, and >100 ms for macropores [36]. The Chang 7 shale oil reservoir had small pore throats structures, which were dominated by micropores and small pores. CO2 gas was a strongly non-wetting phase, and after entering the shale core, CO2 preferentially entered the large pores with less resistance and contact and react with the crude oil in them. Then, in the soaking phase, the CO2 in the large pores diffused into the meso–small pores. In the production stage, the crude oil in the large pore was also driven out first, and the crude oil in the meso–small pore flowed into the large pore under the effect of dissolved gas driving and expansion, and finally be driven out. The crude oil in micropores was subjected to weak diffusion, and a trace amount of crude oil was also driven out [37,38]. As can be seen in Figure 7b, the T2 spectrum of the cores showed a double-peaked feature, but the left peak was higher than the right one, indicating that the macropore was poorly developed.



From the decreasing amplitude of the T2 spectrum, it could be concluded that the recovery in the first huff-n-puff cycle was mainly contributed to by the macropore. After three huff-n-puff cycles, the amplitude values of the T2 spectrum of the small pores decreased more than those of the macropores, and the recovery of the core was dominated by the contribution of the meso–small pores. At the end of the huff-n-puff experiment, the remaining oil in the core was mainly stored in the micropores and small pores. The T2 spectrum of core No. 2, which had a shorter soaking time, had a smaller decrease, and the cumulative recovery was only 24.98%. On the other hand, the recovery of core 14 increased to 28.23% with the increase in soaking time. This indicated that under the condition of the same experimental pressure, increasing the soaking time could effectively improve the recovery.



By analyzing the recovery of two groups of cores with soaking times of 12 h and 48 h under different experimental pressures, it was concluded that the recovery increases with the increase in the experimental pressure if other conditions remain unchanged. Then, it was found that the recovery of the two groups of cores at an experimental pressure of about 12 MPa had a greater increase compared to that of 8 MPa. This was since the CO2 huff-n-puff process changed from non-mixed-phase flow to near-mixed-phase flow at a pressure of about 12 MPa, which reduced the viscosity of the crude oil as well as the interfacial tension and increased the degree of crude oil utilization. After reaching the mixed-phase pressure (13.4 MPa), the increase in recovery decreased as the experimental pressure increased. Because the experimental pressure was higher than the minimum mixed-phase pressure, it was more likely to cause reservoir plugging. At higher experimental pressures, light components such as aromatics were extracted by CO2 and asphaltenes were deposited in large quantities, forming plugs. This ultimately resulted in a smaller increase in CO2 huff-n-puff recovery at 16 MPa compared to 12 MPa huff-n-puff recovery [39,40].



As the pressure increased from 12 MPa to 16 MPa, the large and small pores gradually completed the mixed phase, and the small pores had a higher minimum mixing pressure due to the higher capillary resistance [41,42]. In the non-mixed-phase replacement, the interfacial tension was relatively high, and CO2 gas as a strong non-wetting phase replaced the crude oil in the large pore in a segmented plug, and the interface between the two phases of oil and gas was extremely obvious. Moreover, it was difficult for CO2 to enter the small pore, and it could only be driven out by the flow into the large pore driven by the dissolved gas. After the MMP was reached, the interfacial tension and viscosity were considerably reduced, and CO2 could separate and carry out the fine oil film adsorbed on the edge of the pore. Moreover, CO2 could easily enter the small pore and improve the recovery of crude oil in it.





5. Comparison of Huff-n-Puff Effects of Long and Short Core


Under the same conditions, the short cores had a large uncertainty in the pore structure due to their limited length, which could not accurately reflect the degree of influence of the reservoir pore structure on the CO2 huff-n-puff effect. The heterogeneity of the short cores was weak, and the heterogeneity of the short cores could even be ignored when compared with the actual formation. Long cores, on the other hand, were better able to reflect the heterogeneity of the actual formation due to the dispersed well locations of the cores. Second, CO2 breakthroughs, which were easy to achieve in laboratory experiments with short cores, barely occur in actual field huff-n-puff development, making it difficult to guide actual production in the field. Finally, the short cores were limited by the amount of crude oil in the pore, the amount of crude oil returned to the outlet end was extremely small, and the error in the measurement method had a greater impact, which affected the calculation of recovery.



At the macroscopic level, the heterogeneity of the Chang 7 shale was mainly reflected in the development of the interlayer [43]. The macroscopic heterogeneity of the reservoir complicated the hydrocarbon flow path, and the presence of a muddy interlayer affected the flow of crude oil. At the microscopic level, the permeability heterogeneity of the Chang 7 shale oil reservoir samples was very strong. It was mainly manifested in the differences in fluid flow caused by the heterogeneity in the microscopic pore throat structure, which mainly included pore heterogeneity, filler heterogeneity, and particle heterogeneity. These factors control the characteristics of oil and water seepage and the efficiency of microscopic oil displacement, and the high heterogeneity easily forms a high pore/throat ratio, which was unfavorable to the CO2 huff-n-puff effect. When the huff-n-puff experiments were carried out with a long core, the heterogeneity of the reservoir could be fully characterized.



In the following, the long and short core that were used to performed CO2 huff-n-puff at the experimental pressure of 12 MPa in this paper were selected (Table 4). The comparison showed that the huff-n-puff recovery of the short core was larger than that of the long core, and although only three cycles of huff-n-puff were performed in the short core, the cumulative recovery was larger than that of the long core with four cycles of huff-n-puff. This indicated that the short core had a larger sweep and weaker heterogeneity, while the long core had stronger heterogeneity, which could truly reflect the huff-n-puff process of the underground reservoir.



Therefore, the CO2 huff-n-puff laboratory experiments with long cores are of some significance for actual oil field production. This study provides valuable insights into the nuanced mechanisms and critical control factors affecting CO2-huff-n-puff-enhanced oil recovery. By utilizing both short- and long-core experiments, we extend the understanding of the technique’s effectiveness across different scales of reservoir heterogeneity.




6. Conclusions and Recommendations


In this paper, seven injection production parameters of CO2 huff-n-puff were investigated through long-core laboratory experiments, among which pressure depletion rate, soaking time, and CO2 injection amount were important control factors. These studies were instructive and useful for field development, and long cores could better characterize the heterogeneity of the actual reservoir. The findings underscore the importance of tailoring CO2 huff-n-puff strategies to reservoir-specific conditions, such as pressure depletion rate and gas injection amount, to maximize recovery potential.



	(1)

	
In the long-core huff-n-puff experiments, the pressure depletion rate was the main controlling factor in improving the recovery of CO2 huff-n-puff. The highest recovery was obtained by appropriately reducing the pressure depletion rate. If the pressure depletion rate was too large, it affected the sequence of elastic energy release and led to excessive permeability loss at the outlet end.




	(2)

	
The first huff-n-puff cycle was critical to the overall huff-n-puff process. As the number of huff-n-puff cycles increased, the final cumulative recovery increased. However, the cycle recovery decreased due to the decrease in production differential pressure and the difficulty of utilizing the crude oil in the small pore. By fitting the recovery and cumulative recovery, the number of cycles for effective development of the Chang 7 shale oil reservoir was found to be four.




	(3)

	
CO2 mixed-phase drive was realized by increasing the minimum depletion pressure as well as the gas injection amount. The viscosity of the crude oil was reduced, the flow resistance was reduced, the sweeping coefficient and the oil washing efficiency were improved, and the recovery rate was substantially increased. After increasing the above parameters, the near-mixed-phase pressure could be reached in subsequent cycles, which was also beneficial for the development of the reservoir.




	(4)

	
Increasing the soaking time before the formation pressure returned to equilibrium was conducive to recovery. If the soaking time was overly long, after the formation pressure reached equilibrium, it was difficult to play a role in the flow sweep, relying only on the diffusion sweep of the molecular concentration difference to improve the effective utilization radius, which affected the actual development efficiency of the oil field. If the soaking time was overly short, the injected energy would not be sufficiently utilized, which was also unfavorable to the recovery improvement. If the soaking time was too short, the energy injected was not fully utilized, which affected the final recovery.




	(5)

	
At a lower injection rate, the CO2 gas could better overcome the effect of non-homogeneity of the core model. If the injection rate was too high, the CO2 gas chose to enter the macropore, which was less effective in driving the crude oil in the small pore; in the actual production, it would even push the crude oil in the near-well zone to the deeper pore of the formation.




	(6)

	
At the microscopic level, the Chang 7 shale oil reservoir is characterized by strong heterogeneity, extremely low permeability, and poor physical properties. The crude oil recovery was mainly contributed to by the meso–small pores, but the overall effect was not excellent. The analysis of the NMR T2 spectrum showed that the recovery was significantly increased when the experimental pressure reached the CO2 near-mixed-phase driving pressure; however, when the experimental pressure was higher than the minimum mixed-phase pressure, reservoir plugging might occur.




	(7)

	
Comparison of short- and long-core huff-n-puff experiments: The short core length was limited, the measurement error had a large impact, and it was difficult to reflect the heterogeneity of the actual formation. The long core could better reflect the influence of reservoir heterogeneity on the CO2 huff-n-puff effect, which was a certain guidance for the field.




	(8)

	
Future research could explore the applicability of the identified mechanisms and control factors in other shale oil reservoirs and investigate the integration of CO2 huff-n-puff with other enhanced oil recovery techniques.
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Figure 1. Flow chart of CO2 huff-n-puff experimental device. The red numbers 1–6 denote six different valves in the six-way valve. 
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Figure 2. (a) Experiment 1 huff-n-puff cycle oil displacement effect relationship curve; (b) Experiment 1 huff-n-puff cycle rate of oil production. 
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Figure 3. (a) Recovery of different CO2 huff-n-puff cycles; (b) cumulative recovery from the huff-n-puff process. 
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Figure 4. (a) Effect of pressure depletion rate on cycle recovery; (b) effect of soaking time on cycle recovery. 






Figure 4. (a) Effect of pressure depletion rate on cycle recovery; (b) effect of soaking time on cycle recovery.



[image: Processes 11 02726 g004]







[image: Processes 11 02726 g005] 





Figure 5. (a) Experiment 5 huff-n-puff oil displacement effect relationship curve; (b) effect of gas injection rate on cycle recovery. 
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Figure 6. (a) CO2 injection amount related to recovery and max pressure; (b) relationship between cycle production time and rate of oil production. 
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Figure 7. (a) Schematic diagram of quantitative evaluation of oil displacement efficiency; (b) T2 spectrum before and after huff-n-puff of core sample No. 2. 
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Table 1. Core sample parameters table.
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	Sample

Number
	Length

/mm
	Diameter

/mm
	Permeability

/(10−3 μm2)
	Porosity

/%





	1
	53.20
	25.28
	0.065
	1.20



	2
	50.41
	25.23
	0.115
	1.85



	3
	55.25
	25.22
	0.234
	4.02



	4
	35.80
	25.21
	0.142
	2.56



	5
	30.42
	25.35
	0.175
	2.80



	6
	45.25
	25.20
	0.232
	3.75



	7
	43.55
	25.35
	0.162
	2.02



	8
	54.20
	25.23
	0.121
	2.15



	9
	48.12
	25.15
	0.085
	1.88



	10
	53.25
	25.13
	0.065
	1.15



	11
	45.32
	25.02
	0.078
	1.45



	12
	46.25
	25.52
	0.295
	4.20



	13
	56.46
	25.25
	0.280
	4.75



	14
	51.20
	25.35
	0.142
	4.35



	15
	55.62
	25.42
	0.120
	1.79



	16
	50.24
	25.16
	0.076
	1.89



	17
	54.25
	25.16
	0.089
	1.63



	18
	49.63
	25.24
	0.213
	3.98



	19
	47.25
	25.16
	0.203
	3.03



	20
	49.64
	25.18
	0.126
	2.20










 





Table 2. Experimental conditions and results of CO2 huff-n-puff in the long core.
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Exp No.

	
Oil

Saturation (%)

	
Conditions

	
Results

	
Cycle Soaking Time




	
Gas Injection Rate

(mL/min)

	
Pressure Depletion Rate

(MPa/h)

	
Min

Depletion Pressure

(MPa)

	
Max Pressure

(MPa)

	
Gas Injection Amount

	
Recovery

(%)






	
1

	
60.32

	
6

	
3

	
0.1

	
11.5

	
0.2 PV

	
20.81

	
Pressure stabilized




	
2

	
61.59

	
10

	
3

	
2

	
13.55

	
0.3 PV

	
26.42

	
Pressure stabilized




	
3

	
60.63

	
10

	
2

	
2

	
13.48

	
0.3 PV

	
28.25

	
Pressure stabilized




	
4

	
61.36

	
10

	
3

	
2

	
13.5

	
0.3 PV

	
25.04

	
1 h




	
5

	
60.98

	
10

	
3

	
2

	
12

	
-

	
23.98

	
Pressure stabilized




	
6

	
61.91

	
6

	
3

	
2

	
12

	
-

	
24.75

	
Pressure stabilized




	
7

	
61.82

	
6

	
3

	
0.1

	
8.5

	
0.1 PV

	
8.86

	
Pressure stabilized




	
Exp No.

	
First Cycle

	
Second Cycle

	
Third Cycle

	
Fourth Cycle




	
Max Pressure

(MPa)

	
Recovery

(%)

	
Max Pressure

(MPa)

	
Recovery

(%)

	
Max Pressure

(MPa)

	
Recovery

(%)

	
Max Pressure

(MPa)

	
Recovery

(%)




	
1

	
11.5

	
9.65

	
6.22

	
5.12

	
5.83

	
3.41

	
4.94

	
2.63




	
2

	
13.55

	
12.95

	
9.12

	
6.19

	
8.19

	
4.12

	
7.39

	
3.16




	
3

	
13.48

	
13.69

	
8.67

	
6.54

	
7.83

	
4.96

	
6.93

	
3.06




	
4

	
13.43

	
11.86

	
8.59

	
5.32

	
7.24

	
4.85

	
6.32

	
3.01




	
5

	
12

	
9.85

	
12

	
7.14

	
12

	
4.32

	
12

	
2.67




	
6

	
12

	
10.06

	
12

	
7.86

	
12

	
3.96

	
12

	
2.87




	
7

	
8.5

	
8.86

	
-

	
-

	
-

	
-

	
-

	
-











 





Table 3. Experimental conditions and cumulative oil recovery for different cycles.
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	Core Number
	Permeability

/10−3 μm2
	Pressure

/MPa
	Soaking Time/h
	Cycle Injection Volume/PV
	First

Cycle/%
	Second Cycle/%
	Third Cycle/%





	2
	0.115
	8
	12
	0.25
	14.13
	22.61
	24.98



	7
	0.162
	12
	12
	0.25
	20.13
	28.63
	30.19



	11
	0.078
	16
	12
	0.25
	21.32
	30.26
	32.26



	14
	0.142
	8
	48
	0.25
	19.35
	25.91
	28.23



	20
	0.126
	12
	48
	0.25
	25.34
	29.87
	32.16



	9
	0.085
	16
	48
	0.25
	28.64
	31.69
	35.32










 





Table 4. Long and short core sample huff-n-puff recovery comparison.
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	Core Samples
	Pressure (MPa)
	First Cycle Recovery

(%)
	Second Cycle Recovery

(%)
	Third Cycle Recovery

(%)
	Fourth Cycle Recovery

(%)





	Short core
	12
	20.13
	8.5
	1.56
	-



	Long core
	12
	10.06
	7.86
	3.96
	2.87
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