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Through discrete element method-computational fluid dynamics, the internal flow field and particle motion law of a two-stage deep-sea lifting pump at different rotational speeds were analyzed in this work. In addition, the physical phenomena, such as flow field velocity, secondary flow, and particle flow, were studied. The relationship between the rotational speed of the lifting pump and solid–liquid two-phase flow was investigated. An experiment on the hydraulic performance of the lift pump showed that the resulting lift and efficiency were consistent with the numerical simulation data. When the rotational speed was 1,450 rpm, the particles can obtain a higher kinetic energy from the flow field, the flow was more stable, and particle deposition was reduced.
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INTRODUCTION
Oceans contain many resources, including rich deep-sea mineral resources. For example, the total rare earth reserves in the North Central Pacific and Southeast Pacific Oceans are approximately 88 billion tons, which is more than 800 times the total rare earth resources on land (approximately 110 million tons) (Kato et al., 2011). In deep sea mining, lift pumps are key pieces of equipment for ore transportation. The performance (Chen, 2019) and safety of the lifting pump are important aspects of the operating efficiency of the entire deep-sea mining system. Zou et al. (2013) studied the lifting problem of electric transmission pumps and proposed a two-phase flow model of a homogeneous slurry. Dong et al. (2018) used a two-phase flow model of a homogeneous slurry to divide the solid particle size, thereby promoting the research on solid–liquid two-phase flow in deep-sea mining. However, their research utilized the traditional discrete phase model, whereby the mixture of fine particles and seawater was considered a homogeneous slurry, and the particle size ratio, and collision and aggregation between the particles were ignored. Furthermore, the interaction between the particles and fluid was not considered. He et al. (2018) proposed discrete element method-computational fluid dynamics (DEM-CFD) to study the gas–solid two-phase flow. Ebrahimi and Crapper (2017) studied the dynamic principle of DEM-CFD on a solid–liquid two-phase fluid flow. Hu et al. (2021) studied the internal flow of the pump through DEM-CFD coupling simulation and obtained the results for deep-sea pumps in extreme cases, such as surpassing the rated concentration, transportation of extremely large particles, deviation from the rated flow, and return flow of the slurry in the event of a power failure. For investigating the flow characteristics, Li et al. (2019) studied the external characteristics of the pump at different speeds and return flow rates of the pump based on DEM-CFD. These reports results provide favorable support for the study of solid–liquid two-phase flow in deep-sea mining. Wang et al. (2021) studied the influence of the particle migration characteristics on the pump flow and wear. Yang et al. (2014) analyzed the influence of the rotational speed on the solid–liquid two-phase flow, and pointed out that the volume distribution of the particles on the surface of the space guide vane is less affected by the rotational speed. Hu et al. (2020) used DEM-CFD to study the particle transport problem in Y-shaped elbows, and discussed the flow process of particles and fluids at different transport speeds. Liu et al. (2020) studied the effect of particle volume fraction on the performance of deep-sea electric pumps based on the DEM-CFD method. However, these previous studies ignored the interaction between particles. Moreover, the calculation process assumed that no slip exists between the particles and wall. Although this assumption is rational when the particles are smaller, large particle sizes have stronger interparticle interactions. In addition, the relative slip between the particles and wall affects the flow field and interaction between the particles.
Thus, in deep-sea mining, the solid–liquid two-phase flow in the flow channel of the lifting pump is complicated, which is reflected in the random collisions between particles, interactions between the particles and walls, turbulence of the fluid and particles, and interactions between fluids (Chen et al., 2021). In the exploration of deep-sea lifting pumps, computational fluid dynamics (CFD) methods have been widely used to simulate pumps in clean water conditions. However, CFD methods can only calculate the properties of the fluid. Discrete phase model addresses the dynamics of small particles in liquids. This model ignores the particle volume, reduces the particles to Lagrangian particles, and ignores the collisions between the particles (Safaei et al., 2014); thus, it is not suitable for large-diameter particle dynamics (Rashidi et al., 2017). The DEM involves coupled calculations of CFD and DEM realized by the soft sphere method, inter-particle collision, and particle volume fraction. This approach can obtain the fluid and particle properties of a solid–liquid two-phase flow with high accuracy, which is useful in mud transportation simulation. Chen et al. (2020) used the DEM-CFD coupling method to simulate the working conditions of different shapes and concentrations of horizontal pipeline transportation, and obtained the relationship between the effects of the particle characteristics on the efficiency of slurry transportation and flow characteristics. In this study, the DEM-CFD method was employed to investigate the movement of the fluid and particles in a two-stage pump flow path at different speeds.
Numerical Simulations
Particles move independently from each other, and interactions occur when the particles collide with each other and with the walls. The lifting motion of the particles in the fluid is affected by the drag force, which is calculated as
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CD is the drag coefficient, expressed as
[image: image]
where Rep is the Reynolds number, ρf is the solid–liquid two-phase flow density (kg/m3), μf is the solid–liquid two-phase flow viscosity (Pa·s), di is the particle diameter (m), uf is the fluid velocity (m/s), and up is the particle velocity (m/s).
The pressure gradient force is expressed as
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The additional mass force is expressed as
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The Basset force is expressed as
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The Saffman force is expressed as
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The Magnus force is expressed as
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where ω is the angular velocity of the particles (rad/s) and dp is the particle diameter (m).
A frictional force is developed owing to the difference between the speeds of the solid particles and liquid phase; the frictional force of the liquid phase flow is given by
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The interaction between the particles and fluid is expressed as
[image: image]
The equation for the dynamic movement of the particles can be obtained using the collision relationship between the particles, and interaction between the fluid and particles, as follows:
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where F is the resultant force of the normal and tangential contact forces, and M is the resultant moment of the particle tangential and rolling frictional moments.
At present, the Verlet and Euler methods are often used to solve the dynamic equation of a particle, and the position, velocity, and acceleration of the particle are superimposed and calculated by Taylor series expansion (Childs, 1991).
The Verlet algorithm was proposed by Loup Verlet in the 1860s. This method is widely used in the field of molecular dynamics and has gradually been applied to solve the Newtonian equations of motion of particles (Gonzalez et al., 2006).
In DEM-CFD, the fluid and particles are considered separately in the coupling calculation. First, the flow field is calculated in Fluent. After the flow field iteration is completed, the data are transmitted to the EDEM solver. The particles are used as discrete phases in EDEM to calculate the flow field information. Parenteau (2010) conducted numerical simulations of a solid–liquid two-phase flow in deep-sea mining using the CFD and DEM-CFD coupling calculation methods. The CFD method did not calculate the interaction between the particles and wall, and the simulation results are different from the experimental results. Meanwhile, the DEM-CFD method considers the interaction between the particles and walls, and has greater calculation accuracy than the CFD method. Thus, the DEM-CFD method has significant advantages in the analysis of a solid–liquid two-phase flow. Compared with the traditional CFD method, the particle movement in the pump can be accurately analyzed.
As a rotating fluid machine, the lifting pump adopts a rotating coordinate system based on the axial direction of the impeller rotating shaft. Under this coordinate system, the continuity equation and Navier–Stokes equation of the relative velocity of the liquid phase are
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where [image: image], [image: image], and [image: image] are the liquid phase velocity vectors (m/s); [image: image]1 is the rotational angular velocity of the impeller (rad/s); [image: image] is the component of the rotational angular velocity of the impeller (rad/s); [image: image] is the linear distance to the axis of rotation (m); [image: image] is the relaxation time of the particles (s); ρs is the solid phase density (kg/m3); ρf is the solid liquid density (kg/m3); p is the equivalent pressure considering the centrifugal force (N); τfij is the pressure vector (N); Cvc is the concentration; and gfi is the gravitational acceleration (m/s2) (Brennen and Yong, 2010).
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where upi is the solid phase velocity vector.
3D Model and Meshing
In this study, the production capacity of the mining system was set to 30 t/h. The particle volume concentration was set to 6%. The maximum particle size was 20 mm, and the flow rate was 420 m3/h. In the simulation, a single particle size of 20 mm was used according to the project requirements, and the particle concentration was controlled with the mass flow rate of 14 kg/s.
The DEM-CFD coupling was based on the Euler–Lagrange method and implemented on the FLUENT-EDEM platform. The flow field information of the fluid in the computational domain was first computed in Fluent for a time step. When the convergence conditions were reached, the drag and lift forces of the particles were calculated, and the information was transmitted to the EDEM. EDEM calculated the particle position, velocity, volume, etc., and passed this information back to Fluent. Thus, the particle and flow field information for the next time step was cyclically updated.
The impeller and diffuser of the multi-stage pump are composed of duplex stainless steel with a density of 7,850 kg/m3, Poisson’s ratio of 0.33, and shear modulus of 7.744 10+10. The contact force of the particles was calculated by the Hertz–Mindlin no-slip model. The lift model adopted the Saffman and Magnus lift models, and the particle–particle and particle–pump interaction settings are shown in Table 1.
TABLE 1 | Contact interaction settings in the EDEM.
[image: Table 1]As the consistency of the EDEM and Fluent data at the inlet and outlet promotes stabilization and convergence, it is preferable to use the predefined pressure outlet and velocity inlet as the boundary conditions for the Fluent data. The EDEM particle factory was set to an infinite number model, thereby randomly generating particles on the same inlet plane as that of the Fluent based on the particle mass flow, and setting equal velocities for the particles and fluid. The data between different sub-computing domains were passed through interfaces. The physical properties of water were set to a temperature of 20°C, density of 0.9982 g/cm3, and viscosity of 1.003 × 10−3 Pa·s. Renormalization group k–ε was chosen as the turbulence model for the refinement of the swirl effect under turbulence. This refinement enhanced the accuracy of the swirling flow in deep-sea lifting pumps. The standard wall treatment, which can effectively handle most industrial flow at y+ of 15–100 near the solid wall, was set as the wall function.
SIMPLEC was used for the pressure–velocity coupling method, which increased the moment, turbulent kinetic energy, and turbulent dissipation rate to the second-order upwind to improve the accuracy of the simulation. The time step was fixed as the elapsed time per 4° of pump rotation: 4.6 × 10−4 s for 1,450 rpm, 5.442 × 10−4 for 1,300 rpm, 6.123 × 10−4s for 1,100 rpm, and 6.9074 × 10−4 s for 1,000 rpm. The convergence rule for all residuals was set to 1 × 10−4.
The parameters of the impeller are listed in Table 2. Table 3 shows the space guide vane parameters of the deep-sea lifting pump. Figure 1 shows a grid diagram of the two-stage deep-sea lifting pump. The inlet section of the first-stage impeller and outlet section of the second-stage space guide vane were lengthened for the smooth entry of the flow field. The grid was dense at the turning points of the first-stage and second-stage impellers, which was beneficial for the calculation of the flow field. The computational domain model was divided into five unstructured meshes with different grid qualities in ICEM. The simulation results are shown in Table 4. The grid-independence simulation test showed that a satisfactory result could be guaranteed for 2300000 grids.
TABLE 2 | Impeller parameters of the deep-sea lifting pump.
[image: Table 2]TABLE 3 | Space guide vane parameters.
[image: Table 3][image: Figure 1]FIGURE 1 | Two-stage deep-sea lifting pump grid.
TABLE 4 | Grid-independence simulation test.
[image: Table 4]NUMERICAL CALCULATIONS
The inlet velocity of the fluid and particles were both set to 3.16 m/s. The coarse-grained ore has spherical particles with a volume fraction of 6% for the 20-mm particles. The impeller speed was set to 1,100, 1200,1300, and 1,450 rpm, according to China’s key R&D program—Deep Sea Polymetallic Combined Mining and Test Engineering.
Figure 2 shows the flow lines and particle velocity diagrams of the two-stage deep-sea lifting pump. The velocity of the particles is lower than the velocity of the fluid, indicating that there is no advance phenomenon during the lifting process. The maximum velocity of the particles and streamlines occurred at the end of the blade. At a speed of 1,100 rpm, the maximum velocity of the particles is 10.2 m/s. As the rotational speed increased, the velocity of the particles and fluid increased. As shown in Figure 2D, the particle velocity reached 19.1 m/s. The blade accelerated the particles well, facilitating their easy passage through the deep-sea lifting pump. After the blade accelerated the particles, they entered the space guide vane. When the particles are thrown from the blade, they hit the outer shell of the space guide vane, resulting in substantial energy loss. The pressure surface of the space guide vane is in contact with the suction surface. As shown in Figure 2, the particles on the pressure surface of the space guide vane are larger than those on the suction surface. Therefore, the pressure surface of the space guide vane will undergo more collisions, and its wear will exceed that of the suction surface. In the two-stage deep-sea lifting pump, the number of particles in the first-stage pump is greater than that in the second-stage pump because of the numerous particles that suddenly entered the pump body, resulting in excessive particle concentration at the junction. With the increase in speed, the number of particles in the first-stage pump decreased, resulting in the significant improvement of the flow capacity. In the deep-sea lifting pump, there is a high possibility of blockage of the first-stage pump.
[image: Figure 2]FIGURE 2 | Streamline and particle velocity diagrams of the two-stage deep-sea lifting pump: (A) 1,100 rpm, (B) 1,200 rpm, (C) 1,300 rpm, and (D) 1,450 rpm.
The fluid moved spirally along the direction of rotation of the impeller blade and reached the maximum speed at the end of the blade. The maximum speed reaches 14.4 m/s (Figure 2A) and 20.5 m/s (Figure 2D). The fluid flows smoothly in the impeller and space guide vanes, indicating the reasonable design of the impeller and space guide vane, and improved pump efficiency. After the fluid enters the space guide vane, the kinetic energy is gradually converted into pressure, thereby decreasing the speed. Local agglomeration occurred at low speeds and decreased as the speed increased. At a higher rotational speed, the uneven transmission of the particles are weakened, thereby stabilizing the particle transmission, and improving the efficiency and head of the pump.
When the rotational speed increased, the acceleration effect of the impeller on the solid–liquid two-phase flow increased, and the movement of the solid–liquid two-phase flow in the impeller and space guide vane stabilized. This is conducive to the transportation of solid–liquid two-phase flows.
Figure 3 shows the axial velocity cloud diagram of the flow field of the two-stage deep-sea lifting pump. As the deep-sea lifting pump is used for lifting solid particles, the axial velocity directly determines the improvement in the solid–liquid two-phase flow. As shown in Figure 3, the axial velocity at the inlet of the impeller is relatively higher than that at the impeller blades. The speed is relatively small because the rotation of the fluid through the blades changes the direction of the fluid velocity from axial to radial. After flowing out of the impeller, the fluid enters the space guide vane, which turns and stabilizes the flow. Consequently, the axial velocity of the fluid increases, and it enters the second-stage impeller with higher stability. As the speed increases, the axial velocity of the fluid at the outlet of the second-stage space guide vane increases from 4.6 m/s to 6.3 m/s. This also indicates the further increase of the lifting capacity of the deep-sea lifting pump for a solid–liquid two-phase flow.
[image: Figure 3]FIGURE 3 | Axial velocity cloud diagrams of the flow field of the two-stage deep-sea lifting pump: (A) 1,100 rpm, (B) 1,200 rpm, (C) 1,300 rpm, and (D) 1,450 rpm.
Figure 4 shows the fluid velocity vector diagram of the impeller section at different speeds. A high-speed area, called the “jet area,” appears near the pressure surface of ​​the impeller blade, and a low-speed area, called the “wake area,” is formed near the suction surface of the impeller blade. As shown in Figure 4D, the relative speed in the impeller channel is higher, which suppressed the separation of the boundary layer; thus, no vortex is formed. At the exit of the impeller, the maximum velocity of the jet and wake areas are 25.3 and 20.66 m/s, respectively, and the relative velocity gradient of the jet wake is small.
[image: Figure 4]FIGURE 4 | Flow velocity vector diagrams of the impeller section: (A) 1,100 rpm, (B) 1,200 rpm, (C) 1,300 rpm, and (D) 1,450 rpm.
At low rotational speeds, the vortex range increased, thereby reducing the hydraulic efficiency, increasing the squeezing effect of the impeller blades, and weakening the flow capacity of the particles. As shown in Figure 4A, the maximum velocity of the jet and wake area are 17.8 and 2.95 m/s, respectively. The relative velocity gradient of the jet wake is large. A larger jet wake structure increased the hydraulic loss of the lifting pump. The jet wake velocity gradient at the first-stage impeller is larger than that at the second-stage impeller because the former has more particles. As the rotating speed of the impeller blades increases, the speed of the fluid on the blades increases, which is beneficial for fluid transportation and reducing the generation of vortices.
The secondary flow is an important parameter for studying the flow field in a flow channel. The generation of a secondary flow has a significant influence on the efficiency of deep-sea pumps. Thus, the secondary flow in the flow channel was studied, and a vector diagram was created. Figures 5, 6 show the distribution of the secondary flow in the connection between the impeller and space guide vane, and that in the space guide vane, respectively.
[image: Figure 5]FIGURE 5 | Distribution of the secondary flow in the link between the impeller and space guide vane: (A) 1,100 rpm, (B) 1,200 rpm, (C) 1,300 rpm, and (D) 1,450 rpm.
[image: Figure 6]FIGURE 6 | Distribution of the secondary flow in the space guide vane: (A) 1,100 rpm, (B) 1,200 rpm, (C) 1,300 rpm, and (D) 1,450 rpm.
When the fluid enters the inlet of the space guide vane from the outlet of the impeller, the velocity changes from radial to axial, and the pressure direction changes. The junction between the impeller and space guide vane has a large curve, where the fluid impacts the impeller and space guide vane. A secondary flow appears in the guide vane shell, forming a pair of vortices in the opposite directions, which are called “basic vortices.” As the rotational speed increases, the outlet flow rate increases, which increases the basic vortex and hydraulic loss. However, from the perspective of the entire lifting process of the deep-sea lifting pump, a speed increase is beneficial to the hydraulic efficiency of the pump. The bend of the runner has a significant influence on the appearance of the basic vortex. In the deep-sea lifting pump, the basic vortex occupies the majority of the flow channel and causes the accumulation of particles.
After the fluid enters the space guide vane, the basic vortex begins to flow to the outer shell of the space guide vane to form a new vortex, called the “curvature vortex,” which gradually became smaller. As the speed of the main flow in the flow channel of the space guide vane increases, the pressure gradient decreases, the curvature vortex begins to decrease, and the flow begins to stabilize, which is conducive to the transportation of the solid–liquid two-phase flow.
The volume concentrations of the particles are listed in Table 5. The particle volume concentration at the first-stage impeller space guide vane is higher than that at the second-stage impeller space guide vane. Owing to its high-speed rotation, the particle volume concentration in the first-stage impeller is slightly lower than that in the second-stage impeller. This is because when the particles enter the first-stage impeller from the extension section of the inlet, the stagnation effect of the particles is stronger, resulting in a higher particle volume concentration. After entering the space guide vane, the particles maintained a high speed. With the turning of the space guide vane and under the effect of steady flow, the kinetic energy of the particles in the space guide vane continuously decreases. When the particles enter the second-stage impeller from the first-stage space guide vane, the collision between the particles increases owing to the gradual narrowing of the vane channel. This results in increased friction between the particles and energy loss. The particle flow is obstructed, resulting in increased volume concentration at the exit of the first-stage space guide vane. This effect increases with decreasing speed.
TABLE 5 | Particle volume concentration distribution under different speed conditions.
[image: Table 5]When the speed is increased from 1,100 to 1,450 rpm, the volume concentrations at the first-stage and second-stage impellers reduced by 0.85 and 0.82%, respectively. The change in the concentration has minimal effect. The volume concentration at the first-stage guide vane is less than 0.36%, whereas that at the second stage is less than 0.7%. The influence of the second-stage space guide vane is higher than that of the first-stage space guide vane. Meanwhile, for the particles at 1,450 rpm, the volume concentrations at the first-stage space guide vane and second-stage impeller are similar; however, the volume concentrations at the first- and second-stage space guide vanes are significantly different, which indicates that the influence of the rotational speed of the latter is greater than that of the former.
As the rotational speed increases, the relative velocity between the particles and fluid decreases, the followability of the particles improves, and the particles can pass through the flow channel easier. Therefore, selecting the optimal operating speed of the pump can ensure efficiency and flow capacity. There may be extensive particle siltation on the blades at the outlet of the first-stage space guide vane and inlet of the second-stage impeller.
The particle distribution and wear were studied through the particle collisions on the impeller and space guide vane. Figure 7 shows the statistics of the particle collisions on the pressure and suction surfaces of the impeller blade. As the collision between the first-stage and second-stage impellers is similar, the erosion position can be predicted by analyzing the collision of the first-stage impeller.
[image: Figure 7]FIGURE 7 | Number of particle collisions on the pressure and suction surfaces of the impeller blade.
As the particles in the deep-sea lifting pump are driven by the high-speed rotation of the impeller, they hit the pressure and suction surfaces of the blade, causing erosion and wear of the blade wall. As shown in Figure 7 (1.0 on the horizontal axis denotes the end of the blade), the numbers of particle collision at different speeds are approximately constant. The number of collisions on the pressure surface of the blade is higher than that on the suction surface, indicating that the wear of the pressure surface is stronger than that of the suction surface. When the relative position is less than 0.2, the number of particle collisions on the pressure surface of the blade increases, which intensifies its wear. With the increase in speed, the number of particle collisions gradually decreases, indicating that the flow of the particles tends to stabilize.
Figure 8 shows the statistics of the effect of the particles on the pressure and suction surfaces of the space guide vane blade, where 1.0 on the horizontal axis denotes the end of the space guide vane blade. When the relative position is less than 0.4, the collision of the particles on the suction surface of the space guide vane blade increases. With the movement of the particles in the flow channel, the relative position exceeds 0.6. The pressure surface of the space guide vane has more collisions, indicating that the particles gradually approached this surface during their flow. The rotational speed has minimal effect on the number of particle collisions on the pressure and suction surfaces of the space guide vane.
[image: Figure 8]FIGURE 8 | Number of particle collisions on the pressure and suction surfaces of the space guide vane blade.
Experiment
The phenomenon of inter-stage matching occurs during the lifting process of the multi-stage pumps. Therefore, to ensure the smooth progress of the sea trial of the deep-sea lifting pump and verify the numerical simulation model developed in this study, a two-stage deep-sea lifting pump was used in the experimental test. The solid–liquid two-phase fluid concentration was equal to 6% in the test. The particles are manganese nodules with a diameter of 20 mm and flow rate of 420 m3/h. The speeds of 1,000, 1,100, 1,200, 1,300, and 1,450 rpm were selected. The two-phase flow tests were done under the aforementioned condition.
The two-stage pump tests was conducted at Tianjin Bailiyitong Electric Pump Co., Ltd. The company has an advanced high-pressure platform for conducting diving tests. The pump test system included a test pump well with a depth of 9 m in the test pool, pipelines, and valves. The schematic of the test loop is shown in Figure 9. The pump test field is shown in Figures 10, 11. The test instruments include the pump inlet and outlet pressure sensors, electromagnetic flow meters, pump speed sensors, current, voltage, and power factor measuring instruments, as shown in Figure 11. The test parameters were consistent with the simulation parameters.
[image: Figure 9]FIGURE 9 | Schematic of the test loop.
[image: Figure 10]FIGURE 10 | Pump test bench.
[image: Figure 11]FIGURE 11 | Two-stage lifting pump on the test bench.
The test steps include the test preparation and testing. The test preparation was carried out as follows:
1) The structural parameters of the pump under test were verified to ensure that they are within the design error;
2) The surface roughness of the overcurrent parts of the pump under test was recorded;
3) The pump under test was installed, and the pump shaft by hand was tested;
4) The normal rotation of each rotating part without interference was ensured;
5) All sensors were checked;
6) The status of each valve in the required position was checked.
The test process was conducted as follows:
1) The main control power switch (leakage micro-break) of the submersible low-voltage test bench and DK1 main power switch were turned on;
2) The isolating switch of the SD4 cabinet was adjusted to a high voltage;
3) The combination switch of the diving high-pressure table was turned to the T1 (high-pressure table) position;
4) The submersible high-voltage test bench master control power switch (leakage micro-break) was turned on;
5) The high-pressure test bench DK2.VS.1 was turned on;
6) The low-pressure test bench DK4 was turned on;
7) The boost button T1 of the diving high-voltage test bench was pressed to increase the voltage until the monitoring voltmeter showed that KV was approximately 40% of the rated voltage. The motor was started, and the value of the ammeter KA was observed and monitored, as was whether the current was balanced. The voltage was increased, the starting current was observed until the motor turned up, and the rated voltage was adjusted to test according to the test item;
8) The computer was turned on to enter the relevant acquisition program, and the test points were adjusted to collect the relevant data.
Figure 12 shows the control main circuit. Figure 13 shows images of the measurement and control system.
[image: Figure 12]FIGURE 12 | Control main circuit.
[image: Figure 13]FIGURE 13 | Measurement and control systems.
According to Eqs 16, 17, the head H and efficiency η can be calculated, respectively:
[image: image]
where p1 and p2 are the static pressures at the inlet and outlet of the deep-sea lifting pump, respectively; v1 and v2 are the average speeds of the inlet and outlet, respectively; and z1 and z2 are the shaft heights;
[image: image]
where ω3 is the rotational speed and M is the impeller torque; both of which can be obtained in the post-processing of the numerical simulation.
[image: image]
where [image: image] is the solid phase density (kg/m3), [image: image] is the fluid density (kg/m3).
Table 6 lists the test and simulation results. The simulation results are significantly close to the experimental results. The simulated head and efficiency are the same as those in the experiment. The maximum errors of the head and efficiency are 2.14 and 3.12%, respectively, which proves that the numerical simulation model used in this study can reflect the actual situation.
TABLE 6 | Test and simulation results.
[image: Table 6]Figure 14 shows a comparison of the flow field velocities obtained using the numerical simulation and experiment. The maximum speed error is 7.61%. With the increase in the rotational speed, the velocity of the flow field increases, indicating that the particles can obtain more kinetic energy from the flow field to sustain their movement, thereby reducing their deposition on the surfaces. The errors between both methods are less than 10%, which can be attributed to the standard spherical particles used in the simulation, even with the existence of other particle shapes in the experiment. The consistency between the experimental and numerical simulation results verifies the credibility of the numerical simulation.
[image: Figure 14]FIGURE 14 | Comparison of the flow field velocities.
From the experiment, the head and efficiency can satisfy the design requirements. With the deep-sea lifting pump speed of 1,450 rpm, the largest lift, efficiency, and fluid velocity are obtained, indicating that the particles can obtain more energy from the flow field. This confirms that the design of the flow channel is reasonable, which ensures the transportation of particles.
CONCLUSION
The operation of a deep-sea lifting pump was numerically simulated through DEM-CFD. The results of the model were verified experimentally. The following conclusions were obtained:
1) The test and simulation results were consistent, and the design requirements were met, indicating the excellent slurry transport performance of the pump. Thus, DEM-CFD can accurately predict the head and efficiency of multi-stage centrifugal pumps conveying coarse particle slurry.
2) As the speed increased, the accelerating effect of the impeller on the solid–liquid two-phase flow increased, and the movement of the solid–liquid two-phase flow in the impeller and space guide vane became more stable, which is conducive to the transportation of solid–liquid two-phase flows.
3) At low rotational speeds, the vortex range increased, thereby reducing the hydraulic efficiency. In addition, the squeezing effect of the blades increased, which weakened the flow capacity of the particles. A large jet wake structure increased the hydraulic loss of the lifting pump. Generally, the jet wake velocity gradient at the first-stage impeller was larger than that at the second-stage impeller owing to the presence of numerous particles in the former. When the rotational speed was 1,450 rpm, the outlet flow rate increased, and the hydraulic efficiency of the deep-sea lifting pump became more favorable. As the speed of the main flow in the space guide vane channel increased, the pressure gradient decreased, the curvature vortex began to decrease, and the flow stabilized, which is conducive to the transportation of the solid–liquid two-phase flow.
4) Based on the particle movements, the particle volume concentration at the first-stage impeller space guide vane was higher than that at the second-stage impeller space guide vane. The particles in the deep-sea lifting pump were driven by the high-speed rotation of the impeller, and hit the blades with pressure. The surface and suction surfaces caused the erosion and wear of the blade wall. As the rotational speed increased, the number of particle collisions gradually decreased, indicating the stabilization of the particle flow.
5) Through the experiments and numerical simulations, with the increase in the lift, the efficiency of the core pump and velocity of the flow field increased simultaneously, indicating that the particles can obtain more kinetic energy from the flow field. At a rotational speed of 1,450 rpm, the movement of the particles was ensured, thereby reducing their deposition. The results of the experiment and numerical simulation were consistent, indicating the credibility of the numerical simulation results.
In this study, spherical particles were mainly used to investigate the hydraulic lifting of the solid–liquid two-phase flow. In actual deep-sea mining, the particles crushed by the crusher are expected to have various shapes. Therefore, the influence of the particle shape on the hydraulic lifting should be further explored, and the theory proposed in this article should be further examined.
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