

  processes-11-01376




processes-11-01376







Processes 2023, 11(5), 1376; doi:10.3390/pr11051376




Article



Study on Flow Characteristics of Hydraulic Suction of Seabed Ore Particles



Qiu Xia 1, Hao Jia 1,*[image: Orcid], Jiuchun Sun 2, Xiaoguang Xi 2 and Jingyu Cui 1





1



Key Laboratory of Fluid Transmission Technology of Zhejiang Province, Zhejiang Sci-Tech University, Hangzhou 310018, China






2



Tengda Construction Group Co., Ltd., Taizhou 318000, China









*



Correspondence: jiahao@zstu.edu.cn







Academic Editors: Lijian Shi, Kan Kan, Fan Yang, Fangping Tang and Wenjie Wang



Received: 4 March 2023 / Revised: 26 April 2023 / Accepted: 26 April 2023 / Published: 2 May 2023



Abstract

:

Efficient and environmentally friendly ore collecting operation requires that the ore collecting head can provide just enough suction to start the ore particles in different working conditions. In this work, computational fluid dynamics and discrete element method (CFD-DEM) is used to simulate the hydraulic suction process of ore particles. After analyzing the pressure and velocity characteristics of the flow field, the effects of different suction velocities on the lateral displacement offset, drag coefficient Cd and Reynolds number Rep of particles are studied. It is determined that the lifting force is caused by the different flow velocities of the upper and lower flow fields; particle start-up time and the lateral offset are inversely proportional to suction speed. When h/d ≥ 2.25, the vertical force on particles is no longer affected by h/d. When S/d = 2.5, FZ decreases to 0 N; when h/d increases from 1.5 to 1.75, FZ decreases by nearly half. Three empirical equations for FZ represented by D/d, h/d, and S/d are obtained. After integrating the above three equations, the functional relationship of FZ with D/d, h/d and S/d is finally obtained within a certain range. The errors of the equations are within 6%. The particle stress characteristics obtained in this paper can be applied to the establishment of ore collecting performance prediction model and provide data support for the research and development of intelligent ore collecting equipment.
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1. Introduction


With the rapid growth of the global population and economy, a large number of continuous investments in infrastructure construction has increased the consumption of metals. The increasing competition for metal resources in various countries has led to the continuous decline in the grade of land-based mines [1,2,3]. The survey determined that deep-sea metal nodules are abundant, and deep-sea mineral deposits may make a significant contribution to the future supply of metal raw materials [4,5]. The Clarion–Clipperton Zone (CCZ) in the northeastern Pacific Ocean and the ferromanganese Proto-Crust Zone (PCZ) in the central Pacific Ocean are the most economically valuable areas for metal nodules, in which the total dry tonnage of 15 major metals is conservatively estimated at 211 million tons and 753.3 million tons, respectively [6,7,8]. Among many marine mineral resources, ferromanganese nodules are the most abundant, with a density of 2100 kg/m3 and a diameter of 10–120 mm. It is mainly distributed in the seabed at 400–6500 m [4]. In 2000, Morgan et al. [9] determined that the average size of the maximum, median and minimum nodules was 8 cm, 6 cm and 4 cm, respectively. The thickest ferromanganese nodules and the most abundant metal nodules occur at a depth of about 800–2500 m. The distribution of crust and the characteristics of seamounts indicate that mining operations may occur in water depths of about 1500–2500 m [10]. In the 1960s, mining researchers have proposed the concept of deep sea mining (DSM) [11].



Deep-sea mining consists of four components [12]: A mining platform located at the sea surface, the equipment of Ore collecting, Relay station and the hydraulic lifting system (Figure 1). Among them, the seabed collection system is considered as the key technology, because the realization of industrial production requires a high collection rate, at least 140 kg of nodules per second [13,14]. In order to achieve efficient collection, various collection methods such as hydraulic, mechanical and hydraulic–mechanical combination have been developed. The results of OMI [15] sea trial in 1978 showed that the hydraulic collection method had higher collection efficiency than the mechanical collection method. Hydraulic collection [16,17] refers to the process of lifting ore from the seabed to the water surface by using water as the transport medium and moving solid particles upward through the inward flowing water of the pipe. Hydraulic collection is mainly divided into suck-up-based model, Coandǎ-effect-based model [18] and double-row hydraulic drainage model [19], among which the suction model has the least disturbance to the seabed [20].



Shih et al. [21] determined that the stress characteristics of coarse particles in the flow field are the main basis for the design of seabed collector such as the height of the tubular collector from the seabed h, the geometric characteristics of ore particles (horizontal long axis length a, horizontal short axis length b, vertical axis length c), the diameter of the tubular collector D, the average fluid velocity fv in the collector head, the towing velocity vt of the collector head, the deviation between the center line of the collector head and the spherical center of particles S, and the inclination angle θ of the collector head. Chen et al. [22] used high-speed imaging and PIV (particle image velocimetry) methods to study the effects of particle diameter d, ore concentration height h and particle density ρ on Froude number Fr and Reynolds number Re at particle start-up. It was determined that the wake separation point was located near the top of the particles and the wake vortex facilitated the formation of suction on the particles. In 2017, Zhao et al. [23] combined the experimental and simulation results to produce the relation between the drag coefficient and h/d. It was concluded that there is little relationship between particle drag coefficient and Reynolds number. In 2018, Zhao et al. [24,25] analyzed the relationship between the ratio of ore collecting head height to particle diameter h/d, the ratio of ore collecting tube diameter to particle diameter D/d and the number of vertical suction number Cvs; an empirical equation with an error of less than 10% was obtained on this basis. The results showed that the wake separation point is near the top of the particle and the wake vortex is conducive to the formation of suction on the particle.



Multi-particle collection has gradually entered the research stage. Sobota et al. [26] conducted an experimental study of the upward flow of nodules and water in a pipe with D = 150 mm and measured the slip velocity of nodules of different diameters at a volume concentration of 10%, concluding that the slip velocity values were of the same order of magnitude as the falling velocity values. Shen et al. [27] studied the influence of particle diameter ratio D/d, turbulence intensity and particle concentration on particle drag coefficient and particle settling velocity in vertical pipeline hoisting. It was concluded that under certain conditions, the critical Reynolds number of particles advanced, the drag coefficient suddenly dropped to 0.1, the final settling velocity of particles suddenly increased and the minimum hydraulic lifting velocity was introduced. Some scholars have studied the jet collection of particles. Yang and Tang [28] put forward a water jet collector to study the influence of main geometric parameters and condition parameters on the effect of collector. Lee et al. [29] proposed a collector based on Coandǎ effect of wall-attached jet. After verifying the accuracy of each meta-model, the deep-sea collector based on meta-model was tested.



In the process of particle collection, the movement characteristics and flow field characteristics of particles in the collection tube are also valuable to study [30]. Lim et al. [31] analyzed the flow field characteristics of the acquisition device through Fluent and revealed the velocity distribution characteristics and wake characteristics. Jin et al. [32] used floating experiment to study the minimum lifting velocity, established a formula for the floating velocity and determined that the minimum lifting velocity should be twice the floating velocity of the particles. Xiong et al. [33] used analytical CFD-DEM to simulate the settling and floating motion of spherical particles in vertical pipe and obtained the equations of motion of the particles, revealing the relationship between particle size and floating velocity. Pougatch et al. [34] proposed a numerical model of three-phase flow in upward gas lift pipe and studied the influence of pipe diameter on lifting efficiency. The results showed that this has a significant effect on the gas lift efficiency, and the efficiency increases with the increase in inlet solid particle volume fraction. Relevant scholars have studied the algorithm application of coarse particle numerical simulation. Xiong et al. [33] resolved the CFD-DEM method and compared it with experiments to analyze the feasibility for studying solid–liquid two-phase flow of large particles. Mohammad et al. [35] used a rigorous procedure combining CFD (computational fluid dynamics) and bidirectional FSI (fluid–structure interaction) programs to investigate the effect of sliding on the behavior of a sliding bearing system operating with non-Newtonian lubricants, demonstrating that more realistic results can be obtained using the CFD-FSI approach. Zhu et al. [36] have systematically introduced the CFD-DEM methods, which mainly include the calculation models of particle–particle and particle–fluid interaction.



Scholars mainly use PIV experiment and numerical simulation to study the deep-sea mining particle collection [22]. The CFD-DEM model is mainly used for numerical calculation [32,35]. Previous studies have been conducted on the velocity distribution and particle wake of individual particles collected in vertical pipelines, and research on particle motion characteristics mainly focused on pipelines [31,32,33,34,35,36]. Quantitative studies of single particle suction mainly focus on the influence of size design on particle stress coefficient, including the relationship between h/d, D/d, particle density ρ, particle Froude number Fr and vertical suction number Cvs [23,24,25,26,27]. Moreover, most of the current studies only focus on the influence of single or double factors on the stress of particles. Moreover, no article has studied the three or more sizes of ore collecting equipment together, especially the formula for calculating the force of particles under multiple variables. In addition, the size design of collecting equipment has a great influence on the force of particles [21], and few articles mention the influencing factors such as the dragging velocity vt of the collector head, the deviation S between the center line of the collector head from the center of the particle sphere, and the inclination angle θ of the collector head.



In situ deep-sea mining, with long cycle and high cost, is difficult to implement. For laboratory research, most scholars [25,37,38] adopt PIV method to capture images in the process of particle acquisition. Chen et al. [10,37] performed an experimental testing in a pool with a volume of 1 × 1.5 × 2 m3. The pressure sensor was connected at the bottom of the pool, and the motion of particles was captured by PIV equipment. A lot of aspects need to be considered when conducting an experiment. First, deviations and oscillations exist within the pipe during particle collection experiment. Second, due to the different refractive index of particles, water and glass manufacturing tank, there is a certain error in image acquisition. Numerical simulation is cheaper, faster and more accessible than an experiment [39,40]. Therefore, in the study of deep-sea collection of nodules, simulation is usually taken as a pre-study, which not only saves time and resources, but also lays a foundation for the following design of experimental equipment.



In this paper, we simplified the particle collection model and carried out numerical simulation studies on particle collection. This study was conducted by Star-CCM+ 2019.1.1 (14.02.012-R8), a new generation of the CFD software developed by Siemens in Germany. Figure 2 shows the idea behind this paper. First, the flow characteristics of the flow field are analyzed. Next, the effects of suction velocity on particle trajectories, Reynolds number Rep and drag coefficient Cd were summarized. In addition, three main parameters of ore collecting device were selected to research within the appropriate range, which are respectively the diameter—particle size ratio D/d, collection height—particle size ratio h/d and particle offset—particle size ratio S/d. After analyzing the results of 125 examples, the change rules of the vertical force with above three parameters were summarized. On this basis, matlab software and least squares method were used to carry out pairwise fitting of the calculated results. After the three bivariate formulas were obtained, the quadratic fitting of the three formulas was carried out. Ultimately, the calculation formula of the vertical force FZ on the particle under the action of the three parameters was obtained. According to the empirical formula, the vertical force on the particle can be obtained by adjusting the working condition parameters. The results provide data support for the research and development of intelligent mining equipment.




2. Materials and Methods


2.1. Mathematical Model


During particle collection, the interaction between particles and fluid causes particles to lift up along the collection pipeline. In this work, the simulated fluid phase is water, and the mass and momentum conservation equations are solved.


  ∇  u   = 0  ,  



(1)






    ∂  u    ∂ t   +  u  ⋅ ∇  u  = −  1   ρ f    ∇ p +  v f   ∇ 2   u  +  f g  +  f  s f   ,  



(2)




where fsf is the force acting on the fluid by particles, ρf is the density of the fluid, fg is the gravity of the fluid, and vf is the viscosity of the fluid.



The particle collection process is accompanied by intense turbulence. The model Large Eddy Simulation (LES) is used to calculate the turbulent motion of the continuous phase, and the SGS model is used to model the sub-lattice scale stress. In contrast to the RANS equations, the solutions of the LES equations are obtained by spatial filtering rather than averaging process. Each solution variable   ϕ   is decomposed into a filtered value     ϕ  ~    and a sub-filtered, or sub-grid value     ϕ   ′    :


  ϕ =  ϕ ˜  +  ϕ ′  ,  



(3)




where   ϕ   represents velocity components, pressure, energy, or species concentration.



The decomposed solution variables are inserted into the Navier–Stokes equations to obtain the equations for the filtered quantities. The filtered equations are rearranged into the same form as the unsteady RANS equations. However, the turbulent stress tensor now represents the subgrid scale stresses. These stresses arise from the interaction between the larger, resolved eddies and the smaller, resolved eddies and are modeled using the Boussinesq approximation as follows:


    T   SGS   = 2  μ t   S  −  2 3     μ t  ∇ ⋅   v ~      I  ,  



(4)




where S is the mean strain rate tensor and     v  ~    is the filtered velocity.



The diameter of the particles is 40 mm, which indicates large-size particles. In the current calculation, the particle translates in the x, y and z direction and rotates around the three axes. By integrating the pressure and shear stress on the surface of particles, the fluid force on particles is obtained, and then the motion equation of 6 DOF (six-degree-of-freedom) body is obtained:


   m s    d  u    d t   =   F   s   ,  



(5)






    I  s    d  ω s    d t   +  ω s  ×   I  s   ω s  =   M  s  ,  



(6)




where ms is the mass of the object, Is is the inertia tensor, u is the velocity at the center of the object, ωs is the angular velocity of the object, and Fs is the resultant force on the rigid body, which can be expressed the calculation equation of the force of the 6-DOF bodies:


    F   s   =  F p  +  F τ  +  F g  +  f f  ,  



(7)




where     F   g     is the gravity of the particle,     F   p     is fluid pressure,     F   τ     is fluid shear force and     f   f     is contact coupling force. The component of Fs in the Z direction is the vertical force Fz on the particle.



The Reynolds number of particles is used to reflect the flow state of particles in fluid [19]:


    Re  p  =     u    s l i p    d  v  ,  



(8)




where the velocity of particles with respect to the fluid is     u   s l i p   =   u   f   −   u   s    . The calculation of slip velocity is based on the literature. With r as the radius, an envelope ball is constructed, and the center of the particle is taken as the center of the ball. Through a series of calculations, a relatively accurate calculation method for the slip velocity of the particle is obtained [21]:


    u    s l i p    =  1  4 π  r s 2      ∯   Ω  r s        u    r e l    d σ ,  



(9)






    u    s l i p    =  u  s l i p    e  .  



(10)







The fluid resistance of particles moving in fluid is expressed by dimensionless resistance coefficient     C   d    :


   C d  =    F z     1 2   ρ f   U  r e f  2   A  r e f     ,  



(11)




where Aref is the cross-sectional area of particles. Uref is the reference velocity, and the pipeline suction velocity v is taken as the reference velocity. The cross-sectional area of particles is taken as the Aref in this study.




2.2. Physical Modeling and Meshing


The particle collection in vertical pipeline of deep-sea mining is studied, and the following assumptions are proposed:



① Polymetallic nodules are simplified as spherical rigid particles, and the suction process of spherical particles in semi-infinite space is studied.



② Because of the complex mechanical interaction between nodule particles and seabed sediments, the influence of seabed sediments is ignored, and nodule particles are assumed to be located in smooth and rigid bottom.



③ The process of collecting single spherical particles from a clear water vertical pipe is simplified due to the complex interaction between particle and particle or pipe.



The computational domain and associated dimensions are shown in Figure 3. The particle diameter d is 40 mm, and sufficiently large cylindrical region in the semi-infinite pool is used as the computational domain whose diameter D′ and height H are 25d and 7.5d, respectively.



The meshing of computational domain is shown in Figure 4. The overlapping mesh method is used to calculate the mesh, and a set of overlapping meshes (grey mesh region in Figure 3b) is generated around the particles, which are synchronized with the six-degree-of-freedom motion of the particles. The background region is covered with a set of static meshes (i.e., background mesh, blue mesh in Figure 3b) to cover the entire computational domain. Particle motion equations and fluid control equations are solved in the overlapping meshes to obtain the force and motion characteristics of overlapping meshes, and only the fluid control equations are solved in the background meshes. At the junction of two sets of meshes, the data exchange is performed in a differential way to realize the overall calculation in the control domain. In this work, the diameter of overlapping mesh region is chosen to be twice the diameter of the particle.



In order to consider the accuracy and efficiency of the calculation, the overlapping meshes [41] are encrypted layer by layer as they approach the particle wall. To capture the flow characteristics of the particle trailing region, the overlapping mesh area is adjusted to cover the particle trailing region as much as possible. The background mesh is encrypted layer by layer to maximize the mesh density in the background region closest to the particle motion trajectory (Figure 4b). The scale of the outermost mesh of the overlapping mesh is similar to that of the adjacent background mesh, which ensures reasonable data interaction and improves computational efficiency.



In order not to be impacted by varying mesh sizes, a convergence analysis [41] was conducted to guarantee the quality of the particle collection model. Since the nodule discussed in this work is a coarse particle, the trimmed mesh and the advancing layer mesh are used to generate the meshes which have been shown to be more suitable for the fluid–structure interaction of coarse particles [42]. This work used Star CCM+ software to generate four mesh densities ranging from 3 mm to 2.4 mm at the suction velocity of 1.8 m/s, and compared the calculation of the vertical forces in four models. Table 1 shows grid independence verification. From E1 to E4, the difference in vertical forces between adjacent cases gradually decreases with the increase in grid counts. Among them, the cell quality of E3 and E4, are all larger than 0.3, which meets the calculation requirements. The difference between the vertical force results of E3 and E4 is only 0.4%, so the model is considered to have converged at this point. The selection of time step is 0.0003 s, which is consistent with that of Zhao et al. [25]. The mesh size of E3 is 2.4 mm, which was almost equivalent to results in the previous research [22]. Hence, E3 was adopted for the final calculation.




2.3. Boundary Conditions and Basic Assumptions


As shown in Figure 5, the upper surface and wall of the sink are set as pressure outlets, the collector pipe outlet is set as the velocity outlet boundary condition, and the remaining boundaries are set as walls. The continuous phase medium is liquid water. The particle phase is set to simulate nodules. As shown in Table 2, the simulated particle density is 2100 kg/m3. The gravity direction is downward, opposite to the flow direction.



The bounded difference is used to solve the pressure, the SIMPLE algorithm is used to solve the coupling of pressure and velocity, and the momentum equation and turbulent kinetic energy equation are discretized by the first-order upwind scheme. The standard residual for the conservation equation of mass and momentum is 10−3.




2.4. Algorithm Verification of Model


Figure 6 shows the comparison between the particle vertical force simulated by the algorithm and that measured by Zhao et al. [23] under the conditions of suction velocities v = 1.2 m/s, 1.4 m/s, 1.6 m/s, 1.8 m/s and 2.0 m/s, in collection height h = 70 mm and pipe diameter D = 100 mm. Among them, the minimum error is 1.29% and the maximum error is 5.14%. In addition, the average error of the example is 3.73%. Two sets of vertical forces with the smallest errors are presented in Figure 7. We can observe a phenomenon of the vertical force on the particles fluctuating around the mean value, which was also shown in [23]. In this work, the maximum oscillation of vertical force of particles is 0.005 N, which is close to that of Zhao et al. [23]. The simulated values are all consistent with the experimental measurement results. The feasibility and correctness of the algorithm are verified.





3. Results and Discussion


This section mainly includes three parts: flow field characteristics, particle motion characteristics and particle force characteristics analysis. By analyzing the flow field characteristics under different suction velocities, the causes of particle initiation by upward lifting force are summarized. The importance of particle initiation conditions is determined by discussing the effects of different suction velocities on particle trajectories, Reynolds number and drag coefficient. The vertical forces on the particles are fixed and calculated for three different conditions, and the empirical equations for the vertical forces on the particles are derived.



3.1. Flow Field Characteristic Analysis


The real condition of the particles being collected in the flowing state is simulated with the suction velocity v = 2.0 m/s. Figure 8 shows the pressure distribution of the flow field when the particle starts up, enters the pipe inlet, move sin the middle of the pipe and approaches the pipe outlet. The fluid pressure acting above the particle is much lower than that acting below the particle, forming the vertical lifting force FZ of the particle.



Figure 9 and Figure 10 show the velocity field of the flow. In Figure 9a, when the particle starts to be lifted up, the fluid velocity around it is not large, and the flow inside the pipe is laminar. After particle arrives at the entrance of the pipe, the velocity in the pipe increases obviously (Figure 9b). As the particle moves to the center of the pipe, the high-speed area of the flow field in the pipeline evolves around it, and the vortex structure begins to appear at the bottom of the pipe wall (Figure 9c). When the particle approaches the outlet, the turbulence of the flow field around the particle is strengthened (Figure 9d). The particle is surrounded by vortices, resulting in obvious lateral displacement. This phenomenon is consistent with that described by Liu et al. [43], in which the lateral displacement of particles is caused by the effect of wake–wall interaction.



Figure 11 shows the vortex structure around the particles at different times of the suction process. In Figure 11b, we can observe that the wake flow before the particle entering the pipe is obvious, which agrees with the results of Chen’s analysis [37], in that the wake is the reason that the vertical force of the particles oscillates around the mean value in Figure 7.




3.2. Analysis of Particle Motion Characteristics


The motion characteristics of particles are important reference factors in deep-sea mining research. The trajectories, Reynolds number and drag coefficient of particles under different initial vertical forces were studied by varying the pipeline suction velocity.



Table 3 shows displacements of particle in three directions, while Figure 12 shows the particle trajectory at a single velocity and different velocities. As can be seen from Figure 12a, the horizontal displacement decreased rapidly after the particle entering the pipe. From Figure 12b and Table 3, it can be seen that the horizontal displacement of the particle increased as the suction velocity decreased. In particular, when the suction velocity v declined from 2.0 m/s to 1.8 m/s, the horizontal displacement of the particle increased rapidly from 2.4 mm to 8.16 mm. This phenomenon may be caused by the long residence time of particle suspending inside the pipe. The lifting force of the particle decreased with the decrease in suction velocity, while the insufficient lifting force makes the particle suspended in the pipe for a long time. However, when the horizontal displacement is too large, the possibility of particle collision with the pipe wall increases. Collisions and high suction velocities cause unnecessary energy loss. Therefore, in Section 3.3, v = 2.0 m/s is used to study other parameters of the mining device.



Figure 13 and Figure 14, respectively, show the relationship between drag coefficient Cd and particle Reynolds number Rep with time during particle collection at different suction velocities. Dimensionless time can be expressed as


  t =   t ′    t 0    ,  



(12)




where t′ is the actual movement time of particles, and t0 is the time when particles move to the pipe port.



It can be observed that the drag coefficient Cd and Reynolds number Rep reach peak values when the particles are close to the pipe inlet during the collection process, and the values of Cd and Rep decrease after entering the pipe. With the increase in suction velocity, the maximum values of Cd and Rep increase gradually, which causes the fluctuation of particles in the collection process to increase, and then increases the possibility of collision between particles and the inner wall of the pipeline, and increases unnecessary energy loss. In addition, in the whole collection process, the displacement between the particle start-up and the collection port is only one sixth of the total displacement, as shown in Figure 12a (50 mm/300 mm), and the time consumed by the particle moving to the collection port is about one half of the total time (0.95/1.75). Obviously, the particle start-up process is the most time-consuming stage. After entering the pipeline, Cd and Rep decreased significantly, and the higher the suction velocity, the smaller the minimum values of Cd and Rep (see the red arrow).




3.3. Vertical Force Analysis of Particles


The analysis of particle trajectories, particle Reynolds number and drag coefficients revealed that the particles take the longest time during the start-up stage. However, the initial conditions have significant influence on the trajectory of particles, the maximum value of drag coefficient Cd and Reynolds number Rep. In order to obtain the quantitative law between FZ and D/d, h/d and S/d, 75 simulation examples under three conditions (v = 2.0 m/s and d = 40 mm) are analyzed (as shown in Table 4). According to the variable research results [24,25], the effective ranges of most of the variables studied are −2.5 ≤ S/d ≤ 2.5, 1.4 ≤ h/d ≤ 2.4, and 1.875 ≤ D/d ≤ 4.0. The research scope is 0 ≤ S/d ≤ 2.5, 1.5 ≤ h/d ≤ 2.5, and 2.0 ≤ D/d ≤ 4.0. Particle Reynolds number Rep range is 3524.11 ≤ Rep ≤ 2,593,804.9.



After the computational results are obtained, the empirical equations of FZ expressed by D/d and h/d, h/d and S/d, D/d and S/d are determined. Finally, the empirical equations of FZ expressed by D/d, h/d and S/d are obtained by fitting the model with the least square method by one-to-one correspondence between the data of the three variables and FZ value.



Figure 15 shows the relationship between the vertical force FZ on the particles and the ratio of pipe diameter to particle diameter D/d and the ratio of height from ore head to seabed to particle diameter h/d when S/d = 0. The higher the particle collection height and the smaller the pipe diameter, the smaller the turbulence degree of particles around the fluid, and the smaller the force of the fluid on the particles. Therefore, FZ is inversely proportional to h/d and directly proportional to D/d, and with the increase in h/d, Fz becomes more and more gentle. When h/d ≥ 2.25, the vertical force on the particle is no longer affected by h/d. The variation trend of FZ with D/d and h/d is very close to the findings of Zhao et al. [24]. The empirical equations of FZ expressed in D/d and h/d are obtained:


   F Z  =    p 1  +  p 2  ∗ h / d +  p 3  ∗ D / d   2 [ 1 +  p 4  ∗ h / d +  p 5  ∗   ( h / d )  2  +  p 6  ∗ D / d ]    ρ  r e f    U  r e f    A  r e f   ,  



(13)




where    p 1    = −0.015406749,    p 2    = −0.019219455,    p 3    = 0.034382130,    p 4    = −1.504965261,    p 5    = 0.565836045,    p 6    = 0.035174519, and the sum of squares of correlation coefficients    R 2    = 0.999316’, 2.0 ≤ D/d ≤ 4.0, 1.5 ≤ h/d ≤ 2.5.



Figure 16 shows the relationship between the vertical force FZ on the particles and the ratio h/d of the height of the head from the seabed to the particle diameter and the ratio S/d of the particle offset to the particle diameter when D/d = 2.5. It can be seen that FZ is inversely proportional to h/d and S/d. When S/d ≥ 1.85, FZ decreases to about 0 N. Because the center of the particle is too far away from the center of the pipe, the fluid around the particle almost no longer flows, and the particle is no longer stressed. When h/d increased from 1.5 to 1.75, FZ decreased by almost half (1.0261 N/0.4804 N). Zhao et al. [44] used θ to represent the offset angle between the pipe and the bottom end of the ore particle, and discussed the change in vertical force on particle with θ. There is a high level of agreement between the study of Zhao and this study. The empirical equation of FZ expressed in terms of h/d and S/d is obtained:


   F Z  =    n 1  +  n 2  ∗ S / d +  n 3  ∗ h / d   2 [ 1 +  n 4  ∗ S / d +  n 5  ∗   ( S / d )  2  +  n 6  ∗   ( S / d )  3  +  n 7  ∗ h / d +  n 8  ∗   ( h / d )  2  ]    ρ  r e f    U  r e f    A  r e f   ,  



(14)




where    n 1    = 4909.333762474,    n 2    = −715.763350549,    n 3    = −1539.484080196,    n 4    = −3095.756930924,    n 5    = −69.677246409,    n 6    = 4803.659602331,    n 7    = −9353.720063242,    n 8    = 9126.598099038, 1.5 ≤ h/d ≤ 2.5, 0 ≤ S/d ≤ 2.5.



Figure 17 shows the relationship between the vertical force FZ on the particles and D/d and S/d when h/d = 1.75. When S/d ≤ 0.6, FZ is almost independent by the size of S/d and FZ decreases steadily with the gradual increase in D/d. When S/d increases to 2.5, FZ decreases to 0 N. The empirical equation of FZ expressed by D/d and S/d is obtained:


   F Z  =    m 1  +  m 2  ∗ S / d +  m 3  ∗ D / d   2 [ 1 +  m 4  ∗ S / d +  m 5  ∗   ( S / d )  2  +  m 6  ∗ S / d +  m 7  ∗ D / d ]    ρ  r e f    U  r e f    A  r e f   ,  



(15)




where    m 1    = −0.196683548,    m 2    = −0.093600961,    m 3    = 0.169117107,    m 4    = 0.270094103,    m 5    = −1.447796059,    m 6    = 0.979306132,    m 7    = 0.069992649, and the sum of squares of correlation coefficients    R 2    = 0.991839’, 2.0 ≤ D/d ≤ 4.0 and 0 ≤ S/d ≤ 2.5.



Finally, the empirical equation of FZ expressed in S/d, h/d and D/d is


   F Z  =    k 1  +  k 2  ∗  x 1  +  k 3  ∗   (  x 1  )  2  +  k 4  ∗  x 2  +  k 5  ∗  x 3  +  k 6  ∗   (  x 3  )  2    2 [ 1 +  k 7  ∗  x 1  +  k 8  ∗   (  x 1  )  2  +  k 9  ∗  x 2  +  k  10   ∗   (  x 2  )  2  +  k  11   ∗   (  x 3  )  2  ]    ρ  r e f    U  r e f    A  r e f   ,  



(16)




where    x 1    = S/d,    x 2    = h/d,    x 3    = D/d,    k 1    = 0.010957197,    k 2    = −0.000972665,    k 3    = −0.005222932,    k 4    = −0.010161059,    k 5    = 0.003012223,    k 6    = 0.004227619,    k 7    = −0.067167101,    k 8    = 0.097555715,    k 9    = −1.397898770,    k  10     = 0.513337409,    k  11     = 0.001072299, and the sum of squares of correlation coefficients    R 2    = 0.991047’, 0 ≤ S/d ≤ 2.5, 1.5 ≤ h/d ≤ 2.5, 2.0 ≤ D/d ≤ 4.0, 3524.11 ≤ Rep ≤ 2,593,804.9.



After obtaining the final fitting Formula (16), four working conditions within the range of variables were randomly selected (as shown in Table 5 and Figure 18). In this paper, the calculation results and simulation results under four working conditions are compared and error analysis is conducted. The results show that all errors are within 6%, the maximum error is 5.50%, and the minimum error is 0.46%. The results show that the empirical formula is accurate and can be used to predict the vertical force of particles.



In addition, due to different working conditions, it is difficult to make a large number of comparisons between the results of the final example and those of other scholars. Only 10 examples in working conditions 1 are compared with the results of Zhao et al. [23], and the errors are all within 5%. Compared with the particle force coefficient formula proposed by Zhao et al. [23,24,25] based on univariate (h/d) or bivariate (h/d, D/d), this formula shows the relationship between the vertical force on the particle and three variables (h/d, D/d, S/d). These empirical formulas can predict the vertical force on the particles relatively accurately, and further provide a reference for the research of hydraulic mining mechanism and accurate mining of mineral particles in deep-sea mining. In order to improve the collection rate of harvester operation and reduce the influence of unnecessary disturbance on the seabed, the key parameters such as D, h and S in the harvester system can be adjusted in real time based on the formula to provide appropriate suction for ore particles.



In this paper, investigation of particle collection on deep-sea mining is simplified into a model of a single particle sucked through a pipe. In fact, to reach a more accurate and convincing conclusion, experiments are needed as auxiliary evidence [45,46,47]. Study without experimentation is a limitation of this article. In this work, the numerical simulation method is used to analyze the particle collection in some aspects, which can be regarded as preliminary research before performing the experimentation.





4. Conclusions


In this work, the feasibility and correctness of the calculation method were verified using the experimental data of Zhao et al. [23] Then, the hydraulic suction process of ore particles was simulated, and the flow field characteristics and particle motion characteristics under different suction velocities were analyzed. The vertical force on fixed particles under different D/d, h/d and S/d conditions were simulated and calculated. In the following research, we will continue to conduct multi-particle collection simulation and build an experimental testing so as to make the research more credible. The following conclusions were drawn:



The lifting force of particles in the suction process is caused by the different flow velocities above and below the particles. In the process of particle collection, the distribution of vortex structure on the particle surface changes from annular at the inlet to around the particle, and the vortex under the particle increases when it reaches the outlet of the pipe.



At different suction velocities, the trajectories of the particles before entering the pipeline are basically the coincident. After the particles enter the pipeline, the lateral offset starts to increase. Moreover, the smaller the suction velocity, the slower the particle start-up and the longer the suction time, which leads to larger final lateral offset of particles. If the suction velocity is too small, it will increase the possibility of collision between particles and pipeline wall. However, if the suction velocity is too high, the energy loss will increase. It proves that it is necessary to select suitable particle start-up conditions.



The particle initiation process is the most time-consuming stage, and it has high research value. The drag coefficient Cd and Reynolds number Rep of the particles reach the peak when they reach the pipe inlet. After entering the pipeline, Cd and Rep decrease significantly. The higher the suction rate, the greater the peak value of Cd and Rep.



The vertical force FZ is inversely proportional to h/d and S/d and directly proportional to D/d. When h/d ≥ 2.25, the vertical force on particles is no longer affected by h/d. When S/d = 2.5, FZ decreased to 0 N; when h/d increased from 1.5 to 1.75, FZ decreased by nearly half. The empirical equations of FZ expressed in terms of D/d and h/d, h/d and S/d, D/d and S/d were obtained (13), (14) and (15). Finally, the empirical equations of Fz (16) expressed in S/d, h/d and D/d were obtained. The error of the formula is within 6%.
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Figure 1. The consists of the Deep-sea mining. 
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Figure 2. Research content of this paper. 
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Figure 3. Computational domain and size of physical model: (a) Computational domain, (b) Size of physical model. 
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Figure 4. Meshing of computational domain: (a) Front view, (b) Locally enlarged grid diagram, (c) Vertical view, (d) xyz profile. 
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Figure 5. Setting of boundary condition. 
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Figure 6. Relative error between simulation and experimental results. 
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Figure 7. Calculation of vertical force of the particles at v = 1.4 m/s and v = 2.0 m/s: (a) v = 1.4 m/s, (b) v = 2.0 m/s. 






Figure 7. Calculation of vertical force of the particles at v = 1.4 m/s and v = 2.0 m/s: (a) v = 1.4 m/s, (b) v = 2.0 m/s.



[image: Processes 11 01376 g007]







[image: Processes 11 01376 g008 550] 





Figure 8. Particle pressure distribution at different times: (a) t = 0.012 s, particle start-up, (b) t = 0.111 s, particle entering the pipe port, (c) t = 0.159 s, particle moving in the middle of the pipe, (d) t = 0.210 s, particle approaching the pipe outlet. 
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Figure 9. Velocity flow diagram at different times: (a) t = 0.012 s, particle start-up, (b) t = 0.111 s, particle entering the pipe port, (c) t = 0.159 s, particle moving in the middle of the pipe, (d) t = 0.210 s, particle approaching the pipe outlet. 






Figure 9. Velocity flow diagram at different times: (a) t = 0.012 s, particle start-up, (b) t = 0.111 s, particle entering the pipe port, (c) t = 0.159 s, particle moving in the middle of the pipe, (d) t = 0.210 s, particle approaching the pipe outlet.



[image: Processes 11 01376 g009a][image: Processes 11 01376 g009b]







[image: Processes 11 01376 g010 550] 





Figure 10. Particle velocity nephogram at different times: (a) t = 0.012 s, particle start-up, (b) t = 0.111 s, particle entering the pipe port, (c) t = 0.159 s, particle moving in the middle of the pipe, (d) t = 0.210 s, particle approaching the pipe outlet. 
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Figure 11. Vortex structure around particles: (a) t = 0.012 s, particles start-up, (b) t = 0.111 s, particles enter the pipe port, (c) t = 0.159 s, particles move in the middle of the pipe, (d) t = 0.210 s, particle approaching the pipe outlet. 
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Figure 12. Particle trajectory of the suction process: (a) Particle trajectory at v = 1.8 m/s, (b) Particle trajectories at different suction velocities. 
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Figure 13. Variation of particle resistance coefficient Cd with time t. 
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Figure 14. Variation of particle Reynolds number Rep with time t. 
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Figure 15. The relationship between Fz and D/d, h/d when S/d = 0: (a) Before fitting, (b) After fitting. 
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Figure 16. The relationship between FZ and h/d and S/d when D/d = 2.5: (a) Before fitting, (b) After fitting. 
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Figure 17. The relationship between FZ and D/d and S/d when h/d = 1.75: (a) Before fitting, (b) After fitting. 
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Figure 18. The relative error between simulation result and formula calculation result. 
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Table 1. Mesh independence verification.
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	Case
	Number of Meshes
	Size of Meshes (mm)
	Cell Quality
	Time Step (s)
	F (N)
	Relative Deviation





	E1
	748,849
	3
	<0.3
	0.0003
	0.3469
	



	E2
	1,151,745
	2.7
	<0.3
	0.0003
	0.3500
	0.89%



	E3
	1,343,787
	2.4
	>0.3
	0.0003
	0.3524
	0.69%



	E4
	1,602,851
	2.1
	>0.3
	0.0003
	0.3538
	0.4%
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Table 2. Boundary conditions and physical values.
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	Physical Quantity
	Numerical Value
	Physical Quantity
	Numerical Value





	Particle density
	2100 kg/m3
	Particle diameter
	40 mm



	Fluid density
	1000 kg/m3
	Velocity inlet
	2.0–2.8 m/s



	Pressure outlet
	0.0 Pa
	Von Kármán constant
	0.42 KPa










[image: Table] 





Table 3. Maximum offset of particle displacement and suction time.
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	SX′/mm
	Sy′/mm
	SZ′/mm
	(SX′+ Sy′)/mm
	     t ′  / s    





	v = 1.8 m/s
	4.8
	3.36
	260
	8.16
	0.262



	v = 2.0 m/s
	1.17
	1.23
	260
	2.4
	0.188



	v = 2.2 m/s
	0.51
	1.7
	260
	2.21
	0.161



	v = 2.4 m/s
	1.88
	0.25
	260
	2.13
	0.142



	v = 2.6 m/s
	1.08
	0.21
	260
	1.29
	0.127
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Table 4. Calculated working conditions.
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h/d

	
D/d

	
S/d






	
Working condition of the one

	
1.5

	
2, 2.5, 3, 3.5, 4

	
0




	
1.75

	
2, 2.5, 3, 3.5, 4

	
0




	
2

	
2, 2.5, 3, 3.5, 4

	
0




	
2.25

	
2, 2.5, 3, 3.5, 4

	
0




	
2.5

	
2, 2.5, 3, 3.5, 4

	
0




	
Working condition of the two

	
1.5

	
2.5

	
0, 0.625, 1.25, 1.875, 2.5




	
1.75

	
2.5

	
0, 0.625, 1.25, 1.875, 2.5




	
2

	
2.5

	
0, 0.625, 1.25, 1.875, 2.5




	
2.25

	
2.5

	
0, 0.625, 1.25, 1.875, 2.5




	
2.5

	
2.5

	
0, 0.625, 1.25, 1.875, 2.5




	
Working condition of the three

	
1.75

	
2

	
0, 0.625, 1.25, 1.875, 2.5




	
1.75

	
2.5

	
0, 0.625, 1.25, 1.875, 2.5




	
1.75

	
3

	
0, 0.625, 1.25, 1.875, 2.5




	
1.75

	
3.5

	
0, 0.625, 1.25, 1.875, 2.5




	
1.75

	
4

	
0, 0.625, 1.25, 1.875, 2.5
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Table 5. The relative error between simulation result and formula calculation results.
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	Data Groups
	h/d
	D/d
	S/d
	v (m/s)
	Simulation

Results (N)
	Formula Calculation Results (N)
	Relative Error (%)





	1
	1.7
	2.6
	1.2
	2
	0.29152
	0.28948
	0.70



	2
	2.2
	2.1
	0.7
	2.1
	0.06850
	0.068183
	0.46



	3
	2
	2.5
	1.9
	2.3
	0.2723
	0.025887
	4.93



	4
	2.2
	2.75
	1
	2.2
	0.43049
	0.40682
	5.50
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