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The block deep condensate gas reservoir in the basin in the southeast of the South China Sea is a bottom water reservoir and is producing in the late effusion, which faces problems such as scaling, condensate oil–water two-phase flow, and low temperature at the subsea wellhead. The mud line for this kind of gas-well has characteristics including high condensate content in low temperature, high downhole temperature, and injection with a foam discharge agent and scale inhibitor. In this article, the influence of low temperature and scale inhibitor is considered for the first time, and a dynamic liquid-carrying experiment for the optimization and performance evaluation of foam discharge agents was carried out according to these characteristics. The experimental results show that the optimized foam discharge agent, ZHY-01, has good resistance to high temperature and condensate oil, and the optimal concentration of the foam discharge agent is recommended to be 0.25%. Under this concentration, the liquid-carrying capacity of the foam discharge agent decreases slightly by 10.17% at low temperature. The scale inhibitor MA/AA reduced the liquid-carrying capacity by 11.86%, and the scale inhibitor PESA reduced the liquid-carrying capacity by 10.17%. The research results in this article have certain reference significance for the chemical screening and evaluation of the foam drainage gas production process in deep-water condensate gas wells.
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INTRODUCTION
As an economical and effective means of drainage and production, foam drainage and gas recovery is widely used in major oil and gas fields [1–6]. At present, many scholars at home and abroad focus on the research on the foam discharge agent from the aspects of oil resistance and high temperature resistance for the foam drainage of condensate gas wells [7–9]. The high-content condensate-resistant foam discharge agent PQ-Y developed by Junwen Wu [10] improved the gas field production by 56%. Chaochao Qu [11] developed the oil-resistant foam discharge agent COT, which has been applied in 12 gas wells with good results. Guangfeng Liu [12] selected FDA1, a salt-resistant, oil-resistant, and temperature-resistant foam discharge agent suitable for the S75 well area, with an average daily gas production increase of 35.2%. In addition, the high-efficiency foam discharge agent LH developed by Shiqiang Hu [13], the foam discharge agent FHG-1 developed by Qianding Li [14], the foam discharge agent SJF-2 developed by Jifeng Song [15], and the foam discharge agent DC-1 developed by Yang Feng [16] have been proven by experiments to have excellent performance.
The current research status of foam discharge agents shows that many scholars have carried out sufficient experimental research on the foam discharge agent from the aspects of high salinity resistance, high temperature resistance, and oil resistance through the Rosssmile foam instrument, including foaming performance, foam stability, and liquid carrying rate of the foam discharge agent. However, the research on the influencing factors of the liquid carrying rate is not systematic, and the in-depth and optimal evaluation of the currently developed foam discharge agent and the common foam discharge agent on the market does not consider the influence of low temperature under deep-water conditions, and whether its performance is affected when it is co injected with other chemical inhibitors such as scale inhibitors in combination with the actual working conditions of the site.
A deep-water condensate gas reservoir in the Qiongdongnan Basin block in the South China Sea is an edge-bottom water gas reservoir. As the gas field enters the middle and late stages of development, the gas production decreases, and the fluid loading may often occur in the wellbore, affecting normal production. The highest formation temperature of the gas reservoir in this block is 138.7°C, the production wells are subsea wellhead production units [17, 18], the condensate oil content is 10%–50%, and has the characteristics of high temperature and high condensate oil. In addition, the temperature at the mud line of the production well in this block is 4°C. In the production process, due to the risk of scaling in the wellbore, the scale inhibitor is injected through a specific pipeline, and the foam discharge agent needs to be injected through the same pipeline. The low temperature environment at the mud line and the influence of the scale inhibitor on the foam discharge agent need to be fully considered. Therefore, in this study, four kinds of foam discharge agents with certain oil resistance and high temperature resistance were selected. Considering the influence of low temperature and scale inhibitors for the first time, a dynamic liquid-carrying experiment for the optimization and performance evaluation of foam discharge agents was carried out according to these characteristics. The research in this article expands the range of performance evaluation criteria for the foam discharge agents and provides a new perspective for the optimization of foam discharge agents.
MECHANISM OF FOAM DRAINAGE AND GAS RECOVERY
Technical Principle of Foam Drainage Process
Foam drainage gas recovery is a chemical drainage gas recovery method, which manifests as gas–liquid two-phase flow in the production process of gas wells. There are many studies on the gas–liquid two-phase flow [19–21]. The main principle is to inject a certain type of surfactant-based chemical into the bottom of the well that will produce foam when encountering water. When the foam discharge agent encounters water, it generates a large amount of low-density water-containing foam, and under the agitation of natural gas flow, the bottom-hole liquid is converted into a foamy fluid. On the one hand, the formation of foam reduces the density of the flowing medium and reduces the surface tension of water, thereby reducing the required minimum airflow velocity. On the other hand, the relative density of the foam mixed fluid decreases, the friction loss and gravity gradient in the wellbore are reduced, the pressure of the liquid column formed by the accumulated liquid is dispersed, the bottom-hole back pressure is reduced, the production pressure difference of the gas well increases, and the natural gas flow rate in the wellbore increases to achieve the purpose of drainage and gas extraction [22–24]. The performance of the foam drainage agent and quality of the foam directly determine the success of the entire foam drainage construction [25–27].
The Principle of Foam Discharge Agents
Foam discharge agents are mainly surfactants with special molecular structures, and their molecules contain hydrophilic and lipophilic groups, which are amphiphilic. Its drainage function is mainly achieved through the following effects [28].
1) Foaming effect: The foam discharge agent is a kind of surfactant, and only a small amount can make the vertical flow state of gas–water two-phase in oil pipe change evidently. The gas–water two-phase medium is highly foamed during the flow, and the density drops almost 10 times. If the gas-lift formation water previously required at least 5 m/s gas flow velocity, then only 0.5 m/s gas flow velocity is required to take the bottom-hole fluid out of the wellhead in the form of foam.
2) Dispersion effect: In the water-producing gas wells, large and small droplets are dispersed in the airflow, and the degree of agitation and impact of the airflow on the liquid phase determines the dispersing ability. The higher the degree of agitation, the smaller the droplets, and the easier it is to be carried to the wellhead by the airflow. According to the definition of surface tension, when the temperature, pressure, and composition are constant, if the surface area of the system is to increase, work must be carried out on the system; however, the dispersion effect of the airflow on the liquid phase is a process of overcoming surface tension to carry out work. The smaller the dispersion, the larger the specific surface, and the more work carried out. The foam discharge agent is an active agent that can greatly reduce the surface tension of formation water. After the formation water is added with the foam discharge agent and because the surface tension of the liquid phase (formation water) is greatly reduced, if the same dispersion degree is to be achieved, the work carried out will be greatly reduced when the surface tension is greatly reduced.
OPTIMIZATION EXPERIMENT OF FOAM DISCHARGE AGENTS
Experimental Instruments and Procedures

1) Laboratory reagents
Formation water sample, petroleum ether (instead of condensate), and foam discharge agents AES, BS12, ZHY-01, and ZHY-06.
2) Experimental instruments
Dynamic liquid carrying tester (self-made in the laboratory), constant temperature treatment box, air compressor, float flowmeter, magnetic stirrer, electronic balance, stopwatch, measuring cylinder, and conventional glass instruments. A part of the experimental equipment diagram is shown in Figure 1.
3) Experimental method
[image: Figure 1]FIGURE 1 | Experimental drugs and related instruments. (A) Dynamic liquid-carrying string. (B) Air compressor. (C) Magnetic stirrer. (D) Foam discharge agent.
Based on the industry standards “SY/T6465-2000 Evaluation Method of Foaming Agent for Drainage and Gas Extraction” [29] and “SY/T5761-1995 Foaming Agent for Drainage and Gas Recovery CT5-2" [30], a self-made wellbore dynamic liquid carrying measurement device is used.
Combined with the production plan of the target block and formation water data, a formation water solution with a certain degree of salinity is prepared, taking into account the influence of condensate oil (adding petroleum ether) and formation high temperature (transferring the foam discharge agent into a constant temperature box for high-temperature treatment) and the low temperature at the mud line influence (adding the foam discharge agent into the refrigerator for low-temperature treatment). Liquid samples of different concentrations are prepared, and the foam dynamic liquid carrying measurement method is used to calculate the liquid-carrying gas–liquid ratio and liquid-carrying rate. The specific steps are as follows:
a. 1,000 ml of distilled water is measured with a measuring cylinder, transferred into the batching bucket, calibrated the volume scale of 1,000 ml, and then added the solute 27.8 g NaCl in turn while stirring. A certain mass of foaming agent is weighed and added, and a magnetic stirrer is used to make it fully mixed. A glass rod is used to lead it into the liquid-carrying column, and a certain amount of petroleum ether is added when considering the influence of the condensate oil.
b. Using an air compressor, the reading of the gas flowmeter is adjusted so that the flowmeter value is constant at 4 L/min, and the time is adjusted with a stopwatch.
c. The time period when the foam collection device begins to generate foam is 15 min. After 15 min, the collected foam and liquid are defoamed and the volume is read. Ventilation is continuously provided, and the air compressor is turned off at 1 h. The final collected foam and the liquid volume after the liquid is defoamed are read.
d. The abovementioned steps are repeated two–four times to calculate the average value of the three experimental data, and this average value is the final result.
e. All the instruments are turned off, the experiment is ended, and the instruments are cleaned. The liquid-carrying rate (liquid-carrying rate = liquid carried out/total volume of sample liquid × 100%) is calculated, which is the liquid-carrying capacity of the experimental sample.
Preferred Type of Foam Discharge Agent
According to the results of previous studies on foam discharge agents, the concentration range of the foam discharge agents is generally selected between 0.1–1% [31, 32]. In this article, under the conditions of 0.25 and 0.5% of foam discharge agent concentration, four kinds of foam discharge agents, AES, BS12, ZHY-01, and ZHY-06, were used to evaluate the liquid-carrying performance. The dynamic process of foam drainage and gas production is shown in Figure 2, and the experimental results are shown in Table 1 and Table 2.
[image: Figure 2]FIGURE 2 | Dynamic process of drainage and gas recovery.
TABLE 1 | Liquid-carrying capacity of different foaming agents at 0.25% concentration.
[image: Table 1]TABLE 2 | Liquid-carrying capacity of different foaming agents at 0.5% concentration.
[image: Table 2]The experimental results show that the liquid-carrying capacity of the four foam-discharging agents in 15 min is 710, 550, 600, and 500 ml, respectively. Under this condition, the liquid-carrying performance is the worst, and AES and ZHY-01 are initially recommended as the target block.
Evaluation of High Temperature Performance of Foam Discharge Agents
Because the formation temperature of the production well in the target block is as high as 138.7°C, the foam discharge agent is in a high-temperature condition when it is injected into the bottom of the well, and the high temperature may affect the liquid-carrying performance of the foam discharge agent to a certain extent. AES and ZHY-01, which have better performance, were subjected to comparative experiments after high-temperature aging. After the aging treatment (138.7°C) for 24 h of the two kinds of foam discharge agents in a constant temperature box, a dynamic liquid-carrying experiment was carried out. The experimental results are shown in Tables 3, 4.
TABLE 3 | Comparison of liquid-carrying capacity of ZHY-01 aged at room temperature and high temperature at 0.5% concentration.
[image: Table 3]TABLE 4 | Comparison of liquid-carrying capacity of AES at room temperature and high temperature at 0.5% concentration.
[image: Table 4]The experimental results show that at 0.5% concentration, the liquid-carrying capacity of AES decreases after aging, and the liquid-carrying gas–liquid ratio decreases by 12.68% at 15 min. It can be seen that AES is greatly affected by high temperature, but it still has better performance after aging. The liquid-carrying ability of the foam discharge agent ZHY-01 changed little after aging, indicating that the foam discharge agent ZHY-01 was less affected by temperature and was more resistant to high temperature than the foam discharge agent AES.
Determination of Optimal Concentration of Foam Discharge Agents
The injection concentration of the foam discharge agent is an important parameter in the foam discharge process. When the concentration is too low, the amount of foam is insufficient and the drainage effect is poor. When the injection concentration is too high, it is not conducive to reduce the economic cost of foam discharge, and it is not easy to defoam, so the injection concentration of the foam discharge agent should be kept appropriate. For the two selected foam unloading agents ZHY-01 and AES, the dynamic liquid-carrying experiments were carried out under the conditions of 0.1%, 0.15%, 0.2%, 0.25%, 0.3%, 0.35%, 0.4%, 0.45%, and 0.5% of the foam discharge agent. It should be noted that because the foam discharge agent AES is greatly affected by high temperature and mainly plays a role in mixing with the fluid at the bottom of the well, in order to better fit the actual production, the foam discharge agent AES after high-temperature aging is used for different concentrations. However, ZHY-01 was little affected by high temperature, so the experiment was carried out at room temperature.
Through the experiments, it was found that when the concentration of the foam discharge agent was as low as 0.1% and 0.15%, the foaming ability in the later period of liquid-carrying became weak, the amount of foam produced was reduced, and the liquid in the wellbore could not be completely removed, indicating that the liquid-carrying ability in the later period of liquid-carrying was insufficient. When the concentration of the foam discharge agent reaches 0.25% or more, it can be found that the liquid-carrying capacity is still sufficient in the later stage of liquid-carrying, and the liquid in the wellbore is basically carried up. The final liquid-carrying process is shown in Figure 3, and the results of the liquid-carrying experiments of the foam discharge agent ZHY-01 and AES under different concentrations are shown in Figure 4, Figure 5, Table 5 and Table 6.
[image: Figure 3]FIGURE 3 | Schematic diagram of the AES liquid carrying process at (A) 0.1% concentration. (B) 0.25% concentration. (C) 0.5% concentration.
[image: Figure 4]FIGURE 4 | Liquid-carrying capacity of ZHY-01 at different concentrations.
[image: Figure 5]FIGURE 5 | Liquid-carrying energy of AES at different concentrations.
TABLE 5 | Liquid-carrying capacity of ZHY-01 at different concentrations.
[image: Table 5]TABLE 6 | Liquid-carrying capacity of AES at different concentrations.
[image: Table 6]It can be inferred from the liquid-carrying results of the two foam discharge agents at different concentrations that when the concentration of the foam discharge agent is 0.25%, the liquid-carrying rate does not increase significantly. Considering that the foam discharge agent AES is a light yellow paste, the viscosity is much higher than that of the foam discharge agent ZHY-01, and the dilution process and injection process are limited. Therefore, considering the overall consideration, it is recommended to use the foam discharge agent ZHY-01 as the target block foam discharge agent, with a concentration of 0.25%.
Evaluation of Anti-Condensate Performance of Foam Discharge Agents
Considering the coproduction of production well water and condensate oil in the target block, condensate oil, as a natural defoamer, has a weakening effect on the liquid-carrying ability of the foam discharge agent. The condensate content of the production wells in the target block is between 10% and 50%. Therefore, the volume proportion of the condensate is selected as 10%, 20%, 30%, 40%, and 50%. When the optimal concentration of the foam discharge agent was 0.25%, the oil resistance and liquid-carrying evaluation experiment of the selected foam discharge agent ZHY-01 was carried out. Figure 6 shows the dynamic bubble discharge and liquid-carrying process at the condensate content of 10%, 20%, 30%, 40%, and 50%, and the experimental results are shown in Table 7.
[image: Figure 6]FIGURE 6 | Dynamic bubble drainage and liquid-carrying process under the condensate content of 10%, 20%, 30%, 40%, and 50%.
TABLE 7 | Condensate content of 10%, 20%, 30%, 40%, and 50% foam and liquid-carrying capacity.
[image: Table 7]The results of the liquid-carrying evaluation experiment show that ZHY-01 has good oil resistance and sufficient liquid-carrying capacity under the condition of 50% oil content. As shown in Figure 6, from left to right, the condensate content increases. When the condensate content is 10%, 20%, and 30%, it can be seen that the generated foam is uniform and fine, and the foaming ability is relatively good. When the oil separation content is 40% and 50%, it can be seen that the foam becomes larger and sparser with the naked eye, and the foaming ability decreases.
Evaluation of Anti–Low-Temperature Performance of Foam Discharge Agents
The development well in the target block is a production operation in a deep-water environment, and the ambient temperature at the mud line is relatively low. Considering that high temperature will affect the relevant properties of some foam discharge agents, the foam discharge agent may also be affected by the low ambient temperature during the injection or flowback process. Therefore, in addition to the conventional performance evaluation experiments of the foam discharge agent at high temperature, it is still necessary to analyze the performance of the foam discharge agent at low temperature. After placing the foam discharge agent ZHY-01 in a refrigerator (0°C) for 24 h, at its optimal concentration of 0.25%, the liquid-carrying experiment was carried out to evaluate the low-temperature performance of the foam discharge agent. The experimental results are shown in Table 8. The experimental results show that low temperature slightly reduces the liquid-carrying capacity of the foam discharge agent, and the liquid-carrying rate decreases by 10.17%, but the liquid-carrying capacity meets the demand.
TABLE 8 | Performance evaluation of ZHY-01 at low temperature.
[image: Table 8]Evaluation of the Compound Properties of Foam Discharge Agents and Scale Inhibitors
Considering that there is a certain scaling risk in the production wells in the study block in the middle and later stages of production, the physical antiscaling method is limited by the structure of the wellbore and the difficulty in the operation of the technological antiscaling method, combined with the developmental characteristics of deep-water gas wells; it is recommended to adopt the chemical antiscaling method with low cost, good effect, and wide application range to prevent and control wellbore fouling and flow obstacles, guaranteeing the normal production of deep-water gas wells. The predicted scaling risk in the study block is recommended to use antiscalants to inject the pipeline for chemical scale prevention, and the risk of liquid loading in the case well is formulated. In the case of long-term foam drainage and gas production plan, the foam drainage agent can be injected into the bottom hole through the scale inhibitor pipeline. When the scale inhibitor and the foam discharge agent are mixed and injected, it is necessary to fully consider whether the scale inhibitor has an influence on the performance of the foam discharge agent. Therefore, it is necessary to carry out the compound experiment of scale inhibitors and foam discharge agents. For the concentration of the 0.25% foam discharge agent ZHY-01, the compatibility test was carried out with two excellent scale inhibitors, MA/AA and PESA (60 mg/L), selected from the research block. The results are shown in Figure 7. The compatibility test results show that ZHY-01 has good compatibility with the scale inhibitor PESA and scale inhibitor MA/AA. After compounding with PESA, the solution becomes colorless and transparent. After compounding with MA/AA, the solution becomes colorless and transparent. The solution turned slightly white, and the whole solution was transparent, and no obvious precipitate was formed. On this basis, the liquid-carrying experiment, after compounding, was carried out, and the experimental results are shown in Table 9.
[image: Figure 7]FIGURE 7 | Compatibility test of the foaming agent and scale inhibitor.
TABLE 9 | Evaluation results of the liquid-carrying performance of ZHY-01 combined with the scale inhibitors MA/AA and PESA.
[image: Table 9]The test results show that both the antiscalants reduce the liquid-carrying performance of the foam discharge agent. The addition of the scale inhibitor MA/AA reduces the liquid-carrying rate by 11.86%, and the scale inhibitor PESA reduces the liquid-carrying rate by 10.17%. In comparison, the scale inhibitor MA/AA has a great influence on the liquid-carrying performance of the foam discharge agent ZHY-01.
CONCLUSION AND OUTLOOK

1) Considering the characteristics of high formation temperature and high yield of the condensate oil in the study block, the high-temperature performance evaluation, optimal concentration screening, and anti-condensate oil performance comparison of the four existing foam discharge agents with good performance were carried out. In the end, ZHY-01 was selected as the foam discharge agent for the gas well at a risk of liquid loading in this block, and the optimal concentration was 0.25%.
2) In addition to the conventional performance evaluation of the foam discharge agent, such as high temperature resistance and anticondensation oil, this study takes into account the low production temperature of the subsea wellhead of the production well; considering the low production temperature of the subsea wellhead of the production well, a comparative experiment was carried out for the first time on the performance evaluation of the anti-low temperature of the foam discharge agent. The experimental results show that low temperature makes the liquid-carrying ability of the foam discharge agent ZHY-01 decrease slightly, and the decrease rate is 10.17%.
3) Considering the characteristics of coinjection of the foam discharge agent and scale inhibitor in the later stage of production, the actual comparative experiment of the dynamic liquid-carrying evaluation after the combination of the foam discharge agent with the scale inhibitor MA/AA and scale inhibitor PESA was carried out for the first time. The experimental results show that both the antiscalants reduce the liquid-carrying performance of the foam discharge agent. The addition of the scale inhibitor MA/AA reduces the liquid-carrying capacity by 11.86%, and the scale inhibitor PESA reduces the liquid-carrying capacity by 10.17%.
4) The research in this article expands the range of performance evaluation criteria of the foam discharge agents, provides a new viewpoint for the optimal study of the foam discharge agents, and provides effective theoretical support for the foam-draining liquid–gas recovery process of production wells in the deep-water condensate gas reservoirs.
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