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In deepwater gas well testing, the high-pressure and low-temperature environment in the wellbore provides conditions for hydrate formation. When the thermodynamic inhibitor is used, it needs a large amount and is difficult to inject. Low-dose hydrate inhibitors such as kinetic inhibitors are rarely used in high supercooling and natural gas–dominated environments. The mixed use of thermodynamic inhibitors and kinetic inhibitors provides a new way. By simulating the wellbore temperature and pressure conditions during the deepwater gas well testing, the inhibiting effect of the mixtures of PVCap and methanol with various concentrations was experimentally tested by using rocking cells with a step-cooling method at 21MPa. The effect of PVCap and its mixture with methanol on hydrate plugging was evaluated by monitoring the movement of slider in the rocking cell. The results showed that 5 wt%, 16 wt%, and 20 wt% methanol mixed with 0.5 wt% PVCap could prolong the induction time, and the higher the methanol concentration, the longer the hydrate induction time. Among them, the best combination of 20wt% methanol and 0.5wt% PVCap can inhibit the hydrate for 379 min. The hydrate was formed but did not block the rocking cell, indicating that the combination of PVCap and methanol could not only prolong the hydrate formation time but also avoid the blockage after hydrate formation. The hydrate formation rate with various inhibitor concentrations was calculated; it may provide some guidance for making a shut-in plan for on-site wells.
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INTRODUCTION
With the development of deep-water, efficient and safe gas well testing is very important, and the prevention and control of natural gas hydrate (hereinafter referred to as hydrate) is a major problem faced by gas well testing (Zong, 2012; Wang et al., 2016a; Liu et al., 2018a). Natural gas hydrate is an ice-like crystal formed by water molecules and gas molecules at low temperature and high pressure (Koh et al., 2011; Gao et al., 2019a; Fu et al., 2020). During gas well testing, natural gas hydrate is easy to be formed in the test string. If the formed gas hydrate blocks the flow channel, it will seriously affect the safety of operation and may lead to test failure (Jassim et al., 2010; Arrieta et al., 2011; Li et al., 2012; Vitor de Assis et al., 2013; Guan et al., 2014; Wang et al., 2016b; Liu et al., 2018b; Gao et al., 2018; Zhang et al., 2019). At present, the most commonly used hydrate prevention method in deepwater gas well testing is to inject excessive hydrate thermodynamic inhibitor into the test string to completely inhibit the formation of hydrate in the wellbore (Creek, 2012; Bavoh et al., 2017; Wang et al., 2018; Zhao et al., 2020). The field application shows that the method of completely inhibiting the hydrate formation with a thermodynamic inhibitor such as methanol has a good control. However, this method requires a high injection rate of hydrate inhibitor, which results in huge cost of hydrate prevention and treatment (Bi et al., 2009; Da et al., 2012; Vitor de Assis et al., 2013). In addition, due to the injection of a large number of hydrate thermodynamic inhibitors, the produced water contains a high concentration of inhibitors, which makes post-processing difficult (Xu et al., 2017). On the other hand, heavy use of thermodynamic inhibitors can affect oil and gas quality, reduce the price of oil and gas, and reduce profits (Hyunho et al., 2018; Paz and Netto, 2020). The kinetic inhibitor can prolong the time of hydrate formation (Kamal et al., 2016). At present, some commonly used kinetic inhibitors can play a good inhibitory effect under the condition of the low subcooling degree, but under the condition of the high subcooling degree (more than 10°C), the inhibitory performance will be greatly weakened, or even fail (Zhang et al., 2007; ZareNezhad et al., 2015; Ke and Kelland, 2016). Moreover, in the environment dominated by the gas phase, due to the high flow velocity of gas and the low amount of the kinetic inhibitor, the kinetic inhibitor is difficult to be uniformly dispersed to the liquid phase, making it difficult for the kinetic inhibitor to play its role (Song et al., 2019; Wang et al., 2019). At present, there have been reports on the combined use of kinetic inhibitors and thermodynamic inhibitors (Cohen et al., 1998; Huo et al., 2012; Lee et al., 2016a; Lee et al., 2016b; Shen et al., 2019), but most of them are used to verify the synergistic effect of thermodynamic inhibitors on kinetic inhibitors. In this study, the synergistic effect of kinetic inhibition on thermodynamic inhibitors was explored when thermodynamic inhibitors were used as main agents. This study can adjust the amount of thermodynamic inhibitor in field application.
The idea of hydrate control can be changed according to the actual working conditions. It is not necessary to completely prevent hydrate formation in the field operation. It can be done safely by extending the hydrate formation time. Due to the high subcooling degree of deepwater operation (Wu et al., 2015; Gao et al., 2017; Gao et al., 2019b; Olajire, 2020) (over 18°C) and complex working conditions, the use of kinetic inhibitors alone is at high risk, while the use of thermodynamic inhibitors alone is difficult to inject inhibitors when the water content is high. Therefore, the combination of thermodynamic inhibitor and kinetic inhibitor can ensure the safety of testing and effectively reduce the use of the hydrate thermodynamic inhibitor, which has important field application significance.
EXPERIMENTAL EQUIPMENT AND METHOD
Experimental Scheme
During the deepwater test, the long shut-in state after cleanout of well is the most likely period for hydrate formation. Aiming at the difficult problem of hydrate control in the shut-in condition during the deepwater test, this study simulates the formation of the hydrate in the shut-in condition when temperature drops to ambient temperature during the deepwater test. The inhibition effect of methanol and PVCap (polyvinyl alcohol caprolactam) on hydrate was evaluated. The kinetic inhibitor was PVCap, which was recognized to have a good inhibitory effect. The PVCap (Mw = 5,000 and polydispersity = 1.303) used is manufactured by BASF.
Experimental Facility and Procedure
The experiment of inhibitor optimization evaluation was carried out with a rocking cell apparatus. The experimental apparatus is composed of a 115-ml cell, rocker, and swinging motor. There is a slider in the rocking cell, and the slider can move back and forth when the cell is rocking. The slide positions can be monitored. The hydrate plugging in the cell can be estimated by analyzing the position of the slider. The equipment is manufactured by Qingdao Hengjitai Electromechanical Technology Co., Ltd. The kettle body is made up of 316 stainless steel with good corrosion resistance and can withstand the pressure of 30 MPa. The slider slides on the stainless-steel measuring rod of the displacement sensor due to gravity. The slider is equipped with special magnetic ring inside, and the magnetic field changes when the slider moves. Such magnetic field changes are detected and processed at a very fast speed, so the displacement sensor can accurately measure the displacement value of the slider in the kettle at any moment. The circuit diagram of the experimental apparatus is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic of rocking cell. 1-methane gas cylinder, 2-pressure gauge, 3-valve, 4-slider, 5-temperature sensor, 6-pressure sensor, 7-swinging kettle motor, 8-swinging bar, 9-data acquisition box, and 10-t display.
The data acquisition system consists of sensors, data acquisition box, and display. Sensors are used to monitor temperature and pressure in real time. The monitoring data of the sensor are fed back to the display screen through the data acquisition box.
The rocking cell is completely immersed in the water bath. The cooling system is mainly composed of a low-temperature thermostatic tank, which provides water for the cell to reach the set temperature. The experiment is a cooling experiment, and the target temperature is 2°C. The adjustable temperature range of the cryogenic thermostat is 10–100 °C, and the temperature control error is ±0.1°C, which fully meets the experimental requirements. The experimental gas was a high-purity methane gas (a purity of 99.999% or more). Considering the gas–liquid ratio during hydrate generation and the volume of rocking kettle, it was decided to inject 35 ml liquid into the cell each time to simulate the formation produced liquid and residual liquid in the wellbore.
The experiment of hydrate inhibitor evaluation was completed with the rocking cell. The experimental procedure is as follows. First, the cell was repeatedly cleaned with deionized water, and the vacuum pump was used to vacuum the cell. Second, the prepared inhibitor solution was injected into the rocking cell. After stabilization, the temperature of the water bath box was set at 20°C and maintained for a moment. When the temperature was stable, methane gas was injected into the cell to make the pressure in the cell reach 21MPa and wait for the pressure to be stable. Finally, the water bath temperature was set at 2°C, and the temperature dropped at a constant speed. At the same time, the swing device and the real-time data collection system were turned on.
ANALYSIS OF EXPERIMENTAL RESULTS
Control Experimental Results of the Pure Water System
When hydrates are formed, they consume gases and release heat, so a sudden drop in pressure and a sudden rise in temperature are signs of hydrate formation. It can be seen from Figure 2 that there are only two stages in the hydrate formation process, namely, the dissolved nucleation area and a large number of growth areas. The reason is that the high pressure in this experiment leads to a short nucleation time, and dissolution and nucleation are carried out simultaneously. The pressure “sudden drop point” appeared at about 60 min, with the pressure dropping sharply and the temperature suddenly rising slightly. This indicates that a large amount of hydrate starts to form at 60 min. Within 60–150 min, the downward trend slowed down after the pressure dropped significantly, but there was still hydrate formation. The pressure curve does not change at about 800 min, indicating that the response has been completed.
[image: Figure 2]FIGURE 2 | Temperature and pressure profiles for hydrate formation in the pure water system.
Figure 3 is the graph of the position of the slider changing with time in the experiment, which is composed of a single position point at different moments. When the hydrate generated in the reactor blocks the slider’s displacement channel, the slider will remain at a certain point or a certain area. This phenomenon is represented in the image as a straight line or a change in the position of an area. According to Figure 3B, the slider position curve indicates that the slider will not move at about 140 min. This indicates that the hydrate has become a dense hydrate, causing the hydrate to clog the reaction kettle. According to Figures 2, 3, it is found that the hydrate plugging point is delayed by 60 min compared with the pressure sudden drop point. This indicates that a large amount of hydrate formation does not necessarily cause immediate wellbore blockage.
[image: Figure 3]FIGURE 3 | Slider position over time in the pure water system. (A) Whole figure. (B) Partial figure.
Inhibition of Hydrate by PVCap
It can be seen from Figure 4 that in the pure water, 0.5wt% PVCap, and 0.8wt% PVCap systems, the time for hydrate formation in large quantities was 80, 140, and 130 min, respectively. The durable supercooling degrees of 0.5wt% PVCap and 0.8wt% PVCap were 4.82°C and 3.82°C, respectively. The effect of 0.5wt% PVCap on hydrate inhibition time and the durable supercooling degree was better. However, 0.5wt% PVCap alone can only maintain 140 min without hydrate formation.
[image: Figure 4]FIGURE 4 | Temperature and pressure profiles for hydrate formation with different concentrations of PVCap.
Figure 5 shows that both 0.5wt% PVCap and 0.8wt% PVCap have a prolonged effect on hydrate induction time. The slider stuck in the reactor for 140, 170, and 140 min, respectively, proving that the formation of a large amount of hydrate does not necessarily lead to wellbore plugging immediately.
[image: Figure 5]FIGURE 5 | Slider positions in pure water and PVCap solutions. (A) Slider position of the pure water system (whole figure). (B) Slider position of the pure water system (partial figure). (C) Slider position in the 0.5wt% PVCap system (whole figure). (D) Slider position in the 0.5wt% PVCap system (partial figure). (E) Slider position in the 0.8wt% PVCap system (whole figure). (F) Slider position in the 0.8wt% PVCap system (partial figure).
The dynamic inhibitor has a certain durable time. After the inhibition time of the hydrate inhibitor, the hydrate will enter into an explosive growth period. At this point, the system pressure drops sharply and a large amount of methane gas forms gas hydrate. The reason is that this experiment is a cooling process, and the low precooling degree makes PVCap molecules better form hydrogen bonds with the hydrate cage structure. They adsorb on the surface of the hydrate cage and prevent water molecules from participating in the formation of the cage structure. At the same time, the cage structure around the inhibitor molecule is destroyed and the hydrate nucleation is delayed. With the decrease of temperature, the driving force of hydrate formation is enhanced with the increase of the subcooling degree. At the same time, PVCap molecules are wrapped around the cage structure and lose their activity. Methane molecules dissolve in large quantities in water molecules and quickly combine to form a complete cage structure. This results in an increase in the hydrate growth rate.
Experimental Results of Different Concentrations of Methanol and PVCap
According to the principle of concentration gradient and considering the general usage in the field, 5, 16, and 20wt% were decided as the methanol dose rate. Figure 6 shows that the inhibition time of 5wt%, 16wt%, and 20wt% methanol was 127, 180, and 255 min, respectively. Figure 7 shows that when 0.5wt% PVCap is mixed with 5wt%, 16wt%, and 20wt% methanol, a large amount of gas hydrate takes 220, 310, and 379 min, respectively, to be formed. According to Figures 6, 7, compared with pure methanol solution, adding 0.5wt% PVCap to methanol solution significantly prolonged the inhibitor time of the hydrate. Experiments show that at the same PVCap concentration, the inhibition time of gas hydrate is greatly extended with the increase of methanol content. It can be seen that adding kinetic inhibitors into the thermodynamic inhibitor system can prolong the hydrate inhibition time. When the field is closed for a short time, the hydrate formation time can be prolonged by adding appropriate kinetic inhibitors to methanol.
[image: Figure 6]FIGURE 6 | Temperature and pressure distributions in methanol solutions of different concentrations.
[image: Figure 7]FIGURE 7 | Temperature and pressure profile in different concentrations of methanol and PVCap.
As can be seen from Figure 8, in the 0.5wt% PVCap+5wt% methanol system and 0.5wt% PVCap+16wt% methanol system, the time when the slider was stuck was approximately the same as the time when the pressure drop point appeared on the pressure change curve. The slide block of the 0.5wt% PVCap+20wt% methanol system was not stuck in the experimental process. The motion range of the slider in this system is limited at about 800 min. According to the curve of pressure changing with time, the hydrate formation phenomenon appeared in the system around 379 min. This phenomenon indicates that the formation time of the hydrate is different from the blocking time of the passage of swing cell. The reason is that adding a lot of methanol reduces the hydrate production. Hydrate exists in the cell in the form of hydrate slurry. Hydrate slurry, unreacted methane gas, water, and sliders reciprocate along with the swing of the cell. This leads to the continuous aggregation and dispersion of hydrate slurry in the kettle, which cannot be fixed into blocks. This makes the size of the movable area of the slider different, resulting in the formation of the hydrate without blocking the pipeline.
[image: Figure 8]FIGURE 8 | Slider position in the PVCap and methanol combination system. (A) Slider position in the pure water system (partial figure). (B) Slider position in 0.5wt% PVCap+5wt% methanol (partial figure). (C) Slider position in 0.5wt% PVCap+16wt% methanol (partial figure). (D) Slider position in 0.5wt% PVCap+20wt% methanol (partial figure).
The temperature and pressure curve during hydrate formation can judge whether hydrate is formed or not. The effect of the inhibitor on the hydrate blocking process can be better analyzed by using the function of measuring the slide position of the swing kettle channel. The simulation is closer to the actual situation.
GAS CONSUMPTION AND THE HYDRATE FORMATION RATE
In the process of hydrate formation, the amount of gas consumed by hydrate formation can reflect the speed of crystal growth in the system. The growth rate of hydrate can be reflected by gas consumption (Sa et al., 2013). In this article, gas consumption within 160 min after hydrate formation is calculated.
Gas consumption is calculated as follows. According to the pressure and temperature before and after the reaction, the gas consumption after the reaction is calculated; thus, the amount of hydrate generated is calculated.
[image: image]
where P is the gage pressure, MPa; V is the volume, cm3; n is the amount of substance, mol; T is the temperature, K; R is the constant, 8.314J/(mol·K); and Z is the gas compression factor, constant. The process is as follows.
According to Eq. 1, the number of substances in the initial gas [image: image] can be obtained. After the reaction, the amount of substance of the remaining gas [image: image] is as follows:
[image: image]
where [image: image] is the amount of substance of the reaction residual gas, mol, and [image: image] is the moles of the initial gas, mol.
Since the gas will be consumed during the reaction to form the solid hydrate, the gas volume will change after the reaction.
[image: image]
[image: image]
where V is the volume, ml; M is the molar mass, g/mol; n is the amount of substance, mol; [image: image] is the density, g/cm3; and the value of hydrate density is 0.918 g/cm3.
According to the hydrate formation reaction, Eqs. 3,4 can be calculated in the process of hydrate formation volume 135.07[image: image];
According to Eq. 1, Δ n gas consumption can be calculated.
[image: image]
where VS is the total volume of the cell volume, ml; VW is the volume of water after the reaction, ml; VH is the volume of the hydrate formed, ml; and VG is the volume of the remaining gas, ml.
By comparing the data in Table 1, it can be seen that the inhibition time of hydrates increases with the increase of methanol concentration in the methanol-only system. Methanol has a good synergism effect on PVCap, and increasing methanol concentration can significantly prolong the induction time of hydrates. The induction time of 0.5wt% PVCap+5wt% methanol hydrate was 230–237 min. The induction time of 0.5wt% PVCap+20wt% methanol hydrate was 372–379 min. The inhibition time of 0.5wt% PVCap and methanol with different concentrations was increased compared with that of methanol alone. Moreover, the inhibition time of hydrates in the 0.5wt% PVCap+5wt% methanol system was extended by 100–107min compared with that in the 5wt% methanol system, which was close to that in the 20wt% methanol system.
TABLE 1 | Hydrate amount and formation time.
[image: Table 1]CONCLUSION
The results showed that the mixed use of 5wt%, 16wt%, and 20wt% methanol with 0.5wt% PVCap solution was better than that of single use of PVCap. The higher the methanol content, the longer the induction time. The induction time of methane hydrate formation could be significantly prolonged by adding methanol into PVCap aqueous solutions. It is speculated that the thermodynamic inhibitor reduces the subcooling of the system, and the kinetic inhibitor plays a better role at lower subcooling. It indicates that the combined usage of kinetic and thermodynamic inhibitors has a better effect than single use, and the number of thermodynamic inhibitors could be reduced. A certain amount of the kinetic inhibitor could be added into the injected methanol to prolong the inhibition time. It indicates that the combined usage of kinetic and thermodynamic inhibitors could not only prolong the hydrate induction time but also avoid the hydrate blockage, which may provide guidance for planning for on-site shut-in.
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