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During throttling and pressure reduction, hydrates can form due to changes in pipeline pressure, particularly in natural gas with high water content. The formation of hydrates obstructs gas flow, even in minimal quantities, resulting in elevated differential pressure and accelerating hydrate formation, which leads to technical challenges such as diminished production and pressure retention. This study introduces and verifies a multi-field coupling risk prediction model for hydrate blockages in natural gas pipelines. The model integrates the temperature field, pressure field, multiphase flow theory, and hydrate clogging theory. Based on this foundation, the impacts of inlet temperature, pressure, and gas volume on the formation of hydrates in pipelines were analyzed, and the most vulnerable blocked point and the maximum formation rate were determined for different sensitivity factors. The results show that elevated inlet pressure and reduced inlet temperature enhance the maximal hydrate formation rate, while gas volume exerts a negligible influence. And increasing gas transport will move the most susceptible blockage point downstream. Finally, the original model is used to forecast actual gas hydrate plugging using time discretization and iterative calculation approaches.
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1 INTRODUCTION
At the moment, the world’s energy structure is in transition. Natural gas is a clean energy source with a high calorific value of burning, low emissions, and low pollution levels, making it a desirable transitional energy source in the current energy system (Hu et al., 2023). Natural gas has become an essential energy source for both industrial and domestic use. In addition to focusing on development and extraction, attention must also be given to the safety and efficiency of natural gas transmission (Foster Natural Gas Report group, 2013). The transportation mode of natural gas has its characteristics, including pipeline transmission, liquefied natural gas transmission, and natural gas compression transmission. Pipeline transportation is the most prevalent method employed. While pipeline transportation is typically regarded as a secure and economical method of conveyance, it nonetheless presents possible safety hazards. It could lead to significant consequences for people, the environment, and property (Markiewicz, 2024). The diverse characteristics of the fluid in question, coupled with the complex fluctuations in temperature and pressure that occur during the process of gas collection, render hydrate formation a significant risk factor for the safe operation of gas collection (Chen et al., 2020; Abbasi and Hashim, 2016). Natural gas hydrate is a crystalline structure composed of hydrocarbon gas and water that forms under high-pressure and low-temperature conditions (Zhou et al., 2023). In 1934, Hammerschmidt initially identified that gas hydrates might obstruct gas pipelines (Hammerschmidt, 1934). The formation of a small quantity of hydrate will narrow the gas flow path, cause throttling, and subsequently accelerate hydrate formation (As shown in Figure 1). A significant buildup of hydrates can obstruct pipeline valves and equipment, resulting in complications such as diminished production, production interruptions, pressure hold-ups in gas-gathering pipelines, and potentially grave pipeline incidents and fatalities (Tang et al., 2020; Sun et al., 2021). However, during gas hydrate formation, the temperature, pressure field, and fluid flow state are in a dynamic change process (Wang et al., 2023; Simon, 2023; Misyura, 2022). To clarify the mechanism of gas hydrate plugging and reduce the safety risk in the pipeline transportation process, it is necessary to investigate the risk of gas pipeline hydrate plugging through coupled calculations of temperature and pressure fields, multiphase flow theory, and the gas hydrate growth and plugging model.
[image: Figure 1]FIGURE 1 | Natural gas transport pipeline and hydrate blockage process.
Up to now, a significant body of research has been conducted on calculating gas-gathering pipelines. Sehorre proposed the first equation to predict the temperature change of pipelines in 1954 (Schorre, 1954); Englezos et al., in 1987 employed a modified V-B experimental setup to measure the growth kinetic data for methane and ethane. This data was then used to derive a hydrate kinetic model (Englezos et al., 1987); Erik M. Freer obtained the kinetic parameters of methane hydrate formation in his measurements, revealed that the growth rate of hydrate is proportional to the degree of supercooling, and proposed a simultaneous consideration of heat transfer and kinetic hydrate formation model (Freer et al., 2001); Hashemi et al. proposed a hydrate growth driver based on the gas hydrate formation concentration at experimental temperature and experimental pressure, assuming a vapor-liquid water equilibrium as well as a hydrate-liquid water equilibrium under the same conditions (Hashemi et al., 2007). Sebastien Bergeron and Phillip Servio incorporated this new driving force into an adapted edition of the Englezos model. This led to the development of a novel kinetic model for hydrate growth (Bergeron and Servio, 2007). In order to eliminate the uncertainty value of the dissolution rate at the gas-liquid-water interface, Bergeron et al. also proposed an alternative formulation of the hydrate growth model based on an experimental study of a semi-intermittent stirred kettle reactor (Englezos et al., 1987); Sonne et al. modeled a condensate transmission pipeline and concluded that the critical dependence of pipeline gas hydrate is on liquid-holding capacity, shear rate, and hydrate content (Bergeron and Servio, 2009); Kishimoto observed hydrate crystal growth and measured the lateral growth rate of the hydrate film (Sonne et al., 2009); The experiments conducted by Webb revealed a notable increase in viscosity during the formation of slurry hydrates (Kishimoto et al., 2011); Rao et al. studied the process of hydrate formation and deposition on pipe walls in saturated aqueous methane systems (Webb et al., 2012); Sanjeev V. Joshi proposed a gas hydrate plugging mechanism for purely aqueous systems (Rao et al., 2013); Kvamme analyzed the mechanism of hydrate formation when water and impurities are carried during the transportation of natural gas through pipelines (Joshi et al., 2013); Masoumeh Akhfash observed the formation of hydrates in sapphire autoclave equipment observed the hydrate particle generation-deposition process and proposed a conceptual mechanism for hydrate plug formation in partially dispersed oil-water systems based on the findings (Kvamme et al., 2016); Liu et al. developed a model for assessing the degree of wellbore plugging used for deep-water gas well testing, and analyzed the different degrees of influence of the gas production rate, the methanol concentration, and the rate of water production on the hydrate plugging (Akhfash et al., 2016); Klymenko et al. developed a model for assessing the degree of hydrate plugging in deep-water gas wells based on the Aspen Hysys to simulate the process of changing thermodynamic parameters of the supply fluid and hydrate deposits in the pipeline (Liu et al., 2018a).
Based on the relevant knowledge of the existing research on gas hydrate pipeline plugging, it is found that previous research has not adequately considered the dynamic changes of critical factors such as temperature, pressure, and flow pattern during the formation of natural gas hydrate. Therefore, this paper will use numerical simulation to build a multi-physical field model and carry out coupling calculations. Finally, to ensure the accuracy and reliability of the model, the results were compared concerning the existing literature.
2 HYDRATE PLUGGING PREDICTION MODEL
The temperature and pressure distribution within the gas collection pipeline, along with the phase equilibrium conditions of the gas hydrate, are crucial in forecasting the risk of hydrate formation. The phase equilibrium of the gas hydrate is predominantly influenced by the fluid composition as well as the type and concentration of inhibitors (Klymenko et al., 2022). By calculating the pressure, temperature, and hydrate phase equilibrium conditions, a prediction method for hydrate formation in transport pipelines can be established (Zhang et al., 2024). In the context of natural gas pipeline transmission, the potential for hydrate formation can be determined by comparing the pipeline’s temperature and pressure with the hydrate phase equilibrium conditions. When the natural gas gathering pipeline contains water, the pressure is higher than the hydrate phase equilibrium pressure, and the temperature is lower than the phase equilibrium temperature, the environment is considered favorable for hydrate formation, and then there is a risk of hydrate formation in the pipeline (Wei et al., 2019; Wang et al., 2014). Under conditions where hydrates can be generated, the risk of hydrate generation can be judged by the degree of subcooling, which is the variance between the tube flow temperature and the hydrate phase equilibrium temperature. The higher the subcooling, the higher the risk of hydrate generation (Cai et al., 2018; Bykov et al., 2022).
Considering the actual situation, assumptions are made for the evaluation model of hydrate deposition in gathering and transportation pipelines as follows:
(1) The flow within the pipeline is a stable, one-dimensional flow of compressible fluid;
(2) During a long stability period, the phase transition heat generated by the hydrate itself is smaller than the external exchange heat of the pipeline, and it can be approximated that the external ambient temperature of the pipeline remains unchanged.
2.1 Multiphase flow model
The multiphase flow model mainly consists of two parts: the continuity equation and the motion equation (Wei et al., 2018), which are respectively introduced below:
(1) Continuity equation
The basic flow equation is established: a section of fluid with length dz is considered as the control volume for the continuity equation, as shown in Figure 2. The fluid in the control body is analyzed. Fluid inflows from Section 1.1 and outflows from Section 2.2.
[image: Figure 2]FIGURE 2 | Continuity equation control body.
Given the cross-sectional area of the flow channel A, in dt time, the law of conservation of mass in Equation 1 can be obtained:
[image: image]
After simplification, the gas phase continuity equation in this state can be obtained, which can be sorted into tensor equation (Equation 2):
[image: image]
Similarly, the liquid phase continuity equation in this state can be obtained, and its tensor equation is as Equation 3:
[image: image]
ρl represents density of the liquid phase, kg/m³; ρg represents the gas phase density, kg/m³; vl stands for velocity of the liquid phase, m/s; vg stands for velocity of the gas phase, m/s; αl table liquid holdup, dimensionless; αg indicates gas retention, dimensionless.
(2) Momentum equation
According to the stress of the model, the tensor form that controls the momentum equation of the gas phase in the body can be constructed (Equation 4):
[image: image]
Similarly, the equation in tensor form controlling the motion of the liquid phase is Equation 5:
[image: image]
Equation 6 of the motion equation of gas-liquid two-phase mixed fluid can be obtained by adding the two formulas:
[image: image]
To facilitate simplification, the shear stress between the gas-liquid two-phase mixed fluid and the wall is written in the form of friction as in Equation 7:
[image: image]
Therefore, the tensor form of the gas-liquid two-phase motion equation in the well is Equation 8:
[image: image]
ρm represents the average density of the two-phase fluid, kg/m³; vm stands for the average velocity of a two-phase fluid, m/s; p represents local pressure in the tube, Pa; fF indicates the coefficient of resistance along the pipeline; D indicates pipe diameter, m; V indicates flow rate of two-phase fluids, m/s.
2.2 Pipeline pressure variation model
A model of the pressure variation in the process of natural gas transport is established (Jiang et al., 2022). Assuming that the pipeline flow is a one-dimensional stable flow problem of compressible fluid, using the Weymouth formula (Adeosun et al., 2009) to calculate pressure distribution, namely Equation 9:
[image: image]
Starting at the inlet of the gas collection pipeline, the pressure gradually decreases with pipe extension, with a more rapid decline noted near the terminal. Therefore, in the gas collecting pipe, the pressure does not change in a straight line. Where P1、P2 respectively represent the starting point pressure, the final point pressure, Pa; [image: image] denotes the overall length of the gathering pipeline. m.
2.3 Pipeline temperature variation model
Drawing from the principles of energy conservation and the heat conduction equation, a temperature distribution model for the pipeline is formulated (Wang et al., 2014; Cai et al., 2018). At the place where the starting point is [image: image], a microelement tube section is selected, and the heat lost by the medium in the tube section to the surrounding soil per unit of time equals the heat discharged by the medium, namely Equation 10:
[image: image]
After separating variables, integral is performed, and finally solved, we can obtain Equation 11:
[image: image]
Where a is shown in Equation 12:
[image: image]
Where M denotes the mass flow rate of the medium, kg/s; [image: image] signifies the specific heat capacity of the medium, J/(kg·K); dT represents the temperature change, K; K is the heat transfer coefficient, W/(m2·K); D represents pipe diameter, m; [image: image] represents the length of the distance from the starting point, m. [image: image]、 [image: image]、 [image: image] respectively represents the medium temperature from the starting point, the starting point temperature, and the surrounding soil temperature, K.
2.4 Hydrate growth and plugging model

(1) Thermodynamic model for hydrate growth
From a thermodynamic perspective, the formation of natural gas hydrates is contingent upon the following conditions: the presence of water and hydrocarbon gases that can form hydrates; temperature and pressure conditions conducive to the formation of hydrates; and the existence of a center within the fluid that facilitates the crystallization of hydrates. Each gas has a critical temperature below which hydrates will form. At temperatures above this threshold, regardless of the pressure, the formation of hydrates is precluded. Similarly, at a certain temperature, each gas also has a corresponding critical pressure. If the pressure is higher than this threshold, hydrates will form, which will subsequently result in a blockage (Wei et al., 2021). As shown in Figure 3.
[image: Figure 3]FIGURE 3 | Hydrate aggregation and blockage process.
This article will use the Chen Guo model (Chen et al., 2000). Chen and Guo proposed a two-stage hydrate formation mechanism different from the van der Waals Platteeuw model: guest molecules and water molecules generate stoichiometric basic hydrates through quasi-chemical reactions. Then, some small gas molecules adsorb in the cavity where the basic hydrate exists, resulting in the nonstoichiometric nature of the hydrate. The calculation formula for the fugacity of guest molecule i (Equation 13) was given using statistical thermodynamics:
[image: image]
Where Δμ is calculated according to the following Equation 14:
[image: image]
In the equation, λ1 represents the number of small pores per unit of water molecule; λ2 represents the number of large pores per unit of water molecule; Δμ0 represents the difference in chemical potential between the empty hydrate phase and the aqueous phase; Δh0 indicates the molar enthalpy difference between the empty hydrate phase and the aqueous phase; ΔV0 represents the molar volume difference between the empty hydrate phase and the aqueous phase; ΔCp represents the specific heat resistance between the hydrate phase and the aqueous phase; [image: image] represents the fugacity of a liquid aqueous solution (or ice); [image: image] Indicates the turbidity of pure liquid water (or ice).
Combined with the fraction xi of component i, the thermodynamic formation model of hydrate can be derived as Equations 15, 16:
[image: image]
[image: image]
(2) Kinetic model of hydrate growth
Kinetically, hydrates form through both nucleation and growth processes. Nucleation refers to the process in which the micro-hydrate crystal attempts to reach a critical size, which is a random micro-scale process that cannot be detected from the macro level and represents the beginning of a phase transition. The degree of supercooling is defined as the difference between the phase equilibrium temperature (Teq) of hydrate formation and the actual temperature (Tx) under a certain pressure. A hydrate nucleus is formed at the time interval when the subject molecule meets the guest molecule, and this interval is the induction time. The generation of natural gas hydrates is dependent on the pressure and liquid flow rate within the flow regime. The processes of hydrate nucleation and growth occur simultaneously, and the degree of supercooling can be expressed as Equation 17:
[image: image]
On this basis, the induction time is used to evaluate the ability of the supersaturated system to maintain a metastable equilibrium state, and the induction time model and the intrinsic dynamics model are generated by combining water and matter. Through simplification, Equation 18 can be obtained:
[image: image]
Where n represents gas consumption, mol; K* represents the total rate coefficient of hydrate formation, mol/(m2·MPa·s); Ap represents the surface area of hydrate particles, m2; f represents gas fugacity, MPa; feq is the fugacity of gas at three-phase equilibrium, MPa; kr represents the reaction rate coefficient, mol/(m2·MPa·s); kd represents the mass transfer coefficient, mol/(m2·MPa·s); kL stands for liquid layer mass transfer coefficient, m/s; A(g-l) represents the gas-liquid contact area, m2; cw0 is the initial concentration of water molecules, mol/m³; xint represents the interfacial liquid phase molar fraction; Quantity fraction of xb liquid phase substance.
(3) Hydrate plugging model
During the gas collection process, it is crucial to pay attention to the deposition of hydrate particles that result from liquid droplets on the inner surface of the tube. Free water on the pipe wall causes hydrate particles to adhere more strongly to the pipe wall than other hydrate particles. It has been shown that inhibition of hydrate formation and aggregation can also be achieved by increasing the flow rate to enhance gas perturbation. The following Equation 19 can be used to calculate the hydrate particle deposition rate per unit length of pipe:
[image: image]
In the process of hydrate deposition on the wall of the pipe to form a constantly growing hydrate film, the diameter of the pipe decreases at the following rate (Equation 20):
[image: image]
Hydrate film thickness (Equation 21):
[image: image]
The blockage rate is Equation 22:
[image: image]
WhereΔTsub and Teq represent supercooling degree and phase equilibrium temperature respectively, K; Rhd stands for gas pipeline hydrate production, mol; rf stands for effective pipe diameter, m; k1 represents the kinetic constant without dimension; k2 denotes the activation temperature for the formation of hydrates, K; ρh represents the density of hydrate, kg/m³; u stands for empirical coefficient, without dimension; δh represents the deposit thickness of the hydrate layer, m; δD represents the plugging rate, i.e., the extent of gas line blockages.
3 MODEL SOLVING AND VERIFICATION
3.1 Model solving
A predictive and evaluative model of hydrate plugging, which includes some nonlinear equations, has been presented above. We segmented the pipeline into a limited number of sections based on its length. Because of the interrelated relationship between pressure, temperature, multiphase flow, and the rate of hydrate deposition in the pipeline, a coupling mathematical model is established by linking the multiphase flow model, the pressure variation model, the temperature variation model, and the hydrate growth and plugging model, and the iterative method is adopted to solve the problem. Based on this, the region where hydrate formation occurs is identified, and the influence of relevant parameters is analyzed. The division of nodes and the solving process are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Gathering and transportation pipeline grid division.
Meanwhile, according to actual, the initial conditions for solving the above model can be obtained as in Equation 23:
[image: image]
The boundary conditions are Equations 24, 25:
[image: image]
[image: image]
Where Px(0) indicates the pressure at the beginning of the pipeline, Pa; Px(l) indicates the end-point pressure at l, Pa; Tx(0) indicates the temperature at the start of the pipeline, K. Calculated from the starting to the endpoint.
3.2 Model verification
To validate the accuracy of the proposed theoretical evaluation model and numerical simulation calculation, the actual data of an onshore pipeline mentioned in the reference (Liu et al., 2018b) in this paper was first used for calculation under the following conditions: The pipeline length is 150 km, the inner diameter of the pipeline is 0.7 m, the relative density of natural gas is 0.632, the starting pressure is 3.5 MPa, the starting temperature is 313.15 K, the mean daily gas delivery is 180 × 104 m3, the mean daily water production is 2.72 m3, and the ambient temperature is 263.15 K. The gas components of the pipeline are shown in Table 1. The model calculation results for the data of the onshore pipeline are shown in Figure 5.
TABLE 1 | Gas components of the pipeline.
[image: Table 1][image: Figure 5]FIGURE 5 | Model calculation result.
The calculated end pressure of the onshore pipeline is 2.33 MPa, and the actual end pressure of the onshore pipeline is 2.23 MPa. The calculated end temperature is 265.70 K, and the exact temperature is 264.98 K. The average pressure error is 4.19%, and the average temperature error is 6.7%, which is within the allowable error range. The hydrate generation starting point is 71.67 km, and the actual hydrate generation starting point is 68.91 km, leading to a calculated difference of 4.01%.
To validate the model further, the pipeline data in reference (Wang, 2015) of this paper was calculated. The calculation conditions are as follows: The pipeline length is 200 km, the inner diameter of the pipeline is 0.5 m, the relative density of natural gas is 0.702, the starting pressure is 9 MPa, the starting temperature is 323.15 K, the mean annual gas delivery is 1.5 × 109 m3, and the ambient temperature is 278.15 K. The gas components of the pipeline are shown in Table 2. The model calculation results of the data for the onshore pipeline are shown in Figure 6.
TABLE 2 | Gas components of the pipeline.
[image: Table 2][image: Figure 6]FIGURE 6 | Model calculation result.
The calculated onshore pipeline terminal pressure is 6.85 MPa, while the actual onshore pipeline terminal pressure is 6.57 MPa. Similarly, the calculated terminal temperature is 274.81 K, while the actual temperature is 274.8 K. The average pressure error is 3.76%, and the average temperature error is 5.69%. These values fall within the allowable error range. The comparative results of the two pipelines verify the accuracy of the theoretical model and numerical simulation, indicating that the evaluation model and calculation method of hydrate generation in the natural gas gathering and transportation pipelines formed in this paper are highly accurate.
4 ANALYSIS OF SENSITIVITY FACTORS
Based on verifying the reliability of the established gas hydrate plugging prediction model, a large-scale numerical simulation was carried out based on the concentration and transportation data of an onshore gas field, and sensitivity analysis was carried out to clarify the critical parameters of pipeline flow for the pipeline plugging response. Table 3 shows the calculation parameters related to the natural gas transportation of a trial pipeline.
TABLE 3 | Basic pipeline and calculation parameters.
[image: Table 3]Based on the above predictive model of gas hydrate blockage in the transport pipeline, the influence laws of inlet pressure, inlet temperature, and gas volume were analyzed (Jiang et al., 2022; Adeosun et al., 2009; Wei et al., 2021). The sensitivity analysis is depicted in Table 4.
TABLE 4 | Sensitivity analysis table.
[image: Table 4]4.1 Inlet pressure
Under the conditions of inlet pressures of 5.5 MPa, 6 MPa, and 6.5 MPa, respectively, the temperature, pressure, density, and hydrate generation rate of concentration and transportation pipelines at different inlet pressures were calculated, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | The variation rule under different wellhead pressure conditions. (A) Pressure, (B) Temperature, (C) Total density, (D) Molar hydrate formation rate.
As can be seen from Figure 7, as the inlet pressure rises from 5.5 MPa to 6.5 MPa, the increase in overall density causes the pressure loss to increase continuously, and the overall change trend of the hydrate generation rate is the same, which increases first, then decreases, and finally tends to a fixed value. At the same time, the maximum generation rate point exists in the simulated pipeline concentration and transportation process. The lateral distance corresponding to the maximum rate of hydrate formation is inversely proportional to the change in pressure. The main reason is that the increase in pressure causes the critical temperature of hydrate formation to rise, thus accelerating the rate of hydrate formation and making the blockage phenomenon appear in advance.
Figure 7 results of hydrate formation rate show that when the inlet pressure is 5.5 MPa, 6 MPa, and 6.5 MPa, hydrate will be formed in the whole pipe section. However, since the change in pressure is proportional to the hydrate formation rate, at 5.5 MPa, 6 MPa, and 6.5 MPa, the corresponding maximum hydrate formation rates are 0.98 × 10−10 m3/h, 1.099 × 10−10 m3/h, and 1.24 × 10−10 m3/h, respectively, and the corresponding transverse axis distances are 2,568, 2,110, and 1783 m, respectively. It can be found that the transverse axis distance and the maximum hydrate formation rate increase slightly. The results show that the rate of hydrate formation increases nonlinearly with the growth of pressure. Based on the analysis above, it can be concluded that while the natural gas pipeline is in operation, the lower inlet pressure will reduce the maximum hydrate generation rate and, at the same time, the position that is most likely to be blocked after the formation of hydrate will shift to the end, which is conducive to reducing the risk of gas hydrate plugging.
4.2 Inlet temperature
Under the conditions of initial flow temperatures of 266.15 K, 273.15 K, and 280.15 K, respectively, the temperature, pressure, density, and hydrate generation rate of concentration and transportation pipelines at different inlet temperatures were calculated, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | The variation rule under different wellhead temperature conditions. (A) Pressure, (B) Temperature, (C) Total density, (D) Molar hydrate formation rate.
The density results depicted in Figure 8 clearly illustrate that as the inlet temperature rises from 266.15 K to 280.15 K, there is a notable decrease in total density from the initial to the final station along the pipeline. Moreover, the extent of this decrease diminishes progressively from the starting point to the endpoint. This pattern is primarily attributed to the increase in inlet temperature, which enhances the amount of heat the fluid carries through the pipeline over time, subsequently raising the temperature throughout the entire gathering system. Nonetheless, owing to heat dissipation, the temperature of the flow consistently drops. If the pipeline is extended indefinitely, the flow temperature will eventually converge to the same 263.15 K as the ambient temperature, and the change law of the flow temperature plays a dominant role in the change of the total density.
As shown in Figure 8, hydrates will be generated in the whole pipe section when the inlet temperature is 266.15 K, 273.15 K, and 280.15 K. However, it is evident from the calculated results of the hydrate generation rate that the hydrate generation rate has a maximum value in the concentration and transmission processes. As the temperature increases, the most easily clogged position corresponding to the maximum hydrate generation rate will move backward. The maximum rate of hydrate formation tends to a certain value, which not only indicates that the degree of blockage of the pipeline will gradually decrease but also confirms that the increase in temperature is conducive to preventing the formation of hydrate. Drawing from the preceding analysis, it is evident that a higher inlet temperature in the natural gas gathering pipeline operation process will narrow the hydrate generation range and reduce the degree of supercooling during hydrate formation. This makes it more likely for blockages to occur at the end after hydrate generation shifts. Therefore, a higher flow temperature will help ensure safety in preventing and controlling hydrates during the concentration and transportation processes.
4.3 Gas transmission
Under the conditions of gas volumes of 0.5 × 104 m3/d, 1 × 104 m3/d, and 1.5 × 104 m3/d respectively, the temperature, pressure, density, hydrate generation rate of concentration, and transportation pipelines at different gas volumes were calculated, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | The change rule under different collecting and transporting capacity. (A) Pressure, (B) Temperature, (C) Total density, (D) Molar hydrate formation rate.
It can be seen in Figure 9 that as the gas transmission increases from 0.5 × 104 m³/d to 1.5 × 104 m³/d, the temperature drop keeps decreasing, and the total density keeps increasing. The increased range is more extensive than that of pressure and temperature. Different from the changing trends in temperature and pressure, the maximum formation rate of hydrate is similar. They are 9.91 × 10−11 m3/h, 9.56 × 10−11 m3/h, and 9.23 × 10−11 m3/h, respectively, and the corresponding transverse distances gradually move backward to 1361 m, 2837 m, and 4368 m, respectively, indicating that the change of gas transmission is inversely proportional to the transverse distance corresponding to the maximum rate of hydrate formation. The specific reason is that after the gas transmission is reduced, there is an adequate heat exchange between the inside of the pipe and the outside world, which reduces the temperature of the fluid and the critical pressure for hydrate formation, resulting in the formation in advance and thus blocking the pipeline.
In Figure 9, hydrate formation and blockage occurred in the whole process when the gas volume was 0.5 × 104 m³/d, 1 × 104 m³/d and 1.5 × 104 m³/d, and the maximum total density was 89.20 kg/m3, 86.94 kg/m3 and 86.53 kg/m3, respectively. The temperature variation trend was the same as the total density. The overall temperature drop was 289.75 K, 286.59 K, and 285.32 K, respectively, and the decreasing range of the two factors was constantly decreasing. Comprehensive analysis shows that higher gas transmission can reduce the mixing density of the fluid in the pipeline to reduce temperature drop loss, which helps to reduce the incidence of pipeline blockages caused by gas hydrates.
5 CASE ANALYSIS
Using the gas hydrate concentration and transportation pipeline clogging prediction model established in this paper, a numerical simulation was carried out on an oil field external transportation pipeline currently in operation. The essential data on the external transportation pipeline is shown in Table 5.
TABLE 5 | Essential data.
[image: Table 5]The curves of temperature, pressure, density, and hydrate formation rate obtained through model calculation are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Calculated results of temperature, pressure, total density, and hydrate formation rate.
This can be seen in Figure 10. When operating this pipeline, temperature, pressure, and total fluid density continue to drop, with a pressure drop of 0.95 MPa and a temperature drop of 274.66 K. At the same time, gas hydrate blockage occurs at 16.33 km, and the hydrate generation rate keeps increasing. The original model was discretized about time and iteratively calculated to predict further the 6 h, 12 h, and 24 h plugging rates, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Blockage rate at 6 h, 12 h and 24 h.
With the increase in pipeline operation time, the plugging rate increases from 0.016 to 0.062, indicating that the potential for hydrate blockage is increasing. This is because the formation of hydrates will narrow the gas flow path, produce throttling, increase the pressure difference in the pipeline, and accelerate the formation of hydrates, so as the running time of the pipeline increases, the amount of hydrate formation increases, making the clogging rate increase. However, compared with the pipe volume, the amount of gas hydrate production is less, and the overall plugging risk is negligible. At this time, the phenomenon of hydrate clogging the pipeline can be avoided by adding a small number of inhibitors (methanol, ethylene glycol, etc.), increasing the inlet temperature, reducing the inlet pressure, and slightly increasing the gas transmission.
6 CONCLUSION
This article introduces a predictive model for blockages in pipelines gathering and transporting natural gas hydrates. Developed through a multi-physical field coupling approach, the model evaluates how variations in inlet temperature, pressure, and gas volume affect the likelihood of hydrate formation and subsequent blockages in natural gas pipelines. On this basis, the risk of gas hydrate plugging is forecast according to the actual case. The research results presented in this paper can be summarized as follows:
(1) Coupled with the multiphase flow model, pipeline temperature and pressure model, and hydrate growth and plugging model, a gas hydrate blockage risk prediction model was established. The model’s accuracy was confirmed through actual working conditions. The pressure and temperature errors between the model and the actual working conditions were 4.19% and 7.6%, respectively, which were within the allowable range of errors.
(2) The sensitivity factors were analyzed by using the prediction model of gas hydrate plugging. The analysis results showed that as the inlet temperature decreased, the most easily blocked position of hydrate would move backward, and the maximum rate of hydrate generation would tend to a certain value, indicating that the degree of pipeline plugging would gradually increase; pressure changes correlate directly with the rate of hydrate formation, which increases nonlinearly as pressure rises. While the impact of gas flow on the maximum hydrate formation rate is minimal, there is an inverse relationship between gas flow and the most easily blocked position corresponding to the maximum rate of gas hydrate formation. Therefore, higher gas transmission can reduce the mixing density of fluids within the pipeline and mitigate temperature loss, effectively lowering the risk of hydrate blockages.
(3) Based on the established model, the discretization of time and iterative calculation can be carried out to obtain the gas hydrate plugging rate under different pipeline operating times. The plugging rate can be used to comprehensively evaluate the gas hydrate plugging risk and take corresponding measures to prevent the blockage phenomenon.
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