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The study of hydrate phase equilibrium is crucial for ensuring the safety of natural gas pipeline transportation and the process of hydrate recovery. While scientists typically focus on the chemical potential of hydrates, the role of gas solubility in hydrate phase equilibrium remains unclear, and this study fills this gap. This work investigated the solubility of gas at the equilibrium point of the hydrate phase through model calculations. Additionally, a new model of hydrate phase equilibrium is established based on the relationship between solubility. Firstly, a solubility model based on gas-liquid equilibrium theory showed higher prediction accuracy in comparison to the PR equation and Duan model and was then used to calculate gas solubility under hydrate phase equilibrium conditions. Afterwards, a novel model was developed to predict hydrate equilibrium state based on the relationship between gas solubility and hydrate phase equilibrium temperature, and it was further compared with the Chen–Guo model and CSMGem in terms of prediction accuracy under pure water and brine settings. The results showed: (a) The calculation deviation of the solubility model was 0.7–8.7% in pure water settings and 2.6–11.7% in brine settings; (b) A strong linear correlation between the phase equilibrium temperature of hydrates and gas solubility was also found; (c) This proposed model achieved over 10 times the accuracy of the Chen–Guo model and the CSMGem in predicting the phase equilibrium state of N2 and CO2 hydrates, and 3–10 times higher accuracy than that of the Chen–Guo model and CSMGem in brine. This work suggests that the gas solubility equilibrium theory can provide a more accurate prediction of hydrate states.
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1 INTRODUCTION
Natural gas hydrates are a kind of non-stoichiometric crystalline structure substance and composed by gas and water molecules through hydrogen bonds. As a potential clean energy source, hydrate recovery has been gaining global attentions. Moreover, hydrates have the potential of applications in brine desalination (Sahu et al., 2018), storage (Cheng et al., 2020) and transportation of hydrogen (Lee et al., 2005; Strobel et al., 2009), CO2 separation in flue gas, and CO2 sequestration (Van Denderen et al., 2012; Quon and Jiang, 2023). In addition, hydrate plugs in pipeline for natural gas transportation are also a primary concern (Creek, 2012). Predicting hydrate deposition in natural gas pipelines is crucial for gas transportation efficiency and safety (Zhang et al., 2019a; Zhang et al., 2019b). The most common method to prevent the hydrate-associated problems in the wellbore is to add a large amount of thermodynamic inhibitor to totally inhibit the formation of hydrates (hoon Sohn et al., 2015). Therefore, the evaluation of inhibitors also requires studying the phase equilibrium of hydrates. Moreover, accurate phase equilibrium analysis has a significant impact on the efficiency of gas exchange in natural gas hydrate recovery technology (Wang Y. et al., 2021), such as the equilibrium state of the hydrates can be broken by changing the temperature and pressure conditions of hydrate reservoirs (Qin et al., 2020). Temperature and pressure are the basic parameters for hydrate formation. Hydrate equilibrium state prediction is one of important aspects in the above hydrate-based technologies. Therefore, studying how to predict the temperature or pressure of hydrate phase equilibrium is significant.
The prediction methods for hydrate phase equilibrium mainly include the enthalpy–entropy chart method (Katz, 1945), thermodynamics model (Chen and Guo, 1996; Chen and Guo, 1998; Klauda and Sandler, 2000; Waals and Platteeuw, 2007), and neural network algorithm (Khamehchi et al., 2013; Xu et al., 2021). The enthalpy–entropy chart method is the earliest developed method, but it lacks an understanding of hydrate structures, leading to significant biases. The neural network method, including the application of multilayer perceptron and radial distribution function, have gradually become a hot research topic in recent years, but it exhibit overfitting (Khan et al., 2018). The thermodynamics models, including vdW-P type models (Waals and Platteeuw, 1958), Chen−Guo (C-G) model (Chen and Guo, 1996; Chen and Guo, 1998), and Klauda–Sandler (K-S) model (Klauda and Sandler, 2000), are well known and widely used. But these thermodynamics models rely on hypothesis (Wang L.-B. et al., 2021). The application range of the Antoine coefficient limits the applicability of the Chen Guo model (Mohammadi and Richon, 2008). Meanwhile, the main drawback of vdW-P model is its weak ability to predict high and low pressures and temperatures (Mohamadi-Baghmolaei et al., 2018). The original vdW-P model also exhibits a significant bias under high concentration salt solutions (Xu et al., 2021). Moreover, these models do not consider solubility and still require the calculation of gas fugacity or activity through equations of state (Li et al., 2019). On one hand, this is attributed to the low solubility of gases. On the other hand, these thermodynamic models construct the potential function of water molecules in hydrates, and it is independent of gas solubility. However, with the advancement of micro-molecular research in recent years, it has been gradually recognized that gas concentration plays a significant role in the influence of hydrates (Zhang et al., 2016; He et al., 2017).
The main factors affecting the phase equilibrium of hydrates include pressure (Liehui et al., 2006), salt (Lv et al., 2018), alcohol inhibitors (Sami et al., 2013), porosity (Yang et al., 2011), gas solubility and gas species. Experimental studies (Sloan and Koh, 2007) have found that the temperature of hydrate phase equilibrium is increased with increasing pressure. As the mineralization degree increases, the temperature of hydrate phase equilibrium decreases (Sloan and Koh, 2007). The higher the content of inhibitors, the lower the temperature of hydrate phase equilibrium (Sami et al., 2013). Additionally, the temperature of hydrates is varied for different natural gas species (Sloan and Koh, 2007). In recent years, some scholars have measured the solubility of greenhouse gases in the presence of hydrates (Li et al., 2018; Hassan et al., 2020; Wang et al., 2023). However, the relationship between gas solubility and the phase equilibrium temperature or pressure of natural gas hydrates is still unclear. It is difficult to observe or measure the gas saturate solubility near hydrate formation in macroscopic experiments because the solubility exhibits supersaturation in the presence of hydrates (Song et al., 1997). Therefore, this work adopted high-precision solubility models for calculation. Studying the gas solubility before hydrate formation is of great significance for the investigation of hydrate phase equilibrium. It also holds reference significance for the study of hydrate nucleation concentration.
The main objective of this work is to study the solubility of gas in the vicinity of different hydrate equilibrium states. Subsequently, a model is constructed to predict the phase equilibrium of natural gas hydrates based on the relationship between gas solubility and the hydrate equilibrium state. Therefore, this study initially constructs a solubility model using gas-liquid theory to calculate the gas solubility at the hydrate equilibrium state. The solubility relationship is then fitted at various hydrate equilibrium temperatures. Furthermore, a novel model is developed based on gas solubility to predict the phase equilibrium state of natural gas hydrates. Finally, the Chen–Guo model and CSMGem software are compared with this model. Additionally, the equilibrium states of hydrates under pure water and brine conditions are predicted using this model.
2 MODELS DESCRIPTION
The steps for this work can be broken down as follows:
(1) Constructing a gas solubility model suitable for high pressure based on gas-liquid phase equilibrium theory.
(2) Calculating the gas solubility at hydrates phase equilibrium state
(3) Developing a predictive model for hydrate phase equilibrium state.
(4) Computing and comparing the reliability of the hydrate phase equilibrium state prediction model.
The workflow shows in Figure 1.
[image: Figure 1]FIGURE 1 | The workflow diagram for this work.
2.1 Gas-liquid equilibrium
The study of solubility can be broadly categorized into the fugacity-fugacity model and the fugacity-activity model. In the fugacity–activity model, gas equations of state (EOS), such as cubic equations (Soave, 1972; Peng and Robinson, 1976; Kontogeorgis et al., 2006) and multi parameter equations (Benedict et al., 1940; Benedict et al., 1951), are used to describe the gas phase, while electrolyte models are employed to describe aqueous solutions. It should be noted that cubic equations tend to exhibit increasing deviations under high-pressure conditions (Moshfeghian et al., 2012; Chabab et al., 2019; Rezania et al., 2021). Multiparameter equations are often preferred for high-pressure applications due to their higher accuracy. For instance, the Duan model (Duan et al., 1992) can be applied to pressures up to 2,000 bar for gases like CH4 and CO2. The SW96 (Span and Wagner, 1996) model (Span and Wagner, 1996) is capable of handling pressures up to 8,000 bar for CO2 gas.
When the gas and liquid phases reach equilibrium, the chemical potential of component i in phases α and β can be expressed as follow:
[image: image]
The chemical potential [image: image] of the components in the vapor phase and chemical potential [image: image] of the components in the liquid phase can be calculated as
[image: image]
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where i is the natural gas component, μV is the chemical potential gas component, μL is the chemical potential liquid component, ai is the activity of component i, fi is the fugacity of component i, [image: image] is fugacity coefficient, γi is the activity coefficient, mi is the solubility (in mol/kg water) of salt in the aqueous phase, Nw is the mole per kilogram of water (55.508 mol/kg), xi is the mole fraction of species i in the liquid phase, [image: image] is the standard chemical potential of species i in the non-aqueous phase, which is the ideal gas chemical potential at pressure of 1 bar, and [image: image] is the standard chemical potential of species i in an ideal aqueous solution with a hypothetical unit molality (Rowlinson, 1971). In the parameterization, the reference value [image: image] can be set to 0 for convenience, because only the difference between [image: image] and [image: image] is important (Duan et al., 2007).
The equilibrium constant of component i can be defined as (Li and Duan, 2007):
[image: image]
Combining Eqs 1–4, we have:
[image: image]
The functions for each component of natural gas are (Duan and Sun, 2003; Duan and Mao, 2006; Mao and Duan, 2006; Mao et al., 2013; Li et al., 2015)
[image: image]
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The constant ci is shown in Table 1.
TABLE 1 | Constants of Eqs 6–10.
[image: Table 1]Consider the impact of water vapor, Consider the impact of water vapor, the calculation of gas composition is shown in Eqs (11, 12):
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[image: image] is the saturated vapor pressure of water (Shibue, 2003):
[image: image]
where [image: image] , Tc and Pc are the critical temperature and critical pressure, respectively, Pc = 22.064 MPa, Tc = 647.096 K.
2.2 Fugacity of nonaqueous species
In the multi-parameter equation of state, expressed in the form of Helmholtz free energy (MH), the free energy A is a function of temperature and density. It is expressed as the sum of the ideal state free energy and the remaining free energy (Mao et al., 2017), shows in Eqs (13−16):
[image: image]
where [image: image] is density; [image: image] is the ideal gas part of free energy; [image: image] is residual free energy.
The dimensionless Helmholtz free energy is defined as:
[image: image]
where [image: image] is pure component molar Helmholtz free energy;
[image: image]
where [image: image] and [image: image]:
[image: image]
where [image: image] and [image: image] is critical density and critical temperature, respectively, shows in Table 2.
TABLE 2 | Gas critical constant.
[image: Table 2]The relationship between dimensionless Helmholtz Free Energy and PVT is shows in Eqs (17−19):
[image: image]
where
[image: image]
[image: image]
The constants i, j, and k are shown in appendix Table 3, am is shown in Table 4.
TABLE 3 | Constants of Eq. 19.
[image: Table 3]TABLE 4 | Constants of am in Eq. 19.
[image: Table 4]The fugacity expression of the Mao’s Helmholtz (MH) EOS (Mao et al., 2017) is shows in Eqs (20−22):
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where [image: image], [image: image], and [image: image] are related derivatives of the residual free energy.
2.3 Activity coefficient model
The Pitzer activity coefficient model (Pitzer et al., 1984) can be expressed as
[image: image]
where mc is the cation molality, mol/kg; ma is the anion molality, mol/kg; [image: image], [image: image] and [image: image] are coefficients that are a function of temperature and pressure and shows in Eqs 6–10, [image: image] and [image: image].
For CH4, CO2, N2, Eq. 5 can be transformed with Eq. 23 into Eqs (24−28):
[image: image]
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2.4 Prediction model for hydrate phase equilibrium
The relationship between critical temperature of hydrate phase equilibrium and gas solubility can be given as follows:
[image: image]
Where i is component, mi is gas solubility, Ci and Di are constants, fitted by Origin 2021, shows in Table 5. This relationship will be demonstrated in the subsequent Results section. By combining Eqs 5, 29, a phase equilibrium prediction model for hydrate can be obtained:
[image: image]
TABLE 5 | Recommended values, where m (mol/kg) represents the mineralization degree of Na ions.
[image: Table 5]Eq. 30 can be transformed into:
[image: image]
The first term on the left-hand side of the equation is determined by EOS, while the second term is determined by the chemical potential of liquid. The constants Ci and Di are determined by the composition of the system.
3 RESULTS AND DISCUSSION
3.1 Verification of the calculation accuracy of solubility
By comparing the experimental data with the solubility model, as shown in Table 6 solubility ranges from 0.7% to 7.6%, for CO2 solubility ranges from 1.2% to 7.2%, and for N2 solubility ranges from 1.9% to 6.8%. In comparison with Duan model, the MH model exhibits a deviation within 2%. Under low-temperature conditions, the solubility model shows good agreement with the experimental data, with an AAD of only 3.4%. The solubility of CH4 and CO2 under different conditions is analyzed, as depicted in Figures 2A, B, respectively. Apart from a small amount of experimental data deviating by approximately 10% under low-temperature (<280 K) and low-pressure (<100 bar) conditions for CH4, most of the experimental data aligns with the calculated values of the model within a deviation of 5% or less. The prediction deviation of MH and Duan models for CO2 generally remains within 5% under most data comparisons, with the peak deviation occurring under low–pressure and low–temperature conditions (288 K, 1.1 bar). Additionally, the model’s deviation for CH4 and CO2 under high-pressure and low-temperature conditions is deemed acceptable.
TABLE 6 | Experimental data on the solubility of hydrocarbons in brine solutions and comparison.
[image: Table 6][image: Figure 2]FIGURE 2 | Solubility deviation statistical distribution in pure water, (A) is for CI-14 (B) is for CO2, (C) for C2116. Data source: References (Yarym-Agaev et al., 1985; Gao et al., 1997; Lekvam and Bishnoi, 1997; Chapoy et al., 2004; Kim et al., 2003; Wiebe and Gaddy, 2002a; Valtz et al., 2015; Dalmolin et al., 2006; Dohrn et al., 1993; D'Souza et al., 1988).
The deviation of C2H6 solubility in the temperature range of 274 K–444 K and pressure range of 0bar–700 bar is statistically analyzed in Figure 2C. Within the pressure range less than 100 bar and temperature range of less than 280 K, the deviation between the MH model and experimental data is significant, with AD exceeding 10%. From Figure 2C, it can be seen that there is a significant deviation in some experimental data for the prediction results under low temperature and low-pressure conditions. This may be due to the low solubility of natural gas and the relative measurement deviation under low temperature and low-pressure conditions. Additionally, the presence of residual gases in water may also affect the results. Therefore, as the pressure increases and the solubility increases, this relative deviation would gradually decrease. When the pressure exceeds 100 bar, the deviation of the MH model becomes similar to that of the PR model, with AD around 5%. Therefore, under pure water conditions, the PR model is considered superior to the MH model.
The solubility for N2 is shown in Figures 3A, B, the AADs of the MH, Duan, and PR models are 4.01%, 5.54%, and 4.51%, respectively. After pressure exceeds 500 bar (Figure 3B), the deviation of the PR (Peng-Robinson) model gradually increases. This is consistent with the results of literature research (Moshfeghian et al., 2012; Chabab et al., 2019). The PR equation has received widespread attention from scholars for its concise form, but as the pressure gradually increases, the cubic equation of state shows an increasing bias. The advantage of the Duan model is that it accurately calculates the fugacity of pure gases, but the limitation of the Duan model is that it is only applicable to a limited number of pure gases.
[image: Figure 3]FIGURE 3 | Comparison of different models, (A,B) for N2 solubility in pure water. (C) for C2H6 and (D) for C3H8 solubility in brine. Data source: References (Mishnina et al., 1961; Morrison and Billett, 1952; O'Sullivan et al., 1966; Wiebe et al., 1933).
The deviation of the model in calculating the solubility of gases under brine conditions is shown in Table 6, where the average absolute deviation (AAD) of the model for the solubility of CH4, CO2, and N2 gases is acceptable. The distribution of calculation deviations for C2H6 solubility and C3H8 solubility using the MH model at different mineralization levels is shown in Figures 3C, D. The figure demonstrates that the MH model exhibits higher calculation accuracy compared to the PR model. The average absolute deviations (AAD) of the MH model for C2H6 and C3H8 are 11.7% and 9.5%, respectively. The model’s calculation deviation is the smallest under low-temperature conditions (288.15 K for C2H6 and 285.74 K for C3H8) and increases with temperature. Furthermore, when the mineralization degree exceeds 4 mol/L, the deviation of the model in calculating the solubility of ethane increases. Therefore, the calculation deviation of the MH model is considered acceptable for low temperatures and mineralization levels not exceeding 4 mol/L.
Through the verification of a large amount of experimental data, it can be observed that the gas solubility deviation of this solubility model under high-pressure conditions is primarily distributed within 10%, with some deviations even reaching 5%. This indicates that the calculated dissolution deviation near the hydrate phase equilibrium using this solubility model is acceptable. Although there is a significant deviation in the calculation of solubility under low-pressure and low-temperature conditions in this solubility model, it does not affect the usability of this solubility model since the formation conditions of natural gas hydrates occur under high pressure.
3.2 Relationship of solubility near hydrates
This work employs the MH model, Duan model, and PR model to calculate the gas solubility at the temperature and pressure of hydrate phase equilibrium. The pressure range considered in the calculations is as follows: CH4 (<2,000 bar), CO2 (<2,000 bar), H2S (<23 bar), N2 (<1,000 bar), C2H6 (<33 bar), and C3H8 (<6 bar). The gas solubility at hydrate phase equilibrium is shown in Figure 4. All points in the figure represent three-phase equilibrium (gas-hydrate-liquid water), and the data points are obtained from the literature. The image in Figure 4A can be projected onto the solubility-temperature plane to obtain the linear graph shown in Figure 4B. The relationship between the natural logarithm of solubility and temperature follows a linear equation. Similarly, under brine conditions, the calculations yield a linear relationship, as shown in Figures 5A–C. Therefore, Eq. 29 can be easily derived. Normally, gas solubility decreases with increasing temperature, as depicted in Figure 5D. However, as the temperature of hydrate phase equilibrium increases, the gas solubility also increases, indicating a positive correlation between gas solubility and hydrate formation. Hence, gas solubility can be used to characterize the ease of hydrate formation. In other words, the higher the gas solubility, the higher the temperature at which the hydrate reaches phase equilibrium. This indicates that only a small temperature difference is required, but a significant pressure change is needed in the process of hydrate formation in two different states. However, the gas solubility required to produce hydrates in these two different states can be predicted linearly. In other words, obtaining hydrates at higher temperature conditions requires a higher gas solubility to be triggered.
[image: Figure 4]FIGURE 4 | Gas saturation solubility under given temperature and pressure conditions. Tc is the phase equilibrium temperature; Pc, is the phase equilibrium pressure; mi, is the gas solubility, ln(mi) refers to the natural logarithm of solubility. Data source: References (Servio and Englezos, 2001; Servio and Englezos, 2002). Panel (A) represents the spatial curve of solubility with temperature and pressure, while panel (B) represents its projection onto the temperature and solubility planes.
[image: Figure 5]FIGURE 5 | Solubility in brine condition and the gas solubility with temperature. Data source: References (Sloan and Koh, 2007). m represents solubility, mol/kg; (A) represents the temperature-dependent solubility of methane at different mineralization levels; (B) represents the temperature-dependent solubility of ethane at different mineralization levels; (C) represents the temperature-dependent solubility of carbon dioxide at different mineralization levels, and (D) represents the temperature-dependent solubility of methane in pure water.
In comparison to the experimental data provided by Servio (Servio and Englezos, 2001; Servio and Englezos, 2002), shows in Figure 4B, the experimental and calculated values for CH4 show good agreement. However, there is a significant deviation between the calculated and experimental values for CO2. This can be explained by the adsorption effect of hydrate (Song et al., 1997). This effect causes the aqueous solution to exhibit a supersaturation phenomenon.
3.3 Hydrate phase equilibrium prediction
3.3.1 Pure water setting
The prediction of methane hydrate phase equilibrium state is shown in Figure 6A; Table 7. As the pressure increases, the value predicted by this model is slightly lower than the experimental value, while the Chen–Guo model and CSMGem predict higher values. The curve of this model for CH4 hydrate follows the trend of the experimental data more closely. This shows that the Chen–Guo model and vdWP thermodynamic models have a similar prediction accuracy for methane hydrates, but it is slightly lower than the prediction accuracy of this model.
[image: Figure 6]FIGURE 6 | Comparison of this model with Chen—Guo model and CSMGem models for predicting the phase equilibrium of common gas hydrates.
TABLE 7 | Comparison in pure water and brine setting. Data (Sloan and Koh, 2007).
[image: Table 7]For CO2, the results compared with experimental data are shown in Figures 6B, C. At low-pressure conditions (Figure 6B), the prediction accuracy of this model is similar to that of the Chen Guo model and CSMGem. However, under high–pressure conditions (Figure 6C), there is a significant difference in the prediction performance between this model and the Chen–Guo model and CSMGem. This model demonstrates a better ability to predict CO2 hydrate phase equilibrium state compared to the Chen–Guo model and CSMGem, with an AAD of only 0.02%–0.05%, while the Chen–Guo model has an AAD of 0.65%. The results of the Chen–Guo model are close to those of CSMGem, but the Chen–Guo model outperforms CSMGem for CO2.
The prediction of N2 hydrate phase equilibrium state was validated using experimental data, as shown in Figures 6D, E; Table 7. Under medium and low-pressure conditions (Figure 6D), the average absolute deviation (AAD) of this model is lower than that of the Chen-Guo model. Under high pressure (Figure 6E), CSMGem exhibited a significant deviation. Our model has an average absolute deviation (AAD) of 0.05%–0.11%, while the ChenGuo model and CSMGem have AADs of 0.68%–0.89% and 2.8%, respectively.
From Figures 6C–E, it can be seen that there is a significant difference in the prediction between this model and the thermodynamic models Chen Guo and vdWP(CSMGem). The prediction accuracy of this model can even be more than 10 times that of the latter two models. Firstly, this indicates that the model is more in line with experimental data. Secondly, this may be because the formation process of hydrates is a complex process, and thermodynamic models rely on numerous assumptions and empirical parameters. Finally, this also proves that the linear relationship between gas solubility and hydrate equilibrium temperature is worth studying in this article.
Comparing the predictions of the phase equilibrium state of H2S hydrate using three models in Figure 6F; Table 7, the prediction deviation of this model is only 0.1%, while the prediction deviations of the Chen-Guo model and CSMGem software reach 0.3% and 0.07%, respectively. This indicates that this model has an advantage in terms of prediction accuracy.
The results of C2H6 hydrate are shown in Figure 6G; Table 7. It is observed that the AAD of this model is similar to that of CSMGem and better than that of the Chen–Guo model. The prediction results for C3H8 hydrate phase equilibrium state are presented in Figure 6H. The AAD of Chen–Guo mode is similar to that of CSMGem and higher than that of this model. Similar to the Chen–Guo model, this model exhibits a significant deviation below 270 K, but its accuracy is nearly equivalent to that of the Chen–Guo model above 270 K. This deviation is caused by the conversion of the liquid phase to the ice phase when the temperature is below 273.15 K.
From Figure 6, it can be seen that this model has a significant advantage in predicting the equilibrium state of CO2 and N2 hydrates. The prediction accuracy for several hydrates such as CH4, H2S, C2H6, and C3H8 is similar to that of the thermodynamic models Chen–Guo and vdWP. As this model is derived based on GLE theory, it is only applicable to the equilibrium conditions of Liquid Water-Hydrate-Vapor. When the temperature is lower than 273 K, the system enters the ice-hydrate equilibrium phase. This model, along with the Chen–Guo model, shows a significant deviation in the ice-hydrate system. However, CSMGem exhibits a better prediction accuracy below the freezing point temperature.
3.3.2 Brine setting
The comparison of literature data between this model and the Chen–Guo model and CSMGem in brine is shown in Table 7. It shows that the accuracy of these three models is comparable in predicting CH4 hydrate equilibrium. The AAD (average absolute deviation) of this model for predicting CO2 and C2H6 hydrate equilibrium state is only 0.12%–0.33%, whereas the deviations of the Chen–Guo model and CSMGem reach 0.28%–1.6% and 0.19%–1.9%, respectively.
Under the presence of NaCl, the prediction for the CO2 hydrate is shown in Figure 7A. The distance between the red and blue spheres represents the deviation between this model and the experimental data. The AAD of this model for CO2 hydrate under electrolytes is 0.12%, but the deviation increases significantly when the temperature is below 270 K. As the salinity of electrolytes increases, it can be seen that the deviation progressively increases when the salinity of electrolytes over 4 mol/L. The deviation primarily arises from high concentrations of NaCl.
[image: Figure 7]FIGURE 7 | Prediction of hydrate under different electrolyte NaC1 concentrations. Data source: References (Sloan and Koh, 2007). (A−C) respectively represent the phase equilibrium prediction effects of this model on carbon dioxide hydrates, methane hydrates, and ethane hydrates in different NaC1 systems. The blue ball represents the predicted value of this model, while the red ball represents the experimental value.
The prediction of CH4 hydrate formation under different NaCl concentrations is shown in Figure 7B, and the AAD of this model is 0.33%. Under low pressure (<200 bar) and low concentration NaCl conditions (<2 mol/L), the two sets of colored spheres almost overlap at the same position, indicating that this model has high predictive accuracy for low temperature, low pressure, and low concentration conditions. The deviation of this model gradually increases with an increase in pressure. Additionally, as the concentration of NaCl increases, the deviation of the model’s prediction also gradually increases. The figure demonstrates that electrolytes with concentrations greater than 4 mol/L have a significant impact on the prediction deviation of the model.
This model has a good prediction effect on hydrate under different NaCl mineralization degrees. The results are shown in Figure 7C, and it shows that the prediction results of this model are consistent with experimental data. Even if the NaCl mineralization degree reaches 4 mol/L, the deviation of the model is still small, and the AAD is 0.14%. Therefore, this model has strong prediction ability for C2H6 hydrate in low pressure condition.
In addition, this work also investigated and compared the improved Chen–Guo model and vdWP model, as shown in Table 8. The results show that compared to existing literature, this model has higher accuracy. The CPA, SRK, and PR equations are essentially cubic equations, and they generally exhibit a trend of increasing deviation under high-pressure conditions. Therefore, whether the cubic equation is coupled with the Chen Guo model or the vdWP model, it may exhibit a trend of increasing deviation under high pressure conditions.
TABLE 8 | Comparison with existing literature models for predicting hydrate pressure.
[image: Table 8]From the above results, it is evident that as the mineralization degree increases, the prediction bias of the solubility model also increases, along with an increase in the calculation bias of the hydrate phase equilibrium state prediction model. This observation indicates that the predictive capability of the solubility model has a significant impact on the predictive ability of the hydrate phase equilibrium state model. Therefore, finding a high-precision solubility model for accurately predicting the phase equilibrium of hydrates holds great significance.
This model was used to predict hydrates under brine conditions, and a comparison was made between this model and two other models, namely, the Chen–Guo model and the vdWP model, to assess their calculation deviations. The results showed that this model exhibited higher accuracy compared to the other two models. On one hand, this demonstrates the reliability of the accuracy of this model. On the other hand, it indicates that there is still a strong linear relationship between gas solubility under brine conditions and the hydrate phase equilibrium temperature. As the salinity increases, the deviations of this model also gradually increase. This may be due to the fact that the calculation deviations of the solubility model also increase with increasing salinity. Additionally, it is known that salts act as hydrate inhibitors. Therefore, evaluating hydrate inhibitors could be a potential future application of this model.
4 CONCLUSION
This work investigates the relationship between the phase equilibrium state of hydrate and gas solubility. A prediction model for hydrate phase equilibrium state was constructed based on gas solubility. Firstly, a solubility model based on gas liquid equilibrium theory was constructed and compared with the PR equation and Duan model. The results showed that the MH can predict the gas solubility of CH4, CO2, and N2 within the range of 0–2,000 bar. The deviation between the MH model and the Duan model is less than 2%. In the temperature range of 285–303 K and the NaCl concentration range of 0–6 mol/kg, the deviation of the MH model for CH4, CO2, and N2 ranges from 0% to 5%. The deviation of the MH model for C2H6 solubility increases with higher temperature and mineralization. The MH model outperforms the PR model in calculating the solubility of C2H6 and C3H8 in brine, within the recommended range of salinity 0–4 mol/kg.
Furthermore, this study has found that as the temperature of the hydrates phase equilibrium increases, the gas solubility also increases. There is a strong linear relationship between the natural logarithm of gas solubility and the temperature of hydrate phase equilibrium. By utilizing this linear relationship, an empirical model for predicting the hydrate phase equilibrium state has been constructed. Comparing it to the classical Chen–Guo model and the vdW (CSMGem software) model, it was found that this model can achieve more than 10 times the accuracy of the Chen–Guo model in predicting the phase equilibrium of N2 and CO2 hydrates. Under the condition of 5–20wt% NaCl in brine, has an AAD of only 0.02%–0.05% and higher accuracy compare to the Chen–Guo model and CSGem software. This model is suitable for predicting hydrates of methane, ethane, propane, nitrogen, and hydrogen sulfide.
The proposed model in this work is based on gas solubility and applicable to conditions with Water-gas-hydrate system, such as natural gas pipelines. However, due to the lack of experimental data, the phase equilibrium of hydrates of C3H8, N2, and H2S under brine conditions was not predicted and compared in this work. This will be our focus in future work. In addition, this model may have potential applications in the evaluation of hydrate inhibitors.
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