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Abstract

:

The pressure-controlled injection tool (PCIT) is the key equipment in the process of high-pressure water jet fragmentation in the solid fluidization exploitation of deep-sea natural gas hydrate (NGH). The internal flow field erosion wear numerical simulation model of PCIT is established through computational fluid dynamics software to study the influence law and main factors of the drilling fluid erosion wear of PCIT. The influence laws of different drilling fluid physical parameters and different structural parameters on PCIT erosion wear were analyzed based on the Euler–Lagrangian algorithm bidirectional coupled discrete phase model (DPM) and the solid–liquid two-phase flow model. The results show that the easily eroded areas are the cone of the sliding core, the plug transition section, the plug surface, and the axial flow passage. The sliding core inlet angle and solid particle size are the main factors affecting the PCIT erosion rate. When the inlet angle of the sliding core is 30°, the diameter of solid-phase particles in drilling fluid is less than 0.3 mm, and the erosion degree of the PCIT could be effectively reduced. The research results can provide guidance for the design and application of the PCIT and advance the early realization of the commercial exploitation of hydrate.
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1. Introduction


Natural gas hydrate (NGH) has the characteristics of high energy density and huge reserves. It is widely distributed in the world and is regarded as the alternative energy source with the most potential in the 21st century [1,2,3]. Deep-sea NGH test production has been carried out in many locations around the world, and many laboratories and scholars have conducted research on NGH production technology and professional production tools. At present, the main NGH exploitation methods include the chemical inhibitor injection method [4], decompression method [5], thermal stimulation method [6], and carbon dioxide (CO2) replacement method [7]. However, those above methods have different degrees of disadvantages for the exploitation of non-diagenetic NGH with the following characteristics: buried shallow, poor cementation, and low permeability. The chemical inhibitor injection method is an effective auxiliary method for NGH exploitation, which makes use of chemical inhibitors with different properties to accelerate the decomposition of gas hydrate and the formation of CO2 hydrate or reduce the speed of secondary formation of gas hydrate. However, the main disadvantage of the chemical inhibitor injection method is expensive chemical reagents, high production costs, and the use of large quantities of chemical reagents in gas hydrate reservoirs, which will cause a series of environmental problems. With reference to the decompression method, which harvests methane from hydrates by reducing hydrate reservoir pressure below the hydrate decomposition pressure to separate the hydrate [8], serious wellbore sand production and secondary formation of NGH in the pipeline will block the transportation channel and cause the interruption of the production process. Furthermore, the formation collapse of the goaf is easily caused by the disorderly decomposition of numerous NGHs. With regard to the thermal stimulation method, which extracts methane by heating hydrate reservoirs to decompose solid hydrates, the obvious disadvantage of this method is the inefficient utilization of thermal energy in subsea hydrate reservoirs [8]. Finally, in the CO2 replacement method, carbon dioxide is injected into the hydrate reservoir, and the methane molecules in the hydrate are replaced by carbon dioxide molecules and further released under specific conditions [6]. However, the production cycle is too long due to the extremely low extraction efficiency, thus the method is not suitable for the large-scale commercial exploitation of NGHs [9,10]. Based on the above reasons, an innovative mining method, that is, natural gas hydrate solid-state fluidization exploitation was proposed by Zhou [11]. Figure 1 illustrates the schematic diagram of this method [11,12,13,14]. During this process, the uncontrollable decomposition of NGH in the traditional mining method is transformed into controlled water jet fragmentation and decomposition. The application of bottom-hole sediment coarse separation technology and sediment backfill technology in solid-state fluidized exploitation solves the problems of pipeline blockage and geological collapse inherent in traditional mining technology.



Based on the requirements of crushing and cavity making of the hydrate layer in NGH solid-state fluidized exploitation, Tang Yang et al. [15,16] innovatively designed a pressure-controlled injection tool (PCIT) that combines the principle of throttling pressure control and the inclined surface guide mechanism. The PCIT integrates the drilling process of horizontal wells and the jet breaking and cavity making process in the solid-state fluidized exploitation and realizes controllable and rapid switching between the two processes by changing the drilling fluid flow rate inside the tool. In the process of horizontal well drilling and cavity making, high-pressure injection of drilling fluid containing solid particles can effectively fragment and drill hydrate formations with soft geology and large porosity. Under the erosion wear of high-pressure drilling fluid with solid particles over time, the opening and closing process of PCIT will be affected, which will further cause the entire production process to be interrupted. Therefore, in order to ensure the long-term stable use of the PCIT, it is necessary to conduct erosion wear analysis.



With the development of computational fluid dynamics simulation software, computational fluid dynamics (CFD) has become a key tool for predicting erosion in complex flows and is a cost-effective way to mitigate erosion wear when designing drilling tools. Many scholars have done some research on fluid erosion behavior. Yi et al. [17] carried out research on the erosion of fracturing elbows in hydraulic fracturing operations and obtained the influence of fracturing fluid parameters such as flow rate, particle size, and density on the erosion rate of fracturing elbows. Huang et al. [18] established the relationship between the erosion of drill pipe and the gas injection rate and mechanical speed in the process of gas drilling through theoretical derivation and laboratory experiments. It was found that erosion will be reduced under the conditions of small gas injection rate and large mechanical speed. Huang et al. [19] carried out numerical simulation on the erosion of the faucet elbow in reverse circulation drilling, predicted the location of the puncture point of the faucet elbow, and obtained the main factors affecting the collision zone. Wang et al. [20] used the discrete phase model (DPM) and the semi-empirical material removal model to predict the mass loss and erosion distribution of drilling choke valves and greatly reduced the erosion wear of choke valves through optimized design. Jafari et al. [21] analyzed and compared the erosion properties of four wear-resistant steel plates and obtained the relationship between material hardness, erosion resistance, and wear resistance by conducting laboratory experiments. Habib et al. [22] analyzed the liquid–solid two-phase erosion problem in the reducer pipe through numerical simulation and found that the inlet liquid-phase velocity, particle size, and surface hardness of the material are the main factors affecting the erosion law of the reducer. These experiments and studies have made a great contribution to the design and application of the oil and gas exploitation tools. Meanwhile, the PCIT is the key equipment in solid fluidization exploitation. However, to the best of our knowledge, no specific study has addressed the erosion wear analysis of this kind of PCIT, which seriously limits the design and application of such tools. In order to meet the requirements of long-term and stable jet breaking and horizontal well drilling in solid fluidization exploitation, it is necessary to study the erosion wear law of this kind of tool. It is hoped that the commercial application of the natural gas hydrate solid-state fluidization process could be promoted with our proposed PCIT.




2. Working Mechanism of PCIT


The design idea of PCIT is to combine the principle of throttling pressure control and the inclined surface guide mechanism. The throttling pressure control principle is that energy loss occurs when the fluid passes through the variable diameter section, and then a pressure drop occurs at the variable section. This pressure drop in turn generates an axial force at the variable cross-section to control the axial movement of the sliding core [15]. The PCIT is mainly composed of an outer hull, a sliding core, a spring, a thrust bearing, an inclined surface guide mechanism, an axial extrusion seal, and 24 jet nozzles, as shown in Figure 2. Its work process can be divided into the following four stages.



2.1. Stage 1: Horizontal Drilling Process


The PCIT is the part of the downhole tool string in NGH solid fluidization exploitation. In the horizontal drilling process, the jet nozzle must be closed. Under low drilling fluid flow, a smaller pressure drop and small axial force is created in the slide core of the SPIT, so that the slide core does not move. Therefore, the drilling fluid provides power for lower turbine power drilling tools through the sliding core and the axial flow passage.




2.2. Stage 2: NGH Crushing and Cavity Making


When the horizontal well pilot hole drilling is completed, drilling fluid flow is increased by pumping from the offshore drilling platform, so greater pressure drop and axial forces occur inside the sliding core. The sliding core moves axially to compress the spring, and the inclined plane guide mechanism begins to move with the sliding core. When the sliding core moves to the predetermined position, the jet nozzle on the tool is fully opened, and the drilling fluid is ejected from the jet nozzle at a high speed for the NGH crushing and cavity-making operations. In the meantime, the axial channel is completely blocked under the action of the axial extrusion seal, and the inclined plane guide mechanism also enters the locked state, which ensures the stable process of NGH crushing and cavity making. The PCIT was slowly dragged back with the downhole tool string for NGH crushing and cavity making.




2.3. Stage 3: Multi-Angle Directional Mining


When the exploitation of the target reservoir in this horizontal direction is completed, the downhole tool string does not need to be taken out of the well bore. The drilling fluid flow should be reduced to 0 L/min, and then the drilling fluid flow is gradually increased to release the locked state of the inclined plane guide mechanism. The jet nozzle on the PCIT is closed, and the axial channel is reopened. After that, the whole downhole tool will change in another direction at the bottom of the wellbore and repeat Stage 1 and Stage 2 to achieve multi-angle large-scale mining.




2.4. Stage 4: Multi-Level Mining


When the solid-state fluidized exploitation of the target-depth hydrate reservoir has been completed, the whole downhole tool will change to another depth, and repeat Stage 1, Stage 2, and Stage 3 to realize multi-level large-scale mining.





3. Governing Equations


Numerical simulation is a cost-effective way to mitigate erosion when designing downhole tools, and computational fluid dynamics (CFD) is a highly specialized simulation tool for predicting tool erosion wear under complex flow conditions. In this study, the Eulerian–Lagrangian method was used to describe the flow behavior of solid–liquid two-phase in which liquid is regarded as the continuous phase governed by the Reynolds-averaged Navier–Stokes (RANS) equation, and solid particles were considered as the dispersed phase governed by the second law of Newton. Finally, the finite volume method (FVM) was used to solve the governing equations.



3.1. Liquid-Phase Governing Equations


Considering the solid–liquid-phase interaction, the continuous phase flow equation and the momentum equation are [23,24]


    ∂ ρ   ∂ t   +   ∂ ρ    u i   ¯    ∂  x i    = 0    



(1)






  ρ   ∂    u i   ¯    ∂ t   + ρ   ∂    u i   u j   ¯    ∂  x j    = −   ∂    p   ¯    ∂  x i    + μ  ∇ 2     u i   ¯  − ρ   ∂    u i ′   u j ′   ¯    ∂  x j    + ρ  g i   



(2)




where      u i   ¯    is the    (  u , v , w  )    scalar components of the mean-velocity vector,      x i   ¯    is the    (  x , y , z  )    scalar components of the spatial-coordinates vector,  t  is the time coordinate,    p ¯    is the mean pressure,    u i ′    is the fluctuation velocity component,    τ  i j     is the scalar components of the Reynolds-stress tensor, and  v  is the fluid kinematic viscosity.



During the numerical simulation in this study, the liquid phase is in a turbulent state. In order to accurately simulate the liquid flow state, it is very important to choose an appropriate turbulence calculation model when performing turbulence calculation. The   k − ε   turbulence model is suitable for a high Reynolds number, incompressible turbulent flow, which is widely used in engineering applications. Therefore, the   k − ε   turbulence model was applied to describe the turbulent properties; the transport equations of  k  and  ε  are, respectively [25,26],


    ∂ ( ρ k )   ∂ t   +   ∂ ( ρ k  u i  )   ∂  x i    =  ∂  ∂  x i     [   (  μ +    μ t     σ k     )    ∂ k   ∂  x j     ]  +  G b  +  G k  − ρ ε  



(3)






      ∂ ( ρ ε )   ∂ t   +   ∂ ( ρ ε  u i  )   ∂  x i    =    ∂  ∂  x j     [   (  μ +    μ t     σ ε     )    ∂ ε   ∂  x j     ]  + ρ  C 1  S ε       +    (  1 −  C  3 ε    )   C  1 ε   ε  k   G b  −  C  2 ε   ρ    ε 2    k +   v ε        



(4)




where


     C 1  = max  (  0  . 43 ,   η   η + 5     )  ,   η = S  k ε       G k  = − ρ    u i ′   u j ′   ¯    ∂  u j    ∂  x i    ,  G b  = −  g i     u t    P  r t      ∂ ρ   ρ ∂  x i    ,  u t  = ρ  C μ     k 2   ε     



(5)




where  ε  is the turbulent dissipation rate,    m 2  /  s 3   ;  k  is the turbulent kinetic energy,  J ;  μ  is the dynamic viscosity,   Pa ⋅ s  ;    μ i    is the turbulent viscosity,   Pa ⋅ s  ;  S  is the strain rate,    G k    is the production term of the turbulent kinetic energy,    G b    is the production term of the turbulent kinetic energy due to lift,    P  r t     is the Prandtl number taken as 0.85,    C  3 ε   ,    C  1 ε   ,    C 2  ,    C μ    are constants taken as 0.9, 1.44, 1.9, and 0.09, respectively, and finally,    σ k    and    σ   ε        are turbulent Prandtl numbers taken as 1.0 and 1.3, respectively.



The turbulent intensity of the discrete phase is described by the equation of motion of the solid-phase particles. Through this equation, parameters such as the motion trajectory and velocity of the solid-phase particles can be obtained. This particle motion equation is called the DPM model [27]:


    d  u p    d t   =    C D   R e    24 t   ( u −  u p  ) +    g x  (  ρ p  − ρ )    ρ p    +  F  Δ p   +  F F  +  F v  +  F L   



(6)






     R e  =   ρ  D p   |   u p  − u  |   μ       C D  =   24    R e     (  1 +  b 1   R e      b 2     )  +    b 3   R e     b 4  +  R e       



(7)




where    u p    is the velocity of the solid particle,    C d    is the drag coefficient,    ρ p    is the density of the solid particle,  ρ  is the liquid density,    C D    is the drag coefficient,  u  is the liquid-phase velocity,    F  Δ P     is the additional force due to the pressure gradient in the fluid,    F F    is the lifting force generated by the fluid,    F V    is the virtual mass force required to accelerate the fluid surrounding the particle,    F L    is the buoyancy force that includes gravitational and relative density effects,    b 1  ,  b 2   ,     b 3     ,     b 4    are constants related to the solid-phase particles taken as 0.186, 0.653, 0.437, and 7178.741, respectively.




3.2. Erosion Model


The main material of the PCIT is 42CrMo steel. Therefore, the erosion prediction model suitable for the impact of quartz sand on the surface of carbon steel was selected [28].


   R  e r o s i o n   =   ∑  p = 1    N  p a r t i c l e         m p  C  (   d p   )  f  ( α )   ν  b  ( ν )       A  f a c e        



(8)




where    R  e r o s i o n     is the erosion rate,    N  p a r t i c l e     is the particle impact number,    m p    is the solid-phase particle quality,   C  (   d p   )    is the solid-phase particle diameter function,  ν  is the velocity of solid particles relative to the wall,   b ( ν )   is the solid-phase particle relative velocity function,  α  is the impact angle of the solid-phase particle path and the wall,   f ( α )   is the impact angle function, when the impact angle is 0°, 20°, 30°, 45°, and 90°,   f ( α )   is taken as 0, 0.8, 1, 0.5, and 0.4, respectively,    A  f a c e     is the area of the material surface impacted by particles.



When the solid-phase particles hit the surface of the material at a certain speed, the solid-phase particles will lose part of their energy due to the impact collision, so the solid-phase particles will bounce back at a lower speed than the impact speed. The rebound coefficient is used to determine the rebound speed and rebound angle. Determining solid-phase particle trajectories requires particle bounce properties and coefficients of restitution, the tangential and normal restitution coefficients of solid particles are [29,30]


   e T  = 0.988 − 0.029  α 1  + 6.43 ×   10   − 4    α 2  − 3.56 ×   10   − 6    α 3   



(9)






   e N  = 0.993 − 0.0307  α 1  + 4.75 ×   10   − 4    α 2  − 2.61 ×   10   − 6    α 3   



(10)




where    e T    is the tangential coefficient of restitution,    e N    is the normal recovery factor.




3.3. Erosion Wear Flow Field Geometric Model and Meshing


According to the structure of the PCIT, the internal flow field calculation area of the PCIT was established, and the unnecessary structures in the flow field calculation domain were simplified. The simplified flow field geometric diagram is shown in Figure 3a, and the result of meshing the flow field is shown in Figure 3b.



In Figure 3a, area A is the cone of the sliding core, area B is the transition section of the plug, area C is the surface of the plug and the axial flow passage. The above three area meshes are refined.




3.4. Simulation Parameters and Boundary Conditions


	(1)

	
In the simulation process, the velocity inlet boundary condition was used, which is determined by the flow rate and the inlet size of the PCIT. At the same time, the inlet velocity of the solid-phase particles was set to be the same as the fluid velocity, and the outlet adopted the pressure outlet boundary condition.




	(2)

	
In this paper, the standard wall function method was chosen to correct the results. The specific definition value in the reflection wall model was determined by the wall collision recovery equation. The impact angle function was defined as a linear value, as shown in Table 1.









4. Analysis of Numerical Simulation Results


4.1. Prediction of Erosion Location


The specific erosion location of the PCIT must be determined to pave the way for the study of the factors that affect the erosion law. For this, the diameter of solid particles in the drilling fluid was set to d = 0.2 mm, the density was 1500 kg/m3, the liquid inlet velocity was 10 m/s, and the viscosity was 20   mpa ⋅ s   for simulation analysis.



Figure 4 shows the distribution of the PCIT’s easily eroded areas. There are four main erosion areas in the PCIT as shown in Figure 4: the sliding core cone surface, the transition section of the plug, the surface of the plug, and the axial flow passage. The sliding core cone surface is located in the PCIT inlet section; if the drilling fluid flow rate increases, the cone surface will be seriously eroded by the vertical impact of solid-phase particles in the drilling fluid. The plug is located at the fluid outlet of the PCIT. The surface of the plug is directly impacted by the drilling fluid, and the average erosion rate and the maximum erosion rate are both the largest. After the fluid particles impact the plane of the plug, the particles will move to the sides of the plug. At the same time, due to the sudden shrinkage of the fluid channel and the increase of the drilling fluid flow rate, the erosion of the inner wall of the axial flow channel is also obvious.




4.2. Influence of Drilling Fluid Physical Parameters on Erosion Rate


4.2.1. Influence of Drilling Fluid Flow on Erosion Rate


The drilling fluid flow rate was set to 200, 300, 400, 500, 600, 700, and 800 L/min, respectively, and the particle diameter, plug position, and mass flow were kept in the same conditions. The maximum erosion rate and the erosion area of the PCIT under different flow rates were obtained as shown in Figure 5 and Figure 6, respectively.



As shown in Figure 5, with the increase of the inlet drilling fluid flow, the maximum erosion rate of the plug surface, the plug transition section, and the axial flow passage all increase. In particular, the maximum erosion rate on the plug surface increases exponentially. This occurs because, as the velocity of drilling fluid flow in PCIT increases with the increase of flow rate, the impact kinetic energy of the solid particles gradually increases, and the frequency and the solid particles’ impact the surface of the PCIT per unit time increases. Therefore, the erosion rate of the three erosion-prone areas increases. When the drilling fluid flow increases from 200 to 800 L/min, the average maximum erosion rate of the three erosion-prone areas increased by 65.4 times. As shown in Figure 6, the erosion area of the three erosion-prone areas did not change significantly, which indicates that the inlet flow should be controlled as much as possible during the use of the PCIT.




4.2.2. Influence of Solid-Phase Particle Mass Flow on Erosion Rate


The mass flow is the mass of fluid flowing through PCIT per unit time. Under a constant drilling fluid flow velocity and solid particles, the influence of different mass concentrations on the erosion law was analyzed. The mass flow was set as 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, and 0.007 kg/s, respectively. The variation law of the maximum erosion rate and the erosion area in the erosion-prone areas in the PCIT are shown in Figure 7 and Figure 8.



As shown in Figure 7, the maximum erosion wear rates of the three erosion-prone regions increase linearly with the increase of the fluid mass flow. The largest erosion rate at the plug surface increased by 6.05 times when the fluid mass flow increased from 0.001 to 0.007 kg/s. Due to the increase in the mass flow rate of the drilling fluid, the number of solid particles entering the PCIT per unit time increased, and the impact frequency of the PCIT by the solid-phase particles increased per unit time. The plug face was directly impacted by the solid-phase particles in the drilling fluid, and the impact angle was around 90°. Therefore, the maximum erosion rate on the plug face was always the maximum value of the three erosion-prone areas. Meanwhile, it is greatly affected by the change of mass flow. Then the solid-phase particles hitting the plug face bounce back to the plug transition section while losing kinetic energy. Thus, the erosion and wear in the plug transition section is smaller than that in the plug face. The axial flow passage has the same flow direction as the drilling fluid, and only a small amount of solid-phase particles will hit the axial flow passage. Therefore, the erosion and wear in the axial flow passage is the smallest, and it is the least affected by the increase of mass flow. As shown in Figure 8, the erosion area of the three erosion-prone areas of PCIT did not change significantly with the increase in mass flow. Therefore, it should be considered that the mass concentration of solid-phase particles in the drilling fluid can be reduced when the drilling fluid is configured, which can effectively reduce the erosion in the PCIT.




4.2.3. Influence of Solid-Phase Particle Diameter on Erosion Rate


According to the actual working conditions, the diameters of the solid-phase particles were set as 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.1 mm, respectively. The inlet velocity and the mass flow of the drilling fluid were kept constant. The relationship between the different diameter of solid particles and the maximum erosion rate is shown in Figure 9 and Figure 10.



As shown in Figure 9, the maximum erosion rates of the erosion-prone regions in the PCIT all increased with the increase in particle diameter. When the particle size diameter of the solid phase increased from 0.1 to 1.1 mm, the average maximum erosion rate of the three erosion-prone regions increased by 63.4 times, but the growth rate of the maximum erosion rate was different in different particle diameter ranges: When the solid-phase particle diameter was between 0 and 0.3 mm, the growth of the erosion rate of the three erosion-prone regions was relatively low. When the solid-phase particle diameter was between 0.3 and 0.7 mm, the erosion rate of the three easily eroded areas increased rapidly, especially the erosion rate on the surface of the plug increased rapidly. When diameter was greater than 0.7 mm, the maximum erosion rate of the axial flow passage decreased with the increasing particle diameter, while the maximum erosion rates of the plug transition and plug surface continued to increase linearly. At the same time, according to the erosion area diagram in Figure 10, the erosion area of the plug surface and the plug transition section gradually increased with the increase of particle diameter. The analysis results show that the diameter of the solid-phase particles in the drilling fluid should preferably be less than 0.3 mm in the actual production process and that a solid-phase particle diameter exceeding 0.7 mm accelerates the erosion damage to the PCIT.





4.3. Influence of PCIT Structural Parameters on Erosion


4.3.1. Influence of the Sliding Core Inlet Angle on Erosion Rate


The inlet angle of the sliding core is closely related to the pressure drop inside the sliding core under the same flow rate, but the variation of the erosion law at the sliding core cone caused by the change of the inlet angle cannot be ignored. The inlet velocity and mass flow rate were kept consistent to carry out numerical simulations. The relationship between the different sliding core inlet angle and the maximum erosion rate is shown in Figure 11 and Figure 12.



As shown in Figure 12, the most serious erosion is at the sliding core cone, and the erosion area increases with the inlet angle. As shown in Figure 11, with the increase of the inlet angle, the pressure drop value inside the sliding core and the maximum erosion rate of the sliding core cone gradually increases. When the inlet angle was 10°, the maximum erosion rate of the sliding core cone was 1.45 × 10−5 kg/(m2·s). The maximum erosion rate can reach 2.05 × 10−4 kg/(m2·s), when the inlet angle is 120°, increasing the erosion rate by 17 times. There is a certain reduction in the maximum erosion rate when the inlet angle is greater than 120°, but the erosion severity does not improve. Therefore, the relationship between the erosion rate, the internal pressure drop, and the inlet angle of the sliding core should be taken into account. Therefore, the axial force is as large as possible under the same conditions and the erosion rate at the sliding core cone is controlled. Preferably, the inlet angle of the sliding core should be set as 30°, and the erosion rate at the variable section should be kept between 5.98 × 10−6 and 1.2 × 10−5 kg/(m2·s), and the maximum erosion rate of the entire inlet section will be 1.99 × 10−5 kg/(m2·s).




4.3.2. Influence of Plug Angle on Erosion Rate


The variation law of the erosion rate of the erosion-prone area in the PCIT was further analyzed focusing on changes in the top angle of the plug. The simulation analysis results are shown in Figure 13 and Figure 14.



As shown in Figure 13, different top angles of the plug had obvious effects on the erosion law of the plug surface, the transition section of the plug, and the axial flow passage. The erosion rate of the plug transition section gradually increased with the gradual increase of the plug top angle, the maximum erosion rate of the plug surface gradually decreased and the maximum erosion rate of the axial flow passage was almost unchanged. When the top angle of the plug is small, the plug has a stronger diversion effect on the drilling fluid. Under the diversion effect of the plug, most of the solid-phase particles in the drilling fluid will flow directly to the axial flow passage. Therefore, it will not cause serious erosion on the plug transition section. When the top angle of the plug is large, the diversion effect on the drilling fluid is weakened, and a considerable amount of solid particles will bounce back to the plug transitional section after hitting the plug surface, thereby causing the plug erosion of excessive segments. As shown in Figure 12, when the top angle of the plug was less than 60°, almost no erosion occurred in the plug transition section. However, when the top angle of the plug was greater than 60°, the erosion area of the transition section of the plug gradually increased. Considering that it is easy to strengthen the erosion area of the plug during processing and combining the analysis results of Figure 13 and Figure 14, the plug top angle was set to 60°. The erosion rate of the plug surface was then relatively low, and the erosion of the plug transition section was significantly improved.




4.3.3. Influence of Plug Transition Distance on Erosion Rate


The erosion of the PCIT with the transition distance was analyzed. Figure 15 and Figure 16 show the results of the maximum erosion rate and erosion area variation of the three erosion-prone areas in PCIT.



As shown in Figure 15, when the distance of the plug transition section was reduced from 55 to 5 mm, the maximum erosion rate of the erosion-prone areas increased by 3.8 times. The maximum erosion rate at the axial flow passage decreased slightly with the increase of the plug transition section distance. The erosion changes on the plug surface and the plug transitional section can be divided into three stages. Stage 1: when the distance of the plug transition section is between 5 and 15 mm, the maximum erosion rate on the plug surface drops sharply. Stage 2: when the distance is between 15 and 30 mm, the maximum erosion rate of the plug transition section continues to decrease. Stage 3: the erosion rate of the three easily eroded areas tends to be stable when the distance of the plug transition section is between 30 and 50 mm, the erosion rate is less affected by the distance of the plug transition section. As the distance of the plug transition section increased, the erosion area of the plug transition section decreased significantly as shown in Figure 16, while the erosion area of the plug surface and the axial flow passage did not change significantly. Therefore, when the PCIT is designed, the distance of the plug transition section should be greater than 30 mm.






5. Conclusions


In order to meet the demand for hydrate reservoir crushing and cavity making in solid fluidized production of natural gas hydrate, the novel pressure-controlled injection tool in this paper was designed. Variations in the law of erosion under different drilling fluid physical parameters and PCIT structure parameters were analyzed by computational fluid software. According to the simulation results and actual working conditions, the optimal design parameters of the PCIT were optimized. From the numerical simulation, the following conclusions were obtained:




	(1)

	
There are four erosion-prone areas in the PCIT, including the sliding core cone, the plug transition section, the plug surface, and the axial flow passage. These four areas should be considered and strengthened in the design and processing.




	(2)

	
The maximum erosion rate and erosion area in the easy erosion area increase with the increase of solid particle diameter. The average maximum erosion rate increased by 63.4 times when the particle size changed from 0.1 to 1.1 mm, which exceeded other influencing factors such as mass flow rate and drilling fluid flow rate. Therefore, it was considered that the solid particle diameter was the main factor affecting the growth of the maximum erosion rate. When the solid particle diameter was less than 0.3 mm, the erosion of each part of the PCIT was better. The particle size of solid particles should be strictly controlled when configuring the drilling fluid, which can significantly reduce erosion.




	(3)

	
With the increase of the sliding core inlet angle, the erosion of the sliding core cone is intensified. Therefore, considering the relationship between pressure drop, erosion rate, and inlet angle, the sliding core inlet angle should preferably be set to 30°. Under the same flow conditions, an inlet angle of 30° can cause the largest possible pressure drop while greatly improving the erosion of the sliding core cone. At the same time, the top angle of the plug should be set to 60°, and the distance of the plug transition section should be greater than 30 mm, so that the erosion rate of the plug surface and the plug transition section can be effectively reduced.













Author Contributions


Y.T. and P.Z. designed the simulation model and carried out the simulation of the proposed model; G.W. analyzed the data; Y.T., P.Z. and L.Z. wrote the initial draft of the manuscript; and X.L. and X.F. reviewed and contributed to the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported by National Key Research and Development Program (grant numbers 2021YFC2800903); the Fund of Southern Marine Science and Engineering Guangdong Laboratory (Zhanjiang) (grant numbers ZJW-2019-03); the National Natural Science Foundation of China (grant numbers 52004235); International Science and Technology Cooperation Project Funding (grant numbers 2020-GH02-00041-HZ); China Postdoctoral Science Foundation (grant numbers 2020M683359); National Science and Technology Major Project (grant numbers 2016ZX05028-001-006); China Postdoctoral Innovative Talents Support Program (grant numbers BX20190292); Sichuan Province Applied Basic Research Project (grant numbers 2020YJ0152); and the Miaozi Engineering Project of Sichuan Science and Technology Department (No. 2021124).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data and models generated or used during the study appear in the submitted article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kajiyama, S.; Wu, Y.; Hyodo, M. Experimental investigation on the mechanical properties of methane hydrate-bearing sand formed with rounded particles. J. Nat. Gas Sci. Eng. 2017, 45, 96–107. [Google Scholar] [CrossRef]

	



Zhou, S.W.; Li, Q.Y.; Lv, X. Key issues in development of offshore natural gas hydrate. Front. Energy 2020, 14, 433–442. [Google Scholar] [CrossRef]

	



Sloan, E.D. Fundamental principles and applications of natural gas hydrates. Nature 2003, 426, 353–359. [Google Scholar] [CrossRef]

	



Liu, J.J.; Shao, Z.L.; Wu, M.Y. Heat and mass transfer analysis of depressurization-induced hydrate decomposition with different temperatures of over-and under burden. J. Nat. Gas Sci. Eng. 2017, 44, 65–76. [Google Scholar] [CrossRef]

	



Feng, Y.; Chen, L.; Suzuki, A. Numerical analysis of gas production from layered methane hydrate reservoirs by depressurization. Energy 2019, 166, 1106–1119. [Google Scholar] [CrossRef]

	



Gambelli, A.M.; Rossi, F. Natural gas hydrates: Comparison between two different applications of thermal stimulation for performing CO2 replacement. Energy 2019, 172, 423–434. [Google Scholar] [CrossRef]

	



Xu, C.G.; Cai, J.; Yu, Y.S. Effect of pressure on methane recovery from natural gas hydrates by methane-carbon dioxide replacement. Appl. Energy 2018, 217, 527–536. [Google Scholar] [CrossRef]

	



Wang, Y.; Feng, J.C.; Li, X.S.; Zhang, Y. Experimental investigation of optimization of well spacing for gas recovery from methane hydrate reservoir in sandy sediment by heat stimulation. Appl. Energy 2017, 207, 562–572. [Google Scholar] [CrossRef]

	



Chen, C.; Pan, D.B.; Yang, L. Investigation into the water jet erosion efficiency of hydrate-bearing sediments based on the arbitrary Lagrangian-Eulerian method. Appl. Sci. 2019, 9, 182. [Google Scholar] [CrossRef]

	



Li, Z.Z.; Guo, X.Q.; Yang, L.Y. Exploitation of methane in the hydrate by use of carbon dioxide in the presence of sodium chloride. Pet. Sci. 2009, 6, 426–432. [Google Scholar] [CrossRef]

	



Zhou, S.W.; Zhao, J.Z.; Li, Q.Y. Optimal design of the engineering parameters for the first global trial production of marine natural gas hydrates through solid fluidization. Nat. Gas Ind. B 2018, 5, 118–131. [Google Scholar] [CrossRef]

	



Wang, L.Z.; Wang, G.R. Experimental and Theoretical Study on the Critical Breaking Velocity of Marine Natural Gas Hydrate Sediments Breaking by Water Jet. Energies 2020, 13, 1725. [Google Scholar] [CrossRef]

	



Zhou, S.W.; Chen, W.; Li, Q.P. The green solid fluidization development principle of natural gas hydrate stored in shallow layers of deep water. China Offshore Oil Gas 2014, 26, 1–7. [Google Scholar]

	



Wei, N.; Sun, W.T.; Meng, Y.T. Multiphase non-equilibrium pipe flow behaviors in the solid fluidization exploitation of marine natural gas hydrate reservoir. Energy Sci. Eng. 2018, 6, 760–782. [Google Scholar] [CrossRef]

	



Tang, Y.; Yao, J.X.; He, Y.; Sun, P.; Jing, X. Study on pressure-controlled sliding sleeve of jet breaking for natural gas hydrate mining based on throttle pressure drop principle. Energy Sci. Eng. 2020, 8, 1422–1437. [Google Scholar] [CrossRef]

	



Tang, Y.; Huang, S.X.; Yao, J.X.; Liu, Q.Y.; Wang, G.R.; Zhou, S.W. An Automatic Jet Breaking Tool for Solid-State Fluidized Exploitation of Natural Gas Hydrate. U.S. Patent No. 11,193,333, 17 January 2020. [Google Scholar]

	



Yi, X.Z.; Peng, Z.; Zhou, Y.H. Numerical simulation for erosion behavior of high-pressure fracturing fluids on JY-50 fracturing bend pipe. Surf. Technol. 2019, 48, 144–151. [Google Scholar]

	



Huang, Z.Q.; Xie, D.; Huang, X.B. Analytical and experimental research on erosion wear law of drill pipe in gas drilling. Eng. Fail. Anal. 2017, 79, 615–624. [Google Scholar] [CrossRef]

	



Huang, Y.; Yin, K.; Zhu, L.H. Numerical simulation of swivel bend wear in reverse circulation drilling. J. Cent. South Univ. 2013, 44, 2052059. [Google Scholar]

	



Wang, G.R.; Chu, F.; Tao, S.Y. Optimization design for throttle valve of managed pressure drilling based on CFD erosion simulation and response surface methodology. Wear 2015, 338, 114–121. [Google Scholar] [CrossRef]

	



Jafari, A.; Dehghani, K.; Bahaaddini, K. Experimental comparison of abrasive and erosive wear characteristics of four wear-resistant steels. Wear 2018, 416, 14–26. [Google Scholar] [CrossRef]

	



Habib, M.A.; Ben-Mansour, R.; Badr, H.M. Erosion and penetration rates of a pipe protruded in a sudden contraction. Comput. Fluids 2008, 37, 146–160. [Google Scholar] [CrossRef]

	



Alfonsi, G. Reynolds-averaged Navier-Stokes equations for turbulence modeling. Appl. Mech. Rev. 2009, 62, 4–20. [Google Scholar] [CrossRef]

	



Hinze, J.O. Turbulence; Mc Graw Hill: New York, NY, USA, 1975. [Google Scholar]

	



Chintala, V.; Subramanian, K.A. A CFD (computational fluid dynamics) study for optimization of gas injector orientation for performance improvement of a dual-fuel diesel engine. Energy 2013, 57, 709–721. [Google Scholar] [CrossRef]

	



Ji, M.K.; Utomo, T.; Woo, J.S.; Lee, Y.H.; Jeong, H.M.; Chung, H.S. CFD investigation on the flow structure inside thermo vapor compressor. Energy 2010, 35, 2694–2702. [Google Scholar] [CrossRef]

	



Dickenson, J.A.; Sansalone, J.J. Discrete phase model representation of Particulate Matter (PM) for simulating PM separation by hydrodynamic unit operations. Environ. Sci. Technol. 2009, 43, 8220–8226. [Google Scholar] [CrossRef]

	



Frawley, P.; Corish, J.; Niven, A.; Geron, M. Combination of CFD and DOE to analyse solid particle erosion in elbows. Int. J. Comput. Fluid Dyn. 2009, 23, 411–426. [Google Scholar] [CrossRef]

	



Grant, G.; Tabakoff, W. Erosion prediction in turbomachinery resulting from environmental solid particles. J. Aircr. 1975, 12, 471–478. [Google Scholar] [CrossRef]

	



Forder, A.; Thew, M.; Harrison, D. A numerical investigation of solid particle erosion experienced within oilfield control valves. Wear 1998, 216, 184–193. [Google Scholar] [CrossRef]








[image: Energies 15 05314 g001 550] 





Figure 1. Solid fluidization exploitation method. 






Figure 1. Solid fluidization exploitation method.
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Figure 2. Structure diagram of PCIT: (a) PJCT in closed state, (b) PJCT in opend state. 
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Figure 3. Flow field meshing: (a) the simplified flow field geometric diagram, (b) the result of meshing the flow field. 
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Figure 4. Erosion location distribution of PCIT. 
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Figure 5. The maximum erosion rate changes with drilling fluid flow. 
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Figure 6. Erosion area changes with drilling fluid flow. 
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Figure 7. The maximum erosion rate changes with mass flow. 
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Figure 8. Erosion area changes with mass flow. 
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Figure 9. The maximum erosion rate changes with solid particle diameter. 
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Figure 10. Erosion area changes with solid particle diameter. 
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Figure 11. Maximum erosion rate and pressure drop of the sliding core cone change with θ value. 
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Figure 12. Erosion area changes with θ value. 
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Figure 13. Maximum erosion rate changes with plug angle. 
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Figure 14. Erosion area changes with plug angle. 
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Figure 15. Maximum erosion rate changes with plug transition distance. 
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Figure 16. Erosion area changes with plug transition distance. 
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Table 1. Impact angle function parameters.






Table 1. Impact angle function parameters.





	Impact Angle (°)
	     f ( a )     





	0
	0



	20
	0.8



	30
	1



	45
	0.5



	90
	0.4
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