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With the development of economy and industry, the consumption of fossil energy is gradually increasing. Currently, natural gas hydrates (NGH) are considered to be an ideal alternative energy due to its large reserve and high energy density. However, the separation of hydrate slurry is a critical step in the exploitation of NGH. In this study, the optimization of the structural parameters based on the conventional three-phase hydrocyclone was carried out using numerical simulation and orthogonal design. At the same time, the separation efficiency criterion E was defined to evaluate the separation efficiency by calculating the sum of the discharge efficiency of water and gas. Analysis of the effect of individual structural factors on the flow field distribution characteristics inside the hydrocyclone using the single factor analysis method. The results showed that: with the combination of structural parameters of s was 2 mm2 × 12 mm2, dz was 28 mm, h was 20 mm, and li was 28 mm, the maximum E of the three-phase hydrocyclone was 1.46. The effect significance of each structural parameter on the separation efficiency from the highest to the lowest was the s, dz, h, and li. In the single-factor analysis, when the s was 2 mm2 × 12 mm2, the tangential velocity, axial velocity, and CH4 volume fraction in the flow field reached the maximum of 13.65 m/s, 4.35 m/s, and 12.4%, respectively. But the minimum water phase volume fraction was 69.9% under this structural parameter condition. When the dz was 36 mm, the maximum decrease value of axial velocity in the flow field was 3.57 m/s, the maximum CH4 volume fraction was 12.4%, and the water volume fraction reached a minimum of 66.3%. The li and the h only had significant effects on the axial velocity and the water volume fraction, respectively. The axial velocity reached a maximum of 4.75 m/s when the li was 32 mm, and the water phase volume fraction reached a maximum of 77.9% when the h was 10 mm. The study of the structural parameters and flow field characteristics of this three-phase hydrocyclone applicable to the solid fluidization exploitation of NGH provides some guidance and suggestions for the separation of hydrate slurry after solid fluidization exploitation of NGH.
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1 INTRODUCTION
With the development of economy and industry, the consumption of fossil energy is increasing year by year. According to statistics, the total global first-time energy consumption in 2018 was 14,301 million tons of oil equivalent, of which oil accounted for 31%, coal for 26%, and natural gas for 23% (Zou et al., 2016; Liang et al., 2020). The massive consumption of fossil fuels posed a great limitation to industrial and economic development and caused serious environmental pollution. Therefore, finding an alternative energy source with large reserves is the key to solving the current energy problem. Natural gas hydrates (NGH) is a kind of natural gas resource buried in the alpine permafrost and deep sea bottom, which has the characteristics of large reserve, wide distribution, high energy density, and clean combustion (Song et al., 2014; Wang et al., 2020). It is estimated that the proven reserves of NGH are 0.82 m3 × 1013 m3–2.10 m3 × 1015 m3 (at STP conditions), which is twice as much as the total reserves of fossil energy such as coal, oil, and natural gas (Li and Miao, 2014; Wei et al., 2020; Chang et al., 2021). NGH is an ice-like crystal structure composed of guest molecules under certain temperature and pressure conditions, and 1 m3 of NGH can store about 164 m3 of natural gas in the standard state (Chong et al., 2016; Chen et al., 2019). As a result, NGH is an alternative energy source with great potential.
At present, the exploitation of NGHis the focus of research in various countries. The United States, Canada, Japan, Russia, and China have all conducted test exploitation studies on NGH (Zhao et al., 2021; Chen et al., 2020). The methods applied by countries in the process of NGH test exploitation include depressurization, thermal excitation, chemical injection, and so on (Chuang et al., 2001; Song et al., 2015; Aminnaji et al., 2017; Cui et al., 2018). The depressurization method is to change the pore pressure of the hydrate reservoir, so that the reservoir pressure in the exploitation area is lower than the pressure condition for hydrate formation, thereby inducing the decomposition of NGH and releasing methane gas (Wang et al., 2018). The depressurization method does not require external energy and is considered to be the most economical method for the exploitation of NGH. However, according to the law of conservation of energy, in the process of exploiting NGH using the depressurization method, the decomposition of hydrate needs to absorb a lot of heat, which leads to the secondary generation of NGH, and then clogs the pipeline, resulting in low exploitation efficiency (Wang, 2019; Liu et al., 2021). The thermal excitation method is to inject heat into the NGH exploitation formation, so that the temperature of the formation is higher than the phase equilibrium temperature of NGH. The thermal exploitation method can control the decomposition rate of NGH by controlling the injection heat (Zhan et al., 2014; Wang et al., 2017). However, the method results in significant energy loss and high exploitation costs. The chemical injection method is to inject chemical reagents into the exploitation reservoir through special equipment, so as to change the phase equilibrium conditions of NGH in the reservoir to induce hydrate decomposition. However, this method is easy to cause environmental pollution and has the problem of high exploitation costs (Yang et al., 2019; Hou et al., 2021).
In order to solve the problems existing in the process of NGH exploitation, Zhou (Zhou et al., 2017a; Zhao et al., 2017) proposed solid fluidization exploitation method for NGH. The solid fluidization method is to crush the hydrate mineral into fine particles by means of high-pressure jet or mechanical crushing, and then mix it with seawater and transport it to the offshore platform through closed pipelines for later separation and treatment (Zhou et al., 2014). The solid fluidization method can exploit the hydrate reservoir in situ in the hydrate exploitation area and transport the hydrate particles through a closed environment. The phase equilibrium conditions of NGH are not broken during the whole exploitation process, and the uncontrollable decomposition of hydrate in shallow submarine without enclosed structure is changed to the artificially controlled decomposition of hydrate in the closed system (Zhou et al., 2017b). This method avoids the problems of formation collapse, greenhouse gas leakage, and high exploitation cost caused by traditional NGH exploitation methods, and is a highly efficient, green and controllable NGH exploitation method (Wei et al., 2018). The solid fluidization exploitation of NGH is to exploit the hydrate reservoir in a closed environment. During the exploitation process the seabed sediment is transported to the offshore platform along with the hydrate particles. Meanwhile, hydrate particles will decompose CH4 with temperature and pressure change during transport (Huang, 2018). Therefore, when the hydrate particles and sediment are moved to the offshore platform through the closed pipeline, the mixture in the pipeline is a three-phase mixture of gas-liquid-solid. So, the separation of the three-phase mixture is an important step in the solid fluidization exploitation of NGH.
At present, the main methods for separating hydrate slurry include gravity sedimentation separation (Wang et al., 2006), chemical separation (Wan, 2009), and cyclone separation (Dong et al., 2018; Qiu et al., 2019; Wang et al., 2019). The gravity sedimentation separation method relies on the density difference between different phases to make different phase in hydrate slurry settle naturally under the action of gravity, so as to realize the separation of gas, liquid, and solid phase. However, this method has the disadvantages of the large footprint and low separation efficiency. The chemical separation is to add relevant chemical reagents to the hydrate slurry and separate the needed phase by chemical reaction. But this method has high engineering application costs and is prone to environmental pollution. The cyclone separation is to inject the hydrate slurry into the hydrocyclone and the hydrate slurry do circular motion in the spin chamber, due to the density difference between different phases resulting in centrifugal force difference in the circular motion, so as to achieve the separation of different phases. With the advantages of high separation efficiency, small footprint, and no pollution to the environment, the cyclone separation is the most ideal method to separate hydrate slurry which is exploited by solid fluidization.
The hydrocyclone as the main technical equipment of cyclone separation was widely used in petroleum and petrochemical, environmental protection, chemical, and other fields of multi-phase separation because of the advantages of high efficiency, small size, and fast separation (Liu et al., 2018; Gao, 2021; Song et al., 2021). Up to now, many experts and scholars have done a lot of research on three-phase hydrocyclone. Zhao et al. (2008) studied the separation characteristics of hydrocyclone for fine particles under circulating flow conditions by experiment. The experimental results showed that the separation efficiency was maximum at a cycle period rate of 0.68 and a cyclical flow amplitude rate of 2%. Wu and Liu (2019) studied the effect of the inner cone structure on the separation efficiency of a three-phase hydrocyclone by computational fluid dynamics method, and obtained the optimal combination of inner cone structure. Jiang et al. (2014) used numerical simulation to study the effect of three-phase hydrocyclone overflow tube on the separation performance, which provided implications for the optimization of three-phase hydrocyclone structures. Zheng (2005) proposed a hydrocyclone for gas-water-sand three-phase separation by connecting solid-liquid cyclone and gas-liquid cyclone in series, and analyzed the flow field distribution characteristics by experiment. The experimental results verified the separation performance of the three-phase hydrocyclone. Chang et al. (2021) designed a hydrocyclone for desanding of NGH in the wellbore. The effect of structural parameters on the flow field distribution inside the device was verified by a combination of numerical simulation and experiments, and the optimal flow rate of this desanding hydrocyclone was obtained. However, up to now, there are few studies on gas-liquid-solid three-phase hydrocyclone applicable to solid fluidization exploitation of NGH.
In this paper, the numerical simulation method was used to study the structural parameters and internal flow field characteristics of the three-phase hydrocyclone which is applicable to solid fluidization exploitation of NGH. In order to ensure the universality and accuracy of the research, the structural parameters of the conventional three-phase hydrocyclone were optimized by the orthogonal design, and the structural parameters of the three-phase hydrocyclone applicable to the solid fluidization extraction of NGH were obtained. The effects of the gas outlet depth length (li), tangential inlet area (s), drain hole height (h), and inverted cone diameter (dz) on the separation efficiency of the hydrocyclone were also studied. The separation efficiency criterion of the three-phase hydrocyclone for NGH was defined based on the gas output and sand output of the optimized three-phase hydrocyclone. At the same time, the effect of single-factor change on the internal flow field distribution characteristics of the three-phase hydrocyclone was investigated by changing the individual structural parameters of the hydrocyclone. This study has some engineering guidance on hydrate slurry separation in the solid fluidization exploitation of NGH.
2 MATERIALS AND METHODS
2.1 Physical model
In this paper, based on the three-phase hydrocyclone designed by Xu et al. (2017), the optimization of structural parameters and flow field analysis of the three-phase hydrocyclone applicable to the solid fluidization exploitation of NGH were carried out. The structure of the gas-water-sand three-phase hydrocyclone was shown in Supplementary Figure S1.
Hydrate mineral becomes hydrate particles with sediment after solid fluidization exploitation. In the process of transporting hydrate particles from the seabed to the sea surface through a closed pipeline, as the pressure decreases and the temperature increases, the hydrate particles decompose into a three-phase mixture of gas, water, and sand. The mixture is injected into the spin chamber from the tangential inlets at a certain initial velocity, and makes a circular motion along the inner wall of the spin chamber to form a strong vortex. Due to the different densities among different phases, the centrifugal force generated by the three phases of air, water, and sand in the process of circular motion is different. Among them, the density of the sand is the largest, and the centrifugal force generated during the circular motion is the largest, so the sand is distributed on the side wall of the spin chamber, and finally discharged from the sand outlet, an annulus between the outer wall of the spin chamber and the water outlet. The density of the gas is the smallest, and the centrifugal force generated during the circular motion is the smallest, so the gas is distributed at the axis of the spin chamber. However, due to the inverted cone at the axis of the spin chamber, the gas is pushed into the gas outlet and finally discharged from the hydrocyclone under the action of the inverted cone. The density of water is between gas and sand, which is distributed between them in the spin chamber, and enters the interior of the inverted cone through the drain hole and is finally discharged from the hydrocyclone by the water outlet.
In this paper, a three-dimensional model was used to study the structural parameters and flow field characteristics of three-phase hydrocyclone applicable to solid fluidization exploitation of NGH. In the study of swirl flow field, compared with the two-dimensional model, the three-dimensional model can express the velocity change in three directions, thus showing the separation among different phases, and the flow field characteristics can be expressed more accurately. The structural parameters of the three-phase hydrocyclone were shown in Supplementary Table S1.
2.2 Mathematical model
2.2.1 Governing equation
The fluid in the three-phase hydrocyclone can be regarded as a viscous incompressible fluid, which follows the basic governing equation. Continuity equation, momentum conservation equation and energy conservation equation, as shown in the following Eqs 1–3 (Elsayed and Lacor, 2011; Wang et al., 2015; Zhang et al., 2019; Bu et al., 2021):
Continuity equation
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Momentum conservation equation
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Energy conservation equation
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2.2.2 Turbulence modeling
In this paper, the numerical simulation was performed via commercial software Ansys Fluent 2020. The internal flow field of the hydrocyclone is regarded to be a strong complex swirl field, so the choice of turbulence model has an important effect on the accuracy of numerical simulation results. Among the turbulence models, the Reynolds stress model (RSM) is considered to be suitable for the simulation of turbulent flow fields such as anisotropic flow and three-dimensional flow, taking into account the additional stress caused by streamline curvature and the anisotropy and three-dimensional effect of turbulence. Therefore, the RSM is used to simulate the internal flow field of the three-phase hydrocyclone.
The RSM is based on the average Reynolds number theory, and the governing equations as is shown in the following Eqs 4–10 (Xu, 2012; Wang, 2020):
Reynolds stress transport equation:
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Turbulent kinetic energy diffusion term equation:
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Molecular viscous diffusion term equation:
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Shear stress equation:
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Buoyancy generation term equation:
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Pressure strain term equation:
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Viscous dissipative term equation:
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2.3 Numerical method and grid generation
The finite volume method was used to solve the problem, and the control equation was discretized based on the pressure-based solver. The Mixture model was selected to study the internal flow field characteristics of the three-phase hydrocyclone and the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was used to solve the discrete equation. SIMPLE algorithm is one of the most widely used flow field calculation methods for solving incompressible flow field in engineering. The core of this method is to use a “prediction-correction” process to solve the Navier-Stokes equations by calculating the pressure field on the basis of an interleaved grid. Considering the effect of gravity on the separation, the gravity acceleration was set as 9.81 m/s−2. Set 1,000 steps per iteration to be saved as a data file in the calculation activity, and the total number of steps for the iteration was 10,000 steps. At the same time, in order to ensure the calculation accuracy, the convergence residual error was set as 10−6.
Meshing the 3D model of three-phase hydrocyclone. In order to ensure the accuracy of the numerical simulation and reduce the calculation time, four grid levels were divided and the grid independence test was carried out.
2.4 Boundary conditions
In this study, water and CH4 were set as continuous phases and sand as discrete phases. The density of water was 998.2 kg/m3, and the viscosity was 0.001 pa·s, the density of methane was 0.68 kg/m3. In order to avoid the particle diameter has an influence on the separation of each phase, the density of sand was 2,700 kg/m3, and the particle diameter was 50 μm. The volume fractions of water, CH4 and sand were 0.7, 0.1, and 0.2 respectively. The boundary condition of the tangential inlets of the three-phase hydrocyclone was set as the velocity inlet, and the incident velocity of the gas, water, and sand was consistent under the same structural parameters. The gas outlet, water outlet, and sand outlet were all set as outflow, and the flow ratios were set as 0.6, 0.2, and 0.2, respectively. The wall of the three-phase hydrocyclone was set as wall, the wall roughness was 0, and there was no slip wall boundary.
2.5 Simulation scenarios
In this paper, the numerical simulation method was used to optimize the structural parameters and analyze the internal flow field of the three-phase hydrocyclone applicable to solid fluidization exploitation of NGH. Firstly, taking the actual working conditions of the solid fluidization exploitation process of NGH as the standard, based on the conventional three-phase hydrocyclone, the orthogonal design was used to optimize the structural parameters. Through investigation, it was known that the structural parameters of the gas outlet tube, tangential inlets, and inverted cone structure have a significant effect on the separation efficiency of hydrocyclone. Therefore, the optimization parameters mainly include five factors in this study: gas outlet depth length (li), inverted cone length (lz), tangential inlet area (s), drain hole height (h), and inverted cone diameter (dz), and each factor were set at five levels. If all five factors and five levels are combined with each other for a full-scale test, the number of tests is 55=3,125. In order to reduce the number of tests and ensure the accuracy and scientifically in the statistical analysis process, the orthogonal design was used to calculate and analyze the optimization test process of the structural parameters of the three-phase hydrocyclone. The orthogonal design is an efficient, fast, and concise mathematical statistical method that adopts standardized orthogonal table and scientifically arranges and analyzes multi-factor problems according to the equilibrium discrete orthogonal principle (Zhong et al., 2019; Chen, 2020).
In the process of orthogonal design, the orthogonal table with six factors and five levels was selected according to the number of factors and levels. Each factor was set as a single column, and an empty column was set as reflect the error caused by random factors. Therefore, L25(56) orthogonal table was selected, as shown in Supplementary Table S2. Numerical simulations were carried out for a total of 25 combinations of structural parameters from OD1 to OD25 according to Supplementary Table S2. Defined the dimensionless parameter E as the criterion for evaluating the separation efficiency of different combinations of structural parameters, and E is the sum of the ratio of gas outlet discharge to inlet gas injection and the ratio of sand outlet discharge to inlet sand injection, as shown in Eq. 11.
[image: image]
The results of orthogonal design were analyzed by direct analysis and analysis of variance, and the effect degree of different factors on orthogonal design results and the optimal factor combination case were obtained. Meanwhile, by calculating the mean square of each factor and the mean square of the empty column respectively, and comparing the mean square of each factor with the mean square of the empty column, a factor that was less than the mean square of the empty column was classified as an error column. Finally, the optimal structure parameters combination was obtained, and the effect degree of each factor on the results of the orthogonal design was evaluated.
Secondly, taking the three-phase hydrocyclone with the optimal parameters combination as the basic case. The control variable method based on single factor analysis was used to study the effect of single structural parameter change on the internal flow field characteristics of three-phase hydrocyclone. In this study, the numerical simulation was also used to study the effects of the four structural parameters which included gas outlet depth length (li), tangential inlet area (s), drain hole height (h), and inverted cone diameter (dz) on the internal flow field characteristics of three-phase hydrocyclone. In order to ensure the universality and accuracy of the research, the level changes of each structural parameter were evenly distributed, as shown in Supplementary Table S3.
In the process of using numerical simulation to study the effect of structural parameters change on flow field characteristics, Case 1 was set as the basic case. Among all 13 Cases, the tangential inlet area (s) of Case2–Case4 range from 2 mm2 × 12 mm2–8 mm2 × 18 mm2, and the inverted cone diameter (dz) of Case5–Case7 range from 24 to 36 mm. The gas outlet depth length (li) of Case8–Case10 range from 20 to 32 mm, and the drain hole height (h) of Case11–Case13 range from 10 to 15 mm. These cases were used to study the effects of the tangential inlet area (s), the inverted cone diameter (dz), gas outlet depth length (li), and the drain hole height (h) on the distribution characteristics of the internal flow field of three-phase hydrocyclone.
According to the principle of cyclone separation, the mixture is injected into the three-phase hydrocyclone from the tangential inlets and makes a circular motion in the spin chamber. And in this study, the numerical simulation was carried out base on a three-dimensional physical model, so the characteristics of the flow field on any axial section were consistent. In the analysis of the internal flow field, the X-Y section was selected as the analysis section. The mixture formed a strong swirl in the spin chamber, and the gas was discharged under the action of the inverted cone and the depth section of the gas outlet. Meanwhile, the density difference between the liquid and the solid leads to the centrifugal force difference in the circular motion, thus realizing the preliminary separation of the solid and liquid in the spin chamber. According to the orthogonal design in Supplementary Table S2, the maximum of gas outlet depth length (li) and inverted cone length (lz) were 32 mm and 108 mm, respectively. Therefore, in order to analyze the flow field distribution characteristics of different phases between the end of the gas outlet tube and the tip of the inverted cone, the monitoring line LAm, LBm, LCm was set at an equal distance of 43, 63, and 83 mm from the top of the spin chamber. In the process of separation, the liquid entered the inverted cone through the drain hole and was discharged through the water outlet at the bottom of hydrocyclone. The sand moved downward along the outer surface of the inverted cone and was discharged through the sand outlet at the bottom of the spin chamber. In order to monitor the separation results of liquid and sand, a monitoring line LDm was set up at the bottom of the spin chamber. The position of the analysis section and the monitoring lines was shown in Supplementary Figure S2.
Finally, by analyzing the distribution and changing trend of velocity field, CH4 volume fraction and water volume fraction on the analysis section and the monitoring line, thus the effect of the change of structural parameters on flow field distribution and separation efficiency were obtained. In this study, in order to ensure the accuracy of the visibility of the numerical simulation results, the Ansys’s post-processing software was used to process the simulation results, and the ratio of chart processing size to model size was 1:1.
3 RESULT AND DISCUSSION
3.1 Grid independence
During the meshing process, the physical model was meshed with four levels of 549618, 670520, 782246, and 869326 respectively. The static pressure distribution on monitoring line LAm was analyzed under different grid levels, as shown in Supplementary Figure S3. The static pressure distribution curve with grid levels of 549618, 670520, 782264 was polynomial fitted, and the correlation coefficient R2 was 0.9954. It is proved that the number of grids has little effect on the numerical simulation results under these levels of grid number. When the number of grids is 869326, the static pressure distribution on monitoring line LAm changes greatly. In order to reduce calculation time and ensure the accuracy of numerical simulation, the fluid domain of three-phase hydrocyclone was divided into about 670000 grid elements, and the grid generation results is shown in Supplementary Figure S4.
3.2 Model validation
The experimental results of Xu were used to verify the accuracy of the numerical simulation. The experimental platform was designed according to the actual situation of the construction site, so the numerical calculation model reestablished according to Xu’s experimental situation in this paper. The spin chamber length of the three-phase hydrocyclone is 238 mm, the main diameter is 45 mm, the inverted cone length is 96 mm, the drain hole height is 10 mm, and the tangential inlet area is 4 mm2 × 14 mm2. Other structural parameters are consistent as those of the experimental device. In the experiment, the flow rate was set as 4.83 m3/h, and the pressure drop distribution was studied when the flow ratio of the gas outlet varies in the range of 56%–64%. Therefore, the Reynold stress model and the Mixture model were used in the numerical simulation and the same physical model and boundary conditions were established as in the experiment. The distribution of the experimental results and numerical simulation results of the gas outlet pressure drop under the condition of the gas outlet flow ratio varies from 56% to 64% is shown in Supplementary Figure S5. As shown in Supplementary Figure S5, the overall smaller numerical simulation results compared to the experimental results were due to the simplification of the real process of separation in the numerical simulation. A polynomial fit between the experimental results and numerical simulation was carried out, the correlation coefficient R2 was 0.942. This verified the accuracy of the numerical simulation results.
3.3 Analysis of orthogonal design results
3.3.1 Direct analysis
The separation efficiency criterion E of OD1-OD25 was calculated by Eq. 11, and the E of 25 groups was obtained as shown in Supplementary Figure S6. As shown in Supplementary Figure S6, the maximum value of E for OD20 is 1.46 and the minimum value of E for OD24 is 1.1. According to the distribution results of E, when the combination of factors is A4B5C1D4E2, that is when the gas outlet depth length is 28 mm, the tangential inlet area is 2 mm2 × 12 mm2, the inverted cone diameter is 28 mm, the inverted cone length is 108 mm, and the drain hole height is 20 mm, the sum of the ratio of gas outlet discharge to inlet gas injection and the ratio of sand outlet discharge to inlet sand injection is the largest of three-phase hydrocyclone. The separation efficiency of the hydrocyclone is the largest under this structure factors combination.
In order to verify the distribution results of the above E and study the effect of a certain level of a single factor on the test results, Kx was defined as the sum of the test results of the level number is x which belongs to a certain factor column. For example, K1 represents the sum of the E of all the test results with the level number 1 in a single factor column. In order to study the effect of the level change of various factors on the test results, R was defined as the range. Where a larger R for a factor indicates that the level of that factor has a greater effect on the test results. R can be expressed as Eq. 12.
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The Kx and R of each factors of OD1-OD25 were calculated, and the results as shown in Supplementary Table S4.
In the orthogonal design of this paper, the separation efficiency of the three-phase hydrocyclone was evaluated by the E. The larger the E is, the higher the comprehensive efficiency of the gas and water discharge of the hydrocyclone is, that is, the higher the separation efficiency is. As shown in Supplementary Table S4, the distribution of Kx in A (li) factor column is K4> K3> K1> K2> K5, in B (lz) factor column is K5> K1> K2> K3> K4, in C(s) factor column is K1> K3> K2> K4> K5, in D (h) factor column is K4> K3> K2> K5> K1, in E (dz) factor column is K2> K1> K3> K4> K5. According to the calculation results of Kx, the optimal factor combination can be obtained as A4B5C1D4E2. The calculation results of Kx is consistent as that of Eq. 11, which shows that the separation efficiency is the highest when the gas outlet depth length is 28 mm, the tangential inlet area is 2 mm2 × 12 mm2, the inverted cone diameter is 28 mm, the inverted cone length is 108 mm, and the drain hole height is 20 mm. The calculation accuracy of Eq. 11 is also verified.
The R of each factors in Supplementary Table S4 was analyzed. The R of factor B (lz) is less than that of empty column, indicating that the effect of factor B (lz) on the orthogonal design results is less than that of the test error, and the change of level cannot have a significant effect on the orthogonal design results. Therefore, factor B (lz) is classified as error. The R of factor A(li), C(s), D(h), and E(dz) are larger than that of empty column, indicating that these four factors have a significant effect on the orthogonal design results. Among them, RC>RE>RD>RA, it is proved that the tangential inlet area has the most significant effect on the separation efficiency, and gas outlet depth length has the least effect on the separation efficiency of the three-phase hydrocyclone.
3.3.2 Analysis of variance
In order to analyze the error of the orthogonal design and accurately estimate the significance of each factor on the orthogonal design, the analysis of variance of the orthogonal design results was carried out.
3.3.2.1 Calculation of sum of squares of deviations
In the process of carrying out the orthogonal design, the change of the factor level and the test error is the main reason for the difference between the orthogonal design results. In order to reflect the overall difference of the orthogonal design results, SST was defined as the total sum of squares of deviation. The larger the SST is, the greater the difference of each orthogonal design results. SST can be expressed as Eq. 13.
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The sum of the squares of the deviations of each factor was defined as SSj (j = A, B, C, D, E, and Empty column). SSj can be expressed as Eq. 14.
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In Eqs 13, 14, [image: image] is the average value of E, T is the sum of E, Q is the sum of E2, and P is the average value of the square of the sum of E. [image: image], T, Q, P can be expressed as Eqs 15–18.
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The total sum of squares of deviation was calculated by using Eq. 13, and SST was obtained of 0.1567, and the sum of squares of deviation of each factors were calculated by using Eq. 14, the SSA, SSB, SSC, SSD, SSE, SSEmpty column were obtained of 0.0156, 0.0079, 0.0571, 0.0148, 0.0473, and 0.014, respectively.
Because the empty column was set as reflect the error caused by random factors in the orthogonal design process. In the aforementioned direct analysis, the R of factor B was 0.217, which was smaller than that of the empty column of 0.294. In the calculation of sum of squares of deviation, the SSB was 0.0079 which was smaller than SSEmpty column of 0.014. It indicates that the effect of factor B on the results of orthogonal design is less than that of error on the results of orthogonal design, so factor B is classified as error. The sum of squares of deviation of the test error was defined as SSerror, and it was calculated as shown in Eq. 19.
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3.3.2.2 Calculation of degree of freedom
The total freedom degree of the sum of total deviation square was defined as dfT, the freedom degree of the deviations square sum of each factor was defined as dfj, and the freedom degree of error was defined as dferror. The dfT, dfj, dferror can be expressed as Eqs 20–22.
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The total freedom degree was calculated by using Eq. 20, and dfT was obtained of 24. The freedom degree of each factors were calculated by using Eq. 21, and dfA, dfB, dfC, dfD, dfE, dfEmpty column were obtained of 4. The freedom degree of error was calculated by using Eq. 22, and dferror was obtained of 8.
3.3.2.3 Calculation of mean square
The mean square of each factor was defined as MSj (j = A, B, C, D, E, Empty column). The mean square of error was defined as MSerror. MSj, and MSerror can be expressed as Eqs 23, 24.
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The mean square of each factor were calculated by using Eq. 23, and MSA, MSB, MSC, MSD, MSE, MSEmpty column were obtained of 0.0039, 0.0020, 0.0143, 0.0037, 0.0118, 0.0027, respectively. According to the calculation results of Eq. 23, MSB = 0.0020 is less than MSEmpty column = 0.0035. Therefore, factor B is classified as error, which is consistent as the result of intuitive analysis and the result of sum of squares of deviations calculation.
The mean square of error was calculated by using Eq. 24, the MSerror was obtained of 0.0027.
3.3.2.4 Calculation of F
The F of each factors was defined as Fj (j = A, C, D, E), Fj can be expressed as Eq. 25.
[image: image]
Calculated from Eq. 25, FA = 1.4261, FC = 5.2085, FD = 1.3536, FE = 4.3135.
3.3.2.5 Significance test
For the given significance level α, the significance of each factor was tested by comparing the Fj and F. If the Fj is greater than Fα (dfj, dfe), it is proved that this factor has a significant effect on the results of orthogonal design. Therefore, in this paper four levels of α = 0.025, α = 0.05, 0.95, and α = 0.975 were chosen to carry out the significance test. By querying the F distribution table, it was found that F0.025 (4,8) = 5.05, F0.05(4,8) = 3.84, F0.95(4,8) = 0.166, F0.975(4,8) = 0.111. The significance test results were compared, as shown in Supplementary Table S5.
As shown in Supplementary Table S5, FA, FC, FD, FE are all greater than Fα. According to the principle of significance test, A(li), C(s), D(h), E(dz) all have significant effect on the results of orthogonal design. Among them, the factor C(s) has the most significant effect on the results of the orthogonal design, and the results of the analysis of variance are consistent with the results of the direct analysis.
The structural parameters of the three-phase hydrocyclone applicable to solid fluidization exploitation of NGH were optimized by the orthogonal design, and the results of orthogonal design were verified by the direct analysis and the analysis of variance. The test results showed that the gas outlet depth length, the tangential inlet area, the drain hole height, and the inverted cone diameter all had a significant effect on the separation efficiency of the three-phase hydrocyclone. Among them, the effect significance of each factor on the separation efficiency of three-phase hydrocyclone was s>dz>h>li. At the same time, the dimensionless parameter E for evaluating the separation efficiency was defined by synthesizing the efficiency of water and sand discharge of the three-phase hydrocyclone. Taking E as the evaluation criterion, it was obtained that when the gas outlet depth length was 28 mm, the tangential inlet area was 2 mm2 × 12 mm2, the inverted cone diameter was 28 mm, the inverted cone length was 108 mm, and the drain hole height was 20 mm, the separation efficiency of hydrocyclone separator was the optimal.
3.4 Analysis of the influence of the change of single structural parameters on the distribution characteristics of flow field
In the aforementioned study, the orthogonal design was used to optimize the structural parameters based on the conventional three-phase hydrocyclone, and the optimal combination of structural parameters of three-phase hydrocyclone applicable to solid fluidization exploitation of NGH was obtained. In order to study the effect of the individual structural parameters changes on the separation performance. Based on the significance of the effects of different structural parameters on the separation efficiency obtained from the orthogonal design results, the effect of four structural parameters of s, dz, li, and h on the velocity field, CH4 volume fraction and water volume fraction distribution law in the flow field were investigated by numerical simulation.
3.4.1 Analysis of flow field distribution with different s of hydrocyclone
When the s of the three-phase hydrocyclone changes, the tangential velocity distribution in the flow field is shown in Supplementary Figure S7. In Supplementary Figures S7A,B,C show the results of tangential velocity distribution at monitoring line LAm, LBm, LCm, respectively. As shown in Supplementary Figure S7A, the tangential velocity distribution of Case1–Case4 on monitoring line LAm shows a symmetrical distribution law that increases gradually from the axis to the sidewall with the axial position x = 0 as the symmetrical center. It indicates that the NGH slurry makes a circular motion around the axis after entering the spin chamber of hydrocyclone from the tangential inlets. However, due to the wall surface roughness of spin chamber was set as 0 and the wall surface had no slip during the numerical simulation, the tangential velocity decreases sharply near the radial position of ±22.5 mm. The maximum tangential velocity of Case 1 in circular motion is 13.65 m, and the maximum tangential velocity of Case 4 in circular motion is 4.80 m/s. The difference between the maximum tangential velocity of Case 1 and that of Case 4 is 8.85 m/s. It is proved that the circular motion of hydrate slurry is the fastest in the spin chamber when s is 2 mm2 × 12 mm2, which leads to greater difference of centrifugal force between different phases and better precision of separation. Meanwhile, according to the distribution law shown in Supplementary Figure S7A, under the same flow rate, the incident velocity of the hydrate slurry at the tangential inlets decrease gradually with the increase of s, which leads to the decrease of the maximum tangential velocity of each case on monitoring line LAm. However, the maximum tangential velocity appears near the radial position of ±21.3 mm, which proves that the increase of s has no significant effect on the distribution position of the tangential velocity.
Supplementary Figure S7B shows the distribution of tangential velocity on monitoring line LBm with different s of hydrocyclone. Compared with the distribution of the tangential velocity on monitoring line LAm, the positional distribution of the tangential velocity on monitoring line LBm does not change, but the maximum tangential velocity in each case has decreased. The maximum tangential velocity of Case1–Case4 decreases 11.72, 7.31, 5.46, and 4.27 m/s respectively. Among them, the tangential velocity reduction of Case 1 is maximum of 1.93 m/s, and the tangential velocity reduction of Case 4 is minimum of 0.53 m/s.
The distribution of tangential velocity on monitoring line LCm under different s conditions is shown in Supplementary Figure S7C. The maximum tangential velocity of Case1–Case4 on monitoring line LCm is 9.99, 6.41, 4.88, and 3.90 m/s, respectively. Compared with the tangential velocity distribution on monitoring line LAm, 3.66, 2.08, 1.27, and 0.9 m/s are decreased respectively. Within the axial range of 43–83 mm from the top of the three-phase hydrocyclone, the tangential velocity decrease of Case1 is the largest, and the tangential velocity decrease of Case4 is the least. The maximum tangential velocity is distributed near the radial position of ±21.3 mm, which proves that the position of the maximum tangential velocity distribution is not affected by s in the axial distance.
The axial velocity distribution in the flow field is shown in Supplementary Figure S8. As shown in Supplementary Figure S8A, the axial velocity on monitoring line LAm shows a distribution law from increasing to decreasing to increasing again from the edge to the axial center of the flow field. The rapid increase of the axial velocity near the edge of the flow field from 0 m/s is due to the fact that the boundary conditions of the spin chamber wall was set to be no wall slip and the roughness is 0 during the numerical simulation. In Case1–Case4, the maximum axial velocity appears at the radial position of 0 mm, and the maximum axial velocity of Case1 is 4.35 m/s. It shows that the axial velocity of the fluid in the flow field is the fastest at the axis of the spin chamber of the three-phase hydrocyclone. As shown in Supplementary Figure S8A, the Case1–Case4 appears a “reverse flow” moving toward the gas outlet near the axis of the flow field with the zero axial velocity line as the dividing line. The “reverse flow” of Case1–Case4 is distributed in the range of the radial position of ±15.3, ±14.2, ±13.5, and ±12.7 mm, respectively. Because the fluid domain in the spin chamber is cylindrical, the position where the Case1–Case4 “reverse flow” occurs can be regarded as a circle with a radius of 15.3, 14.2, 13.5, and 12.7 mm, respectively. On monitoring line LAm, the distribution range of the “reverse flow” of Case1 is the largest in the radial position, and that of Case4 is the smallest in the radial position.
The axial velocity distribution on monitoring line LBm is shown in Supplementary Figure S8B. Because the inverted cone is fixed in the axial position of the flow field of the three-phase hydrocyclone. The axial velocity of Case1 and Case2 is affected by the inverted cone, which shows a small decrease near the radial position of 0 mm. The axial velocity distribution of Case3 and Case4 is not affected by the inverted cone. However, compared with monitoring line LAm, the maximum axial velocity of each case on monitoring line LBm decreases 0.92, 0.92, 1.19, and 1.14 m/s respectively. Similarly, the “reverse flow” of Case1–Case4 is distributed in the circular flow field with a radius of 13.3 mm with the zero axial velocity line as the dividing line. Compared with the axial velocity distribution on monitoring line LAm, the “reverse flow” radius of Case1–Case3 distribute on monitoring line LBm decrease 2, 0.9 and 0.2 mm, respectively. And the “reverse flow” radius of Case4 distributes on monitoring line LBm increases 0.6 mm.
Supplementary Figure S8C shows the axial velocity distribution curve on monitoring line LCm. The axial velocity distribution of Case1–Case4 at the axis is decreased by the effect of inverted cone, and the position of the maximum axial velocity in each case tends to approach the radial center with the increase of s. The maximum axial velocities of Case1 and Case4 at radial positions of 5.4 mm and 4.69 mm are 3.11 m/s and 1.27 m/s, respectively, which decreases 0.5 m/s and 0.59 m/s compared with monitoring line LAm. As shown in Supplementary Figure S8C, although the axial velocity of the “reverse flow” at the axis of each case has decreased, its minimum value is still greater than that of the 0 m/s, indicating that the “reverse flow” still exists in the position of monitoring line LCm. At this time, the radius of “reverse flow” in each case is roughly the same, but it is decreased compared with that in the position of monitoring line LAm. It indicates that the axial velocity decreases and the distribution range decreases gradually with the increase of axial distance.
As shown in Supplementary Figures S9A,B,C, in order to study the effect of hydrocyclone with different s on the distribution of CH4 in the flow field, the volume fraction distribution of CH4 on monitoring lines LAm, LBm, and LCm were analyzed. On monitoring line LAm, the volume fraction of CH4 of Case1 is maximum of 12.4%, and the volume fraction of CH4 of case 4 is minimum of 11.9%. The CH4 volume fraction of case1 in the radial range of ±22 mm is higher than 10%, which proves that CH4 accumulates in the axial position of 43 mm and radial range of ±22 mm. The volume fraction of CH4 in the radial range of ±20.1 mm, ±19.2 mm, ±18.5 mm of Case2–Case4 is higher than 10%, and the radial accumulation range is smaller than that of Case1. That is, with the increase of s from 2 mm2 × 12 mm2 to 8 mm2 × 18 mm2, the tangential velocity and axial velocity gradually decrease, and the volume fraction of CH4 at monitoring line LAm gradually decreases, but the CH4 accumulation position is closer to the axis.
The CH4 volume fraction distribution on monitoring line LBm under different s conditions is shown in Supplementary Figure S9B. The distribution of CH4 volume fraction at monitoring line LBm is roughly the same as that at monitoring line LAm. The volume fraction of CH4 in the radial range of ±21.4 mm of Case 1 is more than 10%, and this distribution range is larger than that of Case 2–Case 4. At the same time, the minimum CH4 volume fraction of Case 1 at the edge is 9.23%, which is higher than that of other cases at the edge. It is proved that when s is 2 mm2 × 12 mm2, it has the most significant effect on the distribution of CH4 in the flow field at the axial position of 63 mm.
Supplementary Figure S9C shows the CH4 volume fraction distribution on monitoring line LCm under different s conditions. On monitoring line LCm, the maximum CH4 volume fraction of Case 1–Case 4 are all 12.5% and are all located at the radial position of 0 mm. Compared with monitoring lines LAm and LBm, the maximum CH4 volume fraction of Case 2–Case 4 increase by 0.2%, 0.3%, and 0.6%, respectively. It indicates that as the axial distance from the top of the three-phase hydrocyclone increases from 43 to 83 mm, the accumulation of CH4 in Case2–Case4 also increases gradually. However, the CH4 volume fraction in the radial range of ±20.4 mm of Case1 is more than 10%, and the distribution range is still larger than that of Case2–Case4. It shows that at monitoring line LCm, when s is 2 mm2 × 12 mm2, it has the most significant effect on the distribution of CH4 in the flow field.
The water volume fraction distribution on monitoring line LDm under different s conditions is shown in Supplementary Figure S10. In Case1–Case4, in order to compare with Case2–Case4, taking Case1 as basic case according to the results of orthogonal design. It can be seen from Supplementary Figure S10 that the water volume fraction distribution of Case3 and Case1 on monitoring line LDm is roughly the same, indicating that the separation efficiency of the three-phase hydrocyclone is the same when the other structural parameters are the same and the tangential inlet area is 2 mm2 × 12 mm2 and 6 mm2 × 16 mm2, respectively. The water volume fraction of Case1 on monitoring line LDm is 69.9%. Compared with the water volume fraction of Case1, the water volume fraction of Case4 increased by 5.5% with a maximum of 75.4% at monitoring line LDm. It indicates that the distribution of water is the most concentrated and the water volume fraction is the largest when the tangential inlet area is 8 mm2 × 18 mm2.
3.4.2 Analysis of flow field distribution with different dz of hydrocyclone
The curves of the effect of three-phase hydrocyclone with different dz on the tangential velocity distribution in the flow field are shown in Supplementary Figure S11. Case1 is set as the basic case and Case5–Case7 is set as the variation group. The tangential velocity changes on monitoring lines LAm, LBm, and LCm were analyzed. As shown in Supplementary Figure S9, the maximum tangential velocity of each case at different monitoring line positions all appear at the edge of the flow field and shows the characteristics of central symmetrical distribution with the radial position of 0 mm as the symmetry center. From the local enlargement, we can see that the tangential velocity of different cases on the same monitoring line is roughly the same, but the tangential velocity of the same case is different on different monitoring lines, and the maximum tangential velocity shows the distribution law of decreasing from monitoring line LAm to LCm. In each case, the tangential velocity is distributed about 13.6 m/s at monitoring line LAm and about 9.98 m/s at monitoring line LCm, and the maximum tangential velocity decreases 3.62 m/s. It indicates that the decrease of tangential velocity is due to the increase of axial distance, and dz has no significant effect on tangential velocity in the flow field.
The axial velocity distribution of Case1 and Case5–Case7 on each monitoring line under different dz conditions is shown in Supplementary Figure S12. When the axial velocity is greater than 0 m/s and the axial position is within the range of monitoring line LAm to LCm, the axial velocity at the edge of the flow field of each case decreases gradually under different dz conditions, but the axial velocity distribution is the same in other positions. It shows that when the axial velocity is greater than 0 m/s, the axial position will affect the axial velocity distribution, but dz will not affect the axial velocity. It indicates that when the axial velocity is greater than 0 m/s, the axial velocity distribution will be affected by the change of axial position, but the axial velocity will not be affected by dz. When the axial velocity is less than 0 m/s, the axial velocity at the center of the flow field decreases gradually as the axial distance from the top of the three-phase hydrocyclone increases from 43 to 83 mm within the axial range of monitoring line LAm to LCm. The maximum axial velocities of Case1 and Case5–Case7 at monitoring line LAm are 4.35, 3.55, 4.0, and 3.91 m/s, respectively, and at monitoring line LCm, the axial velocities of each case at the radial position of 0 mm are 1.13, 1.15, 0.54, and 0.34 m/s respectively. Among them, the axial velocity decrease of Case7 is the largest, indicating that the axial velocity in the flow field is affected most when dz is 36 mm.
The CH4 distribution on each monitoring line in the flow field under different dz conditions is shown in Supplementary Figure S13. The CH4 volume fraction of Case1 and Case5–Case7 decreases gradually from the radial center to the edge on each monitoring line. It indicates that during the circular motion of the hydrate slurry in the spin chamber, the centrifugal force is the smallest due to the smallest density of CH4, so that the CH4 is distributed at the center of the axis. From the local enlargement, it is known that in the axial range between monitoring line LAm and LCm, with the increase of the axial distance, the CH4 volume fraction increases gradually at the radial position of 0 mm, and the CH4 volume fraction of each case reaches the maximum at monitoring line LCm. On monitoring line LCm, the CH4 volume fraction of Case5 is minimum of 12.46%, the CH4 volume fraction of case 7 is maximum of 12.49%. The CH4 volume fraction distribution increases with the increase of dz. It indicates that under the condition that other structural parameters are the same, the increase of the inverted cone diameter reduces the fluid domain between the spin chamber side wall and the inverted cone, and causes the hydrate slurry to move along the surface of the inverted cone, thus increasing its circular motion radius, and then increasing the centrifugal force to promote the separation efficiency of the CH4.
In order to study the effect of the change of structural parameters dz on water separation, the water volume fraction distribution curves on monitoring line LDm under different dz conditions as shown in Supplementary Figure S14. In Case1 and Case5–Case7, the dz of Case5 is minimum of 24 mm and the dz of case 7 is maximum of 36 mm. As shown in Supplementary Figure S14, with the increase of dz from 24 to 36 mm, the water volume fraction at a radial position of 0 mm on monitoring line LDm decrease from 70.7% to 66.3%. It indicates that with the increase of the inverted cone diameter, the annular area between the inverted cone and the side wall of the spin chamber gradually decreases, and there is not enough space to separate the water and sand, resulting in the larger the dz, the lower the water separation efficiency.
3.4.3 Analysis of flow field distribution with different li of hydrocyclone
The tangential velocity distribution curves in the flow field under different li conditions are shown in Supplementary Figure S15. As shown in Supplementary Figure S15, compared to Case1, there is no significant difference in the tangential velocity distribution of Case8–Case10 on the same monitoring line. It indicates that the change of li has no significant effect on the distribution of tangential velocity in the flow field. The maximum tangential velocity of each case appears near the radial position of ±21.2 mm. As shown in local enlargement, the maximum tangential velocity of Case8–Case10 on monitoring lines LAm, LBm, and LCm are 14.2, 11.9, and 10.2 m/s respectively, which is not significantly different from that of Case1. It also indicates that the change of li has no significant effect on the tangential velocity.
The axial velocity distribution of Case1 and Case8–Case10 on monitoring lines LAm, LBm, and LCm under different li conditions is shown in Supplementary Figures S16A,B,C, respectively. According to the results of orthogonal design and the setting of structural parameters, the li of each case is distributed evenly within 20–32 mm. As shown in Supplementary Figure S16A, as li increases from 20 to 32 mm, the maximum axial velocity on monitoring line LAm increases from 3.46 to 4.75 m/s. It shows that the increase of the gas outlet depth length is beneficial to the movement of the gas to the gas outlet. When the axial velocity is greater than 0 m/s, the axial velocity distribution of each case is the same. It is proved that the change of li only has a significant effect on the axis.
As shown in Supplementary Figure S16B. As the axial distance from the top of the three-phase hydrocyclone increases from 43 to 83 mm, the effect of the change of the structural parameter li on the axial velocity distribution in the flow field is gradually decreased. On monitoring line LBm, the axial velocity of Case1 and Case9-Case10 is about 3.30 m/s at the radial position of 0 mm, but the axial velocity of Case8 is the smallest of 2.69 m/s at the radial position of 0 mm. It indicates that when li is 20 mm, its effect on the axial motion of the gas in the flow field is weakened obviously.
The axial velocity distribution on monitoring line LCm is shown in Supplementary Figure S16C. With the increase of axial distance, the effect of gas outlet depth length on the flow field gradually disappears. On monitoring line LCm, under the condition of the same other structural parameters of Case1 and Case8–Case10, the effect of li on the flow field is weakened, and there is no significant difference in the axial velocity distribution of each case.
The CH4 distribution on monitoring line under different li conditions is shown in Supplementary Figure S17. On each monitoring line, CH4 shows the distribution law of accumulation in the radial center, and the CH4 volume fraction is more than 10% in the radial range of ±20.9 mm. However, there is no significant difference in the CH4 volume fraction distribution under different li conditions on the same monitoring line, indicating that the change of structural parameters li has no significant effect on the CH4 volume fraction distribution in the flow field.
Supplementary Figure S18 shows the water volume fraction distribution curves on monitoring line LDm under different li conditions. As shown in Supplementary Figure S18, the water volume fraction distribution of Case1 and Case8–Case10 on monitoring line LDm is the same, showing the distribution characteristics of increasing gradually from the edge to the axis. The maximum water volume fraction is 70.2% at the radial position of 0 mm. It shows that the change of the structural parameter li has no significant effect on the separation of the water phase.
3.4.4 Analysis of flow field distribution with different h of hydrocyclone
Supplementary Figure S19 shows the tangential velocity distribution under different h conditions. From the local enlargement in Supplementary Figure S19, it can be seen that the maximum tangential velocity shows a gradual decrease in the axial distance of 40 mm from monitoring line LAm to monitoring line LCm. However, the tangential velocity also shows the distribution characteristic that is not affected by h on the same monitoring line. It indicates that the change of h has no significant effect on the radial separation of gas-liquid-solid mixture.
The axial velocity distribution of Case1 and Case11–Case13 on different monitoring lines under different h conditions is shown in Supplementary Figure S20. When the axial velocity is less than 0 m/s, the axial velocity at the edge of the same monitoring line is the same in different cases, but with the increase of the axial position, the axial velocity at the edge decreases gradually. When the axial velocity is less than 0 m/s, in the axial range between monitoring line LAm and LCm, as the axial distance from the top of the three-phase hydrocyclone increases from 43 to 83 mm, the axial velocity decreases gradually at the radial center. However, the axial velocity distribution on the same monitoring line is not affected by the change of the structural parameter h. It indicates that the drain hole height only affects the transport of the separated phase, but it has no effect on the velocity distribution in the flow field and the separation process of multiphase.
Supplementary Figure S21 shows the CH4 distribution curve on monitoring line under different h conditions. Because the parameter h is the height of the drain hole, and the drain hole is the tangential inlets arranged on the inverted cone structure. According to the structural characteristics of the drain hole, it will not affect the circular motion of the fluid in the flow field. Therefore, when other structural parameters are the same, the change of h has no significant effect on the CH4 distribution in the flow field. However, due to the centrifugal force difference caused by the density difference between different phases in the circular motion, the CH4 still moves toward the radial center, and the maximum CH4 volume fraction appears at the radial position of 0 mm at different monitoring lines.
The water volume fraction distribution on monitoring line LDm under different h conditions is shown in Supplementary Figure S22. Among Case1 and Case11–Case13, Case11 has the largest water volume fraction on monitoring line LDm, and the maximum water volume fraction of Case11 is 77.9% at the radial position of 0 mm. Compared with Case1, the water volume fraction of Case12 and Case13 has no obvious change, and the maximum water volume fraction distribution are all about 70.5%. It shows that h = 10 mm is the optimal structure parameter for the separated water to enter the drain hole, and the hydrate slurry is separated completely at this position. When h is greater than 10 mm, the position of the drain hole is close to the top of the three-phase hydrocyclone, where the hydrate slurry has not been completely separated, and the water will carry part of the sand phase into the drain hole, so that the mixture discharged from the water outlet contains sand.
4 CONCLUSION
In this paper, the optimal structural parameter combination of the three-phase hydrocyclone applicable to solid fluidization exploitation of NGH was obtained. The effect of the optimized structural parameters on the internal flow field characteristics of the three-phase hydrocyclone was studied. Based on the above results and discussion, the following conclusions were drawn.
(1) By using the orthogonal design, the structure optimization was carried out based on the conventional three-phase hydrocyclone and defined the dimensionless parameter E as the criterion of separation efficiency. The effect significance of different structural parameters on separation efficiency from high to low was: s>dz>h>li. When the maximum E was 1.46, the optimal structural parameters combination was that the tangential inlet area(s) was 2 mm2 × 12 mm2, the inverted cone diameter (dz) was 28 mm, the drain hole height (h) was 20 mm and the gas outlet depth length (li) was 28 mm. A new structure of hydrocyclone applicable to solid fluidization exploitation of NGH was obtained, which provides a reference for the engineering practice of hydrate slurry separation.
(2) When the s was in the range from 2 mm2 × 12 mm2 to 8 mm2 × 18 mm2, the tangential velocity, axial velocity and CH4 volume fraction in the flow field were all negatively correlated with the s. The three parameters all reached the maximum when the s was 2 mm2 × 12 mm2, in which the tangential velocity was 13.65 m/s, the axial velocity was 4.35 m and the CH4 volume fraction was 12.4%. The water volume fraction distribution was positively correlated with s. When the s was 8 mm2 × 18 mm2, the water volume fraction at the water outlet was 75.4%. Therefore, if the water separation efficiency is improved, it is suggested that the s should be set as 8 mm2 × 18 mm2.
(3) When the dz was 36 mm, the maximum attenuation of axial velocity was 3.57 m/s, the maximum CH4 volume fraction was 12.46% and the minimum water volume fraction was 66.3%. The change of dz has no significant effect on tangential velocity. Therefore, when the flow rate is constant in engineering practice, the separation efficiency of water and CH4 can be adjusted by changing the dz.
(4) The change of li had no effect on the tangential velocity, CH4 volume fraction distribution and water volume fraction distribution in the flow field. The axial velocity increases with the increase of li and reaches the maximum of 4.75 m/s when the li was 32 mm. The li had a significant effect on the axial migration of CH4. In engineering practice, the li should be appropriately increased to improve the separation efficiency of CH4.
(5) The h had on effect on the tangential velocity, axial velocity and CH4 volume fraction distribution in the flow field. With the increase of the h, the water volume fraction of the water outlet decreased gradually. When the h was 10 mm, the water volume fraction of the water outlet was maximum of 77.9%. The h had no significant effect on the flow field distribution, but different h had a significant effect on monitoring the separation position and separation efficiency of the water in engineering practice.
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NOMENCLATURE
Nomenclature
df Freedom degree
dz Inverted cone diameter (mm)
Dij Diffusion term
E Separation efficiency evaluating criterion
F F value
g Gravitational acceleration (m/s2)
Gall Gas volume injected in tangential inlets (%)
Gout Gas volume exhausted from gas outlet (%)
Gij Buoyancy generating term
h Drain hole height (mm)
kt Fluid thermal conductivity
Kx Sum of the test results of the level number is x which belongs to a certain factor column
li Gas outlet depth length (mm)
lz Inverted cone length (mm)
L Monitoring lines
MS Mean square of each factor
P Fluid pressure (Pa) Average value of the square of the sum of E
P Fluid pressure (Pa) Average value of the square of the sum of E
Pij Stress generation term
Q Sum of E2
R Range
s Tangential inlet area (mm2)
Sout Sand volume exhausted from sand outlet (%)
Sall Sand volume injected in tangential inlets (%)
SS Sum of squares of deviation
T Sum of E
u Velocity (m/s)
Greek letters
μ Fluid viscosity
εij Viscous dissipative term
ρ Density
Φij Pressure strain generating term
Subscript
all Volume fraction of phase
i Directions
j Directions
out Volume fraction of phase at outlet
x position
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