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Abstract. Many countries are putting efforts on the research and development of deep-sea bed mining technology, and lift pump is the key equipment in this mining system. Based on the new type of coarse particle-homogeneous slurry flow model, the performances of the four stage lift pump were numerically predicted using the fluid dynamics software CFX, which was designed for deep-sea mining pilot plan underwater one thousand meters. Coarse solid-liquid flow in the pump was analyzed. Pressure distribution, head chart, and streamline were calculated in this paper. The simulation results of pump characteristics were compared with the experiments of two stage lift pump.
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1. INTRODUCTION

As for transportation pump used in the deep-sea mining, Germany and carried out researches on lift pumps for transporting coarse particles in 1970’s (Kunts, 1979). Korean Institute of Geo-science and Mineral Resources (KIGAM) has also developed single-stage lift pumps (Park, 2009), but the offshore lifting experiments with such pump showed that mixed-flow pump instead of centrifugal pump should be adopted in deep-sea mining. Afterward numerical simulation of lift pump with slurry particles maximally 20mm in size was conducted and prediction about the pump characteristics was also made (Yoon et al., 2009). Chi-Ho Yoon, etc. also studied the reasonable matching between characteristics of two-stage lift pump and resistance characteristics of flexible hose for lifting system in an offshore pilot experiment, and made numerical simulation of the two-stage lift pump with clear water at a rotating speed of 1750rpm by CFD Software (Yoon et al., 2011). The author of the paper has researched the lifting motor pump from 2002 (Zou, 2005). A full-scale two-stage lift pump according to lift pump’s design was fabricated and was tested in a test well (Zou, 2007). The coarse particle lift pump theory and numerical simulation was focused from 2007 in China (Zou et al., 2011).
2. BASIC STRUCTURE OF LIFT PUMP AND COMPUTATIONAL MODEL 
2.1. BASIC STRUCTURE OF LIFT PUMP

The overall structure of four-stage lift pump developed by China for deep-sea mining is shown in Fig.1. The lift pump with impeller and guide vane made of some kind of material with high strength and good abrasion resistance, is suitable for transporting slurry of high concentration, strong abrasion and with coarser particles, but the lift pump also can be arranged in six stages in the maximum working conditions if it needs. The principle parameters of four stage lift pump are as follows: the operation depth is 400 m under the sea, with 3 impellers and 4 pieces of guide vane, at flow rate of Q=117 l/s (420m3/h) and rotation speed of n=1450 r/min; its designed one stage lift head is H=40m and the pump efficiency with clear water is η=50~60%; the outlet diameter is Dd=200 mm and particles passing through pump are required to be with maximum size of Dmax =40 mm; the maximum volume concentration of the slurry in the pump is Cv =10%.
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Fig.1 Overall structure of four-stage electric pump 

2.2. COMPUTATIONAL MODEL
The seabed mineral slurry is a unique two-phase flow composed of solid particles (solid phase) with wet density of 2000 kg/m3 (including manganese nodules, cobalt crusting, metallic sulfide) and sea water (liquid phase). Furthermore, seabed sediment, powdered mineral caused by collector or in the course of lifting, finer particles due to abrasion as well as some coarser particle with size diameter of 40 mm will be all included in the slurry, resulting in a wider size fraction of minerals. The two-phase flow model for coarse particle - homogeneous slurry proposed in this paper is suitable for the calculation of sea-bed mineral slurry. In this model, particles are divided into coarse particles and fine particles in terms of lifting velocity and size fraction of minerals. Fine particles as pseudo-fluid forming homogeneous slurry together with seawater, was studied in an Eulerian coordinates system; while coarse particle regarded as dispersed phase, with the homogeneous slurry consisting of particles and sea water as carrier, was studied in a Lagrangian coordinates system for the motion of coarser particle. Consequently, the control equation of two-phase flow model for coarse particle – homogeneous slurry is similar to that of particle trajectory model. With rectangular coordinate system set up at impeller, the control equations for two-phase flow are as follows:
Continuity equation of homogeneous medium:
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Momentum equation of homogeneous medium:
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In above equations,
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, in which 
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is viscosity of homogeneous medium, determined by concentetion of homogeneous slurry, 
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 is viscosity coefficient of isotropic turbulence, determined by chosen turbulent model.

The motion trajectory of solid particles can be solved by the method of integration of differential equation of acting force on particles in Lagrangian coordinate system. Forces acting on solid particles moving in solid-liquid flow field include gravitational force, added mass, pressure gradient force, Saffman force, Magnus force, etc. Besides, both centrifugal force and Coriolis force which act on the particles due to the rotation of impellers should be included in the kinematic equation of particles (Tang, 2006). If rotation axis taken as Z axis, the kinematic equation of single particle can be expressed as follows:
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In which, Cd is resistance coefficient；rp is semi-diameter of particles； (p is angular velocity of a rotating particle ；( is angular velocity of a rotating impeller；(f is fluid density；(p is material density of particles；(pp is apparent density of particles.

3. COMPUTATIONAL FLUID DYNAMICS (CFD) SIMULATION

3.1. MODELING AND GRID GENERATION

Based on the design of four-stage lift pump, a computational model of lift pump was established with CFX－BladeGen Software and was processed within ANSYS Workbench Platform. One flow channel was selected for calculation first, and the calculation for other flow channels can be obtained through setting rotational periodic. Structured hexahedral grids of the flow field were partitioned with Turbo-Grid Software, and optimized with ICEM CFD. The obtained final grids are shown as Fig.2. It can be known from Fig.2 that the number of grid nodes for single-stage lift pump is 154965 and the number of grid unit is 140024, while the number of grid nodes for two-stage lift pump will be doubled.
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Fig.2 One-stage pump structure and whole grid

3.2. BOUNDARY CONDITIONS AND COMPUTATIONAL PARAMETERS

When the maximum volume concentration of solid particle slurry in lift pump is less than 10% plus particle size within the size fraction of particles, Solid Particle Transport Model is suitable for tracing particle trajectory and bi-directional coupling method is selected for CFX calculation.

Pressure-inlet boundary condition was selected to define the absolute pressure at flow inlet based on the installation location of pump in the test well, which was standard atmospheric pressure plus 8 meter water column; while flow outlet was chosen to set flow parameters of homogeneous medium and coarse particles. 

By taking no-penetration no-sliding boundary condition for the solid wall, a near-wall eddy viscosity coefficient as attenuation function, rotational periodic boundary conditions for flow channels interface, the computational simulation of lift pump was conducted using a multiple rotating coordinate system with impellers connected with guide vane interface in general ways and mesh connected with GGI grid. In the calculation, the density of homogeneous slurry consisting of clear water and fine particles, flow velocity and concentration of lifted slurry were all related to the size fraction of mineral; the viscosity of homogeneous slurry was measured with capillary rheo-meter and also calculated with Einstein viscosity equation. It was obtained from the calculation that the density of coarse particle phase was 2000 kg/m3, rotating speed of impeller was 1450 r/min, flow rate in the operation was 117 l/s.

3.3. COMPUTATIONAL RESULTS AND ANALYSIS

The post treatment of computational results with CRF-Post Software results in the following Figures.

Fig.3 shows the velocity in internal flow field and the distribution of vortex. It shows a smooth flow line in the impeller region without any violent vortex, meaning fluid flows steadily without causing any vortex flow in this region and the velocity increased at the tail of impeller due to the acceleration by impellers. However, violent vortex flow can be found in the stationary guide vane region, especially in the tail region of the working face of impellers, because an abrupt diversion of fluid by the behind cover of the pump in this region inevitably leads to the vortex flow, which causes great energy dissipation resulting in the vibration and hydrodynamic noise.

Pressure distribution of four two-stage lift pump is shown in Fig.4. There's a steady rise in the fluid pressure due to the action of impellers of four-stage lift pump, topping at 173.3 kPa. It can be seen from the Fig.4 that lower pressure occurred in some individual position, and low pressure distribution brings direct impact on the initialization of cavitation. Further optimization should be made for preventing cavitation. 
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Fig.3. Velocity distribution of flow field
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Fig.4. Pressure distribution of the four stage pump

With computational fluid dynamics (CFD) simulation, not only the distribution of flow parameters in the internal flow field of lift pump can be obtained, but also performance of lift pump at such working condition can be known through a further data analysis. Based on comprehensive prediction and analysis of  lift pump performance by changing some relevant parameters including pump flow rate and rotation speed, numerical simulation of four-stage lift pump under given rated rotation speed is shown in Fig. 5.
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Fig.5 Predicted results of four-stage pump performance parameter
4. VERIFICATION AND COMPARISON OF TEST RESULTS

In order to verify the accuracy of simulation results, experiments were also conducted for two lift pump fabricated according to the four-stage pump design. Based on the performance tests of two-stage lift pump, a completed operation characteristic curve and some relevant data were obtained for two-stage lift pump, which can verify the hydraulic calculation model and structure design of four-stage pump.

Two-stage lift pump was tested in a special test well with a water depth of 30 m. A completed operation characteristic curve and relevant data were obtained by measuring the rotation speed, flow rate, lift head，power of pump, as well as voltage, electric current and power factor of motor.
As for one stage head of lift pump, CFD simulation result was in coincidence with that test result with relative error within 5%, showing CFD can accurately predict the operational performance of lift pump. At a standard flow rate of 117 l/s, the simulation result and test result were all over 160 m water column, meeting the requirement of 160m water column for the lift head of four-stage lift pump design. The lift pump runs smoothly, its lift head curve can meet practical operation requirement. At a flow rate around 117 l/s (working point of pump), the simulation result of lift pump efficiency is exact in conformance with the test result. Since an amplified flow and wider flow passages are adopted in the pump design, deviation will occur in numerical simulation of pump when flow rate is lower or higher than the working point, while the CFD simulation result of pump power shows a good coincidence with test results. The power increases slowly with an increase in the flow rate leading to a smooth curve for power, which can basically meet the power requirement in pump design, avoiding overload of motors. Generally, the predicted performance curve of lift pump with CFD is almost in conformity with characteristics curve from the test, meaning the characteristic parameters of pump can completely meet the design requirement. Furthermore, the performance test of lift pump shows lift pump operates very smoothly with stable property.

5. CONCLUSIONS

According to technological conditions for lifting system in deep-sea mining, a two-phase flow model for coarse particle-homogeneous slurry is proposed in this paper based on single-phase flow model and stochastic model for particle trajectory, which is suitable for calculating sea-bed mineral slurry transport.

CFD numerical simulation with this model was conducted for the submersible lift pump with rigid lift pipeline which is developed by China. Flow velocity, pressure distribution and particle trajectory for solid-liquid two-phase flow in the internal flow field of four-stage lift pump were all analyzed, and the simulation result of four-stage lift pump was compared with the two-stage lift pump experiment results in this paper, which can provide important reference for further improvement or optimization of lift pump.
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