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Gas hydrates formed in the conditions of high pressure and low temperature in deep sea and in the process of oil and gas transportation, natural gas hydrate (NGH), will seriously affect the safety of drilling and completion operations and marine equipment and threaten the safety of drilling platform. How to prevent the hydrate formation in the process of oil and gas production and transportation has become an urgent problem for the oil and gas industry. For this reason, in view of the formation of NGH in the process of drilling and producing marine NGH, the phase equilibrium calculation research of NGH formation was carried out, the mathematical model of gas hydrate formation phase equilibrium condition was established, and the experimental research on NGH formation was carried out through adding different thermodynamic inhibitors. The experimental phenomena show that, first, the stirring speed has little effect on the inhibition of hydrate formation. Second, when the pressure is 10 MPa and the volume concentration of inhibitor is 1, 3, 5, and 7%, the supercooling degree of hydrate formation is 1.81, 8.89, 11.09, and 9.39°C, respectively. Third, when the volume concentration of inhibitor is 1, 3, 5, and 7%, the induction time of hydrate formation is 10328, 14231, 19576, and 24900 s, respectively. As the polymer molecules in the inhibitor reduce the activity of water in the system and fill the cavity structure of the hydrate, they reduce the generation conditions of NGH and break the original phase equilibrium conditions when NGH is generated, thus forming NGH at a lower temperature or higher pressure.
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INTRODUCTION
Natural gas hydrate, commonly known as “combustible ice” is a crystalline “cage compound” formed by the interaction of methane and other hydrocarbon gases or volatile liquids with water (Griffin and Ramberg, 1982; Kvenvolden et al., 1993; Carroll, 2009). In the process of natural gas drilling and production and oil and gas gathering and transportation in coal-measure formation, if there is hydrate formation in the wellbore or gas transmission pipeline, it is very easy to increase the pressure drop of the pipeline and cause damage to the drilling platform (Gholipour Zanjani et al., 2012). In serious cases, the hydrate wellbore, gathering and transportation pipeline, valves, and equipment will be blocked and affect the production reduction and gathering and transportation of natural gas (Sloan, 1998; Ma et al., 2003). Therefore, a lot of research has been done to prevent the formation of hydrate.
At present, in order to avoid hydrate blockage in oil and gas pipelines, the hot spots are focused on thermodynamic inhibitor injection method and combination method of depressurization and thermodynamic inhibitor injection (Barduhn et al., 1962; Wilson, 1964; Mohebbi and Behbahani, 2014). Thermodynamic inhibitors mainly include alcohols and inorganic electrolytes, such as methanol, isopropanol, and other organic thermodynamic inhibitors and inorganic thermodynamic inhibitors (Liu, 2017). Li et al. (2011) investigated the conditions for the formation of methane hydrate in the presence of 10%wt of various ionic liquids, in 2011. Among all ionic liquids, the thermodynamic inhibitory effect of tetramethylammonium is higher than the rest and is comparable to that of ethyl glycol. (Hodder and Popplestone, 2009) investigated the conditions for the formation of methane hydrate in the presence of pure water and 1-butyl−3-methyl imidazolium tetrafluoroborate, 1-Butyl−3-methyl imidazolium dicyanamide, and tetraethyl–ammonium chloride in 2013. The results showed that at concentrations below 10%wt, these fluids do not have a significant thermodynamic inhibitory effect on hydrate formation, while they have a significant effect at higher concentrations (10 and 15%wt). Mike Hodder’s (Shin et al., 2014) research has found that the most effective way to combat the hydrate is to add salt and other chemical inhibitors that can reduce the water’s activity. Kim Jakyung (Kim et al., 2011) studied the inhibition of monoethylene glycol (MEG) with polyethylene caprolactam (PVCap) to delay the formation of hydrate and prevent the agglomeration of hydrate particles. Kawamura (Makogon and Cieslesicz, 1981) has studied the hydrate decomposition caused by the injection of MA and found that the concentration of hydrate surface inhibitors varies. (Sira N and Robinson, 1977) has studied the hydrate decomposition after the injection of MA and EG, suggesting that the hydrate decomposition rate is a function of the inhibitor temperature, the injection rate of inhibitor, the decomposition pressure, the temperature of the inhibitor solution, and the decomposition area. Kamath et al. (2015) carried out the experiment of decomposition of methane hydrate in porous media by hot brine (NaCl aqueous solution) and obtained the effects of temperature, salt volume concentration, and injection rate of brine on the decomposition rate of methane hydrate. Fan et al. (2016) studied the decomposition of hydrate under the action of EG and found that the volume concentration and injection rate of EG had important influences on the decomposition rate of hydrate. (Robinson and Hutton, 1967) using the basic principles of chemical thermodynamics and numerical analysis, combined with hydrate formation kinetics mechanism and gas hydrate molecular thermodynamic model, the gas hydrate molecular thermodynamics and gas kinetics in gas gathering pipeline are organically combined to establish a gas gathering pipeline gas hydrate blockage prediction model. (Quan, 2000) independently synthesized a new kinetic hydrate inhibitor BVP. The self-made evaluation equipment was used to evaluate its performance by the tetrahydrofuran method. Combined with thermodynamic inhibitors, the optimal combination scheme is 5–10% NaCl+0.5%BVP, and the solution can withstand undercooling up to−12°C ∼ −16 °C. Based on the thermodynamic phase equilibrium theory, Shi Bohui (2014a) applied the Chen–Guo model to predict the hydrate formation conditions. Combined with the operation conditions of Yuji gas transmission pipeline, they determined the pipeline sections that were easy to precipitate free water in the whole line. It was suggested that these pipeline sections should be concentrated in the summer to clear the pipe and discharge pollutants, and the minimum alcohol injection amount to prevent the formation of hydrate was given. (Kannan and Punase, 2009) discussed the design points of drilling fluid suitable for the hydrate formation by means of an ultrasonic testing to explore the disturbance law of hydrate thermodynamic inhibitors on the hydrate formation. It is contradictory to prevent hydrate decomposition in formation and inhibit hydrate formation in wellbore. It is an effective way to develop a drilling fluid formula suitable for the hydrate formation to balance this contradiction. (Phillips and Grainger, 1998) used the van der Waals–Platteeuw model to predict the phase equilibrium of gas hydrate, and studied the effect of thermodynamic inhibitors on the phase equilibrium of gas hydrate. With the increase of mass fraction of thermodynamic inhibitors, the equilibrium pressure of hydrate phase increases gradually. At the same time, temperature has a significant effect on the inhibition effect of thermodynamic inhibitors. Generally speaking, when the temperature is greater than 273 K, the inhibition effect of thermodynamic inhibitors on hydrate is more obvious. Zhao et al. (2016) analyzed the mechanism of hydrate thermodynamic inhibitors affecting gas hydrate formation conditions. The mechanism of hydrate thermodynamic inhibitors reducing the hydrate formation temperature or increasing hydrate formation pressure is to reduce the water activity of the solution, and the inhibition effect of hydrate formation increases linearly with the decrease of water activity.
MATHEMATICAL MODEL OF PHASE EQUILIBRIUM FOR THE GAS HYDRATE FORMATION
The general hydrate formation conditions include three aspects first, the natural gas contains enough moisture to form the hole structure (Behar et al., 1994); second, it has certain temperature and pressure conditions, such as a high pressure and low temperature; finally, the gas is in the intense disturbance such as pulsating turbulence, and there is a crystal center. The first two conditions are the main conditions and the last one is the secondary conditions. Based on van der Waals and Platteuw in 1959, according to the lattice characteristics of hydrate (Christiansen and Sloan, 1995), the theoretical formula was derived by using the statistical thermodynamics and Langmuir gas isothermal adsorption theory in this work.
In the hydrate formation system, the gas–liquid–solid three-phase equilibrium thermodynamic model includes two parts (Kim et al., 2014) hydrate phase and coexisting water-rich phase. Water is usually used as the reference component for the phase equilibrium of hydrate, and the chemical potential of water in the phase (beta phase) of water is introduced as the reference state (Wei et al., 2017), which is as follows:
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Here, T is the system temperature. vi is the number of type i holes per unit water molecule in the hydrate phase. θij is the possession fraction of the guest molecule j in the type i hole. Cij is the Langmuir constant of j component in type i hole. fi is the fugacity of component j in equilibrium phase. Nc is the number of components that can form hydrate in the mixture.
The Langmuir constant can be solved by the following correlation (Wei et al., 2017).
[image: image]
Here, T is the system temperature and Bij is the empirical constant.
When gas hydrate and no gas hydrate are in equilibrium, there are the following relations.
[image: image]
Here, μw and fw are the chemical potential and fugacity of water in the water-rich phase. [image: image] and [image: image] are the chemical potential and fugacity of pure water in the reference state T and P, respectively.
In addition, the chemical potential difference of water can be expressed as follows:
[image: image]
The hydrate phase equilibrium conditions can be obtained from (4) and (5), which are expressed as follows:
[image: image]
Here, [image: image] is the chemical potential difference of water between the empty hydrate lattice and pure water under the standard condition; T0 and P0 are the temperature and pressure under the standard condition; T0 = 273.15K, P0 = 0; [image: image], [image: image] and [image: image] are the specific enthalpy difference, specific tolerance, and specific heat tolerance between the empty lattice of hydrate and pure water, respectively. Where [image: image]. If inhibitor is added, [image: image]. [image: image] and [image: image] are the mole fraction and activity coefficient of water in the water-rich phase, respectively.
Through the physical model and numerical analysis of natural gas hydrate phase equilibrium, the NGH phase equilibrium curve was obtained when the inhibitor concentration was 1, 3, 5, 7%, and pure water. The equilibrium pressure of NGH phase in the water system with inhibitor was much higher than that of pure water. The main effect of the concentration of inhibitor on the phase equilibrium of NGH is that the temperature and pressure required during the formation of NGH are changed, so that NGH is formed at a lower temperature or higher pressure. Figure 15 shows the phase equilibrium curve of NGH with pure water without inhibitor and with inhibitor concentration of 1, 3, 5, and 7%.
EXPERIMENTAL STUDY
Purpose of the Experiment
Methane hydrate is formed under a low temperature and high pressure. Thermodynamic inhibitors are used to destroy the original formation conditions of methane hydrate, and the phenomena, temperature, and pressure changes during the formation process of methane hydrate under different pressure and volume concentration of inhibitors are explored. The purity of methane is as high as 99.97%. The inhibitor used in this experiment was a compound inhibitor, and the specific formula of the inhibitor was not disclosed. The inhibitor solution was provided by LIU Gang of Daqing Oilfield Company (Wei et al., 2017), and its specific formula was not published yet. In the experiment, accurate analytical balance (mass uncertainty ±0.001 g) was used to prepare an aqueous solution according to the gravimetric method.
Laboratory Equipment
An experimental device system is developed for the rapid preparation, crushing, and slurry modulation of large samples of natural gas hydrate under different temperature and pressure conditions. As shown in Figure 1, it is mainly composed of kettle body, sand apparatus, cooling system, gas circulation system, liquid circulation system, and measurement and control system, etc. The device can quickly prepare the large sample of Φ 950 mm × 1500 mm by the “three-in-one” hydrate sample preparation method of spray method ∼ bubbling method ∼ stirring method, and the capacity of the experimental kettle is 1062 L.
[image: Figure 1]FIGURE 1 | Experimental system.
Taking advantage of the relatively stable temperature and pressure, the experimental system simulates the formation mechanism of marine gas hydrate under different submarine pressures (2∼5 MPa) and low temperature (0–16°C). Figure 2 shows the experimental phenomena of methane hydrate formation. In addition, the system can simulate the rapid preparation method of “three-in-one” hydrate samples at 1500 m water depth, mix quantitative sea water and mud sand, modulate hydrate slurry, and ensure slurry transport under stable hydrate conditions. Through the automatic modules of image capture, data acquisition and security control in the measurement and control system, dynamic images and experimental data such as temperature, pressure, and flow can be collected and stored.
[image: Figure 2]FIGURE 2 | Experimental phenomena of methane hydrate formation.
Experimental Steps
(1) Preparation Before Experiment
First, complete the installation of methane cylinder group, and prepare the pyrrolidone inhibitor, water, and other experimental materials. Then inject appropriate amount of water into the water tank, which is standby for the subsequent liquid injection into the preparation kettle. Check the opening and closing status of water injection and gas injection valves and whether there is leakage in the pipeline. After checking that there is no problem, start the experiment. The preparation was completed before the experiment.
(2) Vacuumize
Open the vacuum pipeline valve, and then run the vacuum pump until the vacuum degree reaches −0.09MPa, stop the vacuum pumping operation, close the vacuum pipeline valve, close the vacuum pump, and the vacuum pumping operation is completed.
(3) Injection
Open the valve of the water injection pipeline, and then run the water injection pump to inject water into the preparation kettle. Measure the injected water through the radar liquid level on the preparation kettle. When the water injection volume reaches the set water volume, close the water injection pipeline valve and shut down the water injection pump at the same time, and the liquid injection operation is completed.
(4) Methane Injection
Open the valve of methane injection gas path, run the gas booster pump, inject 99.9% pure methane into the preparation kettle, and measure the amount of methane injected through the gas flowmeter. When the pressure in the preparation kettle reaches the experimental set value, stop the gas injection, close the methane injection valve, and shut down the gas booster pump at the same time. Then the methane injection operation is completed.
(5) Reaction Condition Setting
When the gas injection operation is completed, start the stirring device of the preparation kettle (set the stirring speed according to the experimental requirements). Run the gas circulation pump of the preparation system (the gas circulation pump has a circulating capacity of 8.04 L/min), then start the refrigeration unit, maintain the temperature in the preparation kettle according to the experimental requirements, and set the reaction conditions.
(6) Data Acquisition System Settings
Open the computer, start the data acquisition control software, set the relevant parameters and data storage location, and start data acquisition. The acquisition and recording parameters include real-time temperature in preparation kettle, real-time pressure in preparation kettle, real-time temperature of refrigeration liquid, stirring speed, and real-time image in preparation kettle.
(7) Experimental Monitoring
The real-time observation of the hydrate formation and the experimental data of temperature and pressure in the preparation kettle were made by the computer. When the hydrate was formed in the preparation kettle, the hydrate preparation experiment was stopped. Thus, the methane hydrate experiment of inhibitor inhibition was completed.
EXPERIMENT OF METHANE HYDRATE FORMATION
Methane Hydrate Formation Process
First, no pyrrolidone inhibitor was added in the preparation kettle. Under the condition of pressure of 5MPa, the methane hydrate formation experiment was carried out with different stirring speeds of 10, 20, and 30 rad/min, and the water solution with different volume concentrations of 1, 3, 5, and 7% inhibitors was added into the preparation kettle to inhibit the formation of methane hydrate. The experimental phenomenon of methane hydrate formation in pure water in the preparation reactor is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Temperature and pressure curve of methane hydrate formation. (A:10rad/min; B:20rad/min; C:30rad/min).
When the inhibitor is not added to the pure water, the increase of temperature or the decrease of pressure in the process of hydrate formation change obviously. As shown in Figure 4 is the temperature and pressure curve of the methane hydrate formation, a (5MPa, 10 rad/min), b (5MPa, 20 rad/min), and c (5MPa, 30 rad/min). Figure 4 shows the temperature and pressure curves of methane hydrate formation process at different rotating speeds.
[image: Figure 4]FIGURE 4 | Temperature and pressure comparison curves of methane hydrate formation process at different rotating speeds. (A:Temperature; B:Pressure).
In order to explore the influence of pressure on the formation of methane hydrate, the pressure in the preparation kettle was set at 5 and 10 MPa. By adding inhibitors with volume concentration of 1, 3, 5, and 7% to the NGH preparation kettle, the pressure and temperature in the preparation kettle were observed. It was found that the temperature in the hydrate preparation kettle decreased slowly and the pressure increased slowly.
Figure 5 shows the experimental phenomenon of methane hydrate formation during a longer time of stirring with inhibitors with volume concentrations of 1, 3, 5, and 7%.
[image: Figure 5]FIGURE 5 | Experimental phenomena of methane hydrate formation under different inhibitor volume concentrations. (A) Experimental phenomenon of the formation of 1% inhibitor in volume concentration. (B) Experimental phenomenon of the formation of 3% inhibitor in volume concentration. (C) Experimental phenomenon of the formation of 5% inhibitor in volume concentration. (D) Experimental phenomenon of the formation of 7% inhibitor in volume concentration.
Figure 6 shows the variation of temperature and pressure under 1% inhibitor at a (5 MPa) and b (10 MPa).
[image: Figure 6]FIGURE 6 | Variation of temperature and pressure at 1% inhibitor concentration. (A:5 MPa; B:10 MPa).
Figure 7 shows the variation of temperature and pressure under 3% inhibitor at a (5MPa) and b (10MPa).
[image: Figure 7]FIGURE 7 | Variation of temperature and pressure at 3% inhibitor concentration. (A:5 MPa; B:10 MPa).
Figure 8 shows the variation of temperature and pressure under 5% inhibitor at a (5 MPa) and b (10 MPa).
[image: Figure 8]FIGURE 8 | Variation of temperature and pressure at 5% inhibitor concentration. (A:5 MPa; B:10 MPa).
Figure 9 shows the variation of temperature and pressure under 7% inhibitor at a (5 MPa) and b (10 MPa).
[image: Figure 9]FIGURE 9 | Variation of temperature and pressure at 7% inhibitor concentration. (A:5 MPa; B:10 MPa).
Comparing the temperature and pressure in the process of methane hydrate formation under different volume concentrations of inhibitors, it was found that with the increase of time, the temperature in the preparation kettle decreased and the pressure increased. When the pressure was too low, the hydrate in the reactor could not survive.
Analysis of Undercooling of Methane Hydrate Formation
Figure 10 shows the analysis of supercooling degree under different concentration and pressure conditions. The supercoiling degree of methane hydrate formation is determined by setting different volume concentrations and temperature and pressure changes. When the pressure is 5MPa, hydrate is formed in the solution without an inhibitor when the temperature and pressure change is lower than the equilibrium temperature. However, the time of hydrate formation in the solution with 1, 3, 5, and 7% inhibitor concentration is much longer than that without inhibitor, and the hydrate formation is greatly affected by the change of temperature and pressure. Comparison of the subcooling degree of inhibitor at different concentrations at 10 MPa is shown in Figure 11.
[image: Figure 10]FIGURE 10 | Analysis of supercooling degree under different concentration and pressure conditions.
[image: Figure 11]FIGURE 11 | Comparison of the subcooling degree of inhibitor at different concentrations at 10 MPa.
Induction Time of Methane Hydrate Formation
Since a large amount of heat will be generated during the methane hydrate formation, the pressure will drop and the gas phase volume will decrease rapidly. In this work, the induction time is defined as the time required for the system to reach the phase equilibrium and the system parameters begin to change rapidly (Zhao et al., 2015). During the formation of natural gas hydrate, the temperature will rise sharply and the pressure will drop sharply. The parameters (such as system temperature and gas volume) can be measured by experiments and used as the basis for judgment, which has better operability and accuracy. Therefore, the inflection point of the temperature time curve can be used as the end point of the induction time. Figure 12 shows the induction time of gas hydrate formation at different stirring speeds. When the initial pressure is 5MPa, the induction time of hydrate formation is close, and the induction time of hydrate formation is 9740s, 9460s, and 9300s, respectively. The stirring speed has little effect on the hydrate formation.
[image: Figure 12]FIGURE 12 | Induction time of gas hydrate formation at different stirring speeds.
At the initial pressure of 5MPa, the induction time of hydrate formation was 10328s for 1% inhibitor, 14231s for 5% inhibitor, 19576s for 3% inhibitor, and 20990s for 7% inhibitor at low temperature. The comparative analysis shows that the induction time of hydrate formation is the longest when the concentration of 7% inhibitor is−0.6°C, which indicates that the inhibition effect is the best. The comparison of induction time of hydrate formation of three different concentrations is shown in Figure 13.
[image: Figure 13]FIGURE 13 | Comparison of induction time of different concentrations of inhibitors.
RESULTS AND CONCLUSION
Analysis of Inhibitor Volume Concentration on Natural Gas Hydrate Inhibitor
Wilson activity coefficient model, PT equation of state, and PR equation of state (Hammerschmidt, 1934) were used to calculate and analyze the activity of water in the water-compound inhibitor binary system, as shown in Figure 14. When the Wilson model (Zhao et al., 2015) is used to calculate the water activity, in order to make the experimental results more accurate, multiple statistical analyses are used to make the initial conditions for the formation of methane hydrate at the volume concentrations of 1, 3, 5, and 7% of the inhibitor in the experimental preparation reactor different. Therefore, the water activities under the initial conditions in the experimental preparation reactor are different. In order to make the experimental results more accurate, multiple statistical analyses are carried out after a period of 2000 min when the water activity reaches a relatively stable level. It is found that with the increase of the water mole fraction, the water activity first decreased and then increased slowly. That is, when the volume concentration of the inhibitor is high (the mole fraction was about 50%), the increase of the volume concentration of the inhibitor has a more significant effect on the water activity. At a volume concentration of 7% inhibitor in methane hydrate formation process, the volume concentration of 7% of the water activity reduction rate is the fastest about 0.43 × 10−4 Aw/min, the volume concentration of 1% of the water activity is the lowest about 0.1 × 10−4 Aw/min.
[image: Figure 14]FIGURE 14 | the activity of water in water-compound inhibitor binary system.
However, when PT and PR equations of state are used to calculate the activity of water, the calculation results of hydrate formation pressure will be larger, or the temperature will be lower (Phillips and Grainger, 1998).
Based on the above evaluation and thermodynamic model of hydrate formation, it is considered that there are two kinds of equilibrium in the system during hydrate formation (Guo, 2002): the equilibrium and quasi-chemical equilibrium of gas molecules in the connecting holes. First, since the amide polymer molecules in the composite inhibitor are filled with the cavity structure between methane gas and water molecules, the ability of crystalline cage compounds formed by the interaction between methane gas molecules and water molecules is hindered. Second, in pure water, the more the water molecules in the solution, the more the water molecules forming cage complex structure, the more the conducive to the formation of methane hydrate crystals. For the system containing inhibitors, due to the addition of amide polymers in the solution, the activity phase of water molecules in the solution was inhibited, and the phase equilibrium condition of methane hydrate formation was broken. The activity of water molecules forming cage complexes in the solution was reduced, resulting in methane hydrate formation at lower temperatures or higher pressures, or to a certain extent, the time of methane hydrate formation was slowed down.
Through the physical model and experimental results of the phase equilibrium of natural gas hydrate, the phase equilibrium curves of natural gas hydrate with the inhibitor volume concentrations of 1,3, 5, and 7% used in the experiment and the pure water blank control group were obtained. The hydrate phase equilibrium pressure of the inhibitor water system was much higher than that of the pure water natural gas hydrate. The main effect of the volume concentration of inhibitors on the phase equilibrium of natural gas hydrate is that the temperature and pressure required for the formation of natural gas hydrate have changed, making the natural gas phase equilibrium hydrate formed at lower temperatures or higher pressures. Figure 15 is the phase equilibrium curve of natural gas hydrate formation under the action of pure water without inhibitors and inhibitors with volume concentrations of 1, 3, 5, and 7%.
[image: Figure 15]FIGURE 15 | Phase equilibrium curve of gas hydrate formation.
CONCLUSION

1) The multifunctional experimental system for the development of marine NGH was used to study the inhibition of methane hydrate formation in the temperature and pressure range of 240–340K and 0.1–50 MPa. The results showed that the kinetic inhibitors slowed down the formation time of NGH and made the formation equilibrium of methane hydrate move to a lower temperature or higher pressure. Different concentrations of thermodynamic inhibitors have different effects on the phase equilibrium of methane hydrate, but the rotational speed has little effect on the formation conditions of methane hydrate.
2) A thermodynamic inhibitor can inhibit hydrate formation. The mechanism is that the water activity in the solution is reduced, which interferes with the formation of water molecules. The lower the water activity, the lower the temperature required for the hydrate formation. Therefore, with the increase of pressure, hydrate formation temperature increases, and hydrate formation is easier. With the increase of inhibitor concentration under the same pressure, the subcooling degree showed an increasing trend. The subcooling degree increases with the increase of pressure under the same concentration of inhibitor.
3) As inhibitors of pyrrolidone polymer molecules broke the gas hydrate generated in the original phase equilibrium condition, in a certain temperature and pressure range inhibition, it cannot generate the gas hydrate. This breaks the original phase equilibrium during the formation of NGH, which inhibits the formation of NGH within a certain range of temperature and pressure.
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