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Abstract

:

The optimization design of the double-layered material tank is essential to improve the material mixing efficiency and quality in chemical engineering and lithium battery production. The draft tube structure and double-layered impellers affect the flow patterns of the fluid–solid transfer process, and its flow pattern recognition faces significant challenges. This paper presents a fluid–solid mixing transfer modeling method using the CFD-DEM coupling solution method to analyze flow pattern evolution regularities. A porous-based interphase coupling technology solved the interphase force and could be used to acquire accurate particle motion trajectories. The effect mechanism of fluid–solid transfer courses in the double-layered mixing tank with a draft tube can be obtained by analyzing key features, including velocity distribution, circulation flows, power, and particle characteristics. The research results illustrate that the draft tube structure creates two major circulations in the mixing transfer process and changes particle and vortex flow patterns. The circulating motion of the double-layered impellers strengthens the overall fluid circulation, enhances the overall mixing efficiency of the fluid medium, and reduces particle deposition. Numerical results can offer technical guidance for the chemical extraction course and lithium battery slurry mixing.
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1. Introduction


With continuous industrial development, stirred reactors are frequently used in industrial productions, including petroleum, chemical, metallurgy, pharmaceuticals, polymers, and food. The agitator is one of the core components of a stirred reactor, which is capable of achieving the efficient and uniform mixing of fluids or the uniform dispersion of multiphase fluids [1,2,3]. Different fluid media under the rotation of the impeller blades exhibit a turbulent reciprocating state as a whole, but there is strong random flow internally [4,5]. Mass transfer and diffusion among different media eventually reach an equilibrium state. The internal structure of the mixing tank, such as the number of impeller layers and the draft tube, greatly influences the flow field distribution and energy conversion efficiency within the tank. When materials are mixed in the stirring kettle, it is necessary to consider not only the mixing inside the kettle but also the effect of the impeller blades on the medium within the kettle. A rotation speed that is too high can damage the medium, affecting the preparation of chemical raw materials, while a speed that is too low affects the mixing of materials [6,7,8]. Therefore, studying the mixing flow mechanism and flow patterns of solid–liquid biphasic fluids in a double-layered mixing tank with a draft tube has significant scientific value and prospects for engineering applications.



For the mixing tank with a draft tube, the layout of the draft tube is crucial, and a position close to the tank bottom increases pressure pulsation phenomena. The draft tube is fitted with an axial flow impeller that transports the fluid downwards or upwards while creating an upward or downward backflow between the draft tube and the mixing tank. The draft tube not only intensifies fluid stirring but also establishes the circulation flow pattern within the mixing tank [9,10]. When using an impeller for solid–liquid mixing, the draft tube allows for the uniform mixing of the fluid between the top and bottom of the tank, enabling a higher flow rate per unit power of the mixing equipment [11,12,13]. However, the presence of the draft tube makes the material mixing process more complex, as the mixing transport process and flow patterns exhibit a high degree of randomness. Therefore, researching the mixing flow mechanism of solid–liquid biphasic fluids in a double-layered mixing tank with a draft tube presents significant challenges [14,15].



In response to the above issues, numerous studies have been conducted by scholars, yet research on stirred reactors with draft tubes remains relatively limited. Zhang set up the reactive transport model to discuss oil multi-field coupling evolution regularities and found that multiple species transport and morphology are influenced by hydraulic drop and media connectivity [16]. Ramezani added ethanol surfactants to a vortex reactor to study the distribution and shape of bubbles within the reactor, providing a valuable reference for researching the overall and local gas content distribution within reactors [17]. Scargiali investigated the impact of impeller structures on mass transfer performance under critical and non-critical conditions, finding that mass transfer in systems without baffles is primarily influenced by power [18]. John measured the stirring power of a double-layered agitator system with a draft tube and found that introducing the baffle increased the power number [19]. Li researched the gas–liquid–solid system in the stirring tank with a draft tube but without a baffle structure, discovering that the draft tube led to increasing stirring power [20].



The aforementioned studies revealed that current research primarily focuses on bubble morphology, mixing mass transfer, and power measurement. In unbaffled stirred tanks, the liquid exhibits a strong circumferential rotation, leading to a concave gas–liquid free surface around the stirrer axis at the tank center, which results in a reduction in the measured stirring power. The lack of accurate modeling and solving methods for the fluid–solid mixing flow mechanism with draft tube structures makes it challenging to reveal flow pattern evolution regularities.



This paper proposes a fluid–solid mixing transfer modeling approach in double-layer stirred tanks. A three-dimensional mixing dynamics model based on CFD-DEM coupling is set up, combined with the SST turbulence model, to explore multiphase transfer mechanisms and flow patterns. Flow pattern evolution in the mixing field is explored by analyzing the impeller rotation. The research findings can offer helpful guidance and technical support for industrial production processes such as chemical material mixing, lithium battery slurry mixing, and food processing.




2. Mathematical Model of the Solid–Liquid Mixing Process


2.1. Mathematical Model of the Fluid Field


Based on multiphase mixing and multi-field coupling, the stirred reactor is taken as the object of study. The multiphase flow velocity field within the stirring tank is interrelated with each phase. It is assumed that the gas–liquid two-phase is an incompressible viscous fluid. The momentum balance equations and continuity equations for liquids and solids describe the dynamic features of each phase, with each phase sharing the same pressure and velocity fields [21,22]. The continuous-phase fluid is viscous and incompressible, and the liquid-phase continuity equation is as follows:


   ∂  ∂ t      ∭ V   ρ d x    d y d z +    ∯ A   ρ v ⋅ n d A    = 0  



(1)




where V represents the control volume, and A represents the control surface. For the continuity changes in the liquid phase, there is no flow loss in the middle of the reactor, and no leakage occurs in the middle of the container; thus, the liquid-phase flow conforms to continuity equations [23,24,25]. Momentum conservation equations are expressed as follows:


   ρ i  (   ∂ u   ∂ t   + ∇ ⋅ u u ) = − ∇ p +  ρ i  g + ∇ ⋅ [  μ i  ( ∇ u + ∇  u T  ) ] +  f s   



(2)




where ρi and μi describe the fluid density and viscosity, respectively, g is the gravity, u is the fluid velocity vector, t is the time, p is the fluid pressure, and fs is the surface tension force [26,27].



A turbulence model requires a comprehensive consideration of the features of fluid flow, accuracy, and computation time [28,29,30]. The Reynolds-averaged Navier–Stokes method, which is capable of describing the most essential time-averaged information in turbulent fields with lesser computational demands, is widely applied in engineering. The internal turbulence effects in the stirring tank are modeled using the RNG k-ε model [31,32]. The above model facilitates turbulent conditions of multiphase flows, aligning well with the study of the internal flow fields.


    ∂   ρ k     ∂ t   +   ∂   ρ ε ν     ∂  x i    =  ∂  ∂  x j         α k   μ  e f f       ∂ ε   ∂  x j      +  G k  +  G b  − ρ ε −  Y M   



(3)






    ∂   ρ ε     ∂ t   +   ∂   ρ ε ν     ∂  x i    =  ∂  ∂  x j         α k   μ  e f f       ∂ ε   ∂  x j      +  C  1 ε    ε k     G k  +  C  3 ε    G b    −  C  2 ε   ρ    ε 2   k  − R  



(4)






         μ  e f f   = μ +  μ i         μ i  = ρ  C μ     k 2   ε         



(5)




where Gk, Gb, and YM are the terms for turbulent kinetic energy production. Variables αk and αε represent the inverses of adequate Prandtl numbers, respectively [33,34,35]. The other empirical parameters used in this paper are as follows: C1ε = 1.44, C2ε = 1.92, C3ε = 0.09, σk = 1.0, and σε = 1.3. The RNG k-ε model can be applied to study high Reynolds number turbulent flow phenomena, particularly rapid strain, medium-scale vortices, and complex shear flows with local transition [36,37]. The internal mixed flow in the stirred tank studied in this paper involves addressing flow separation and complex secondary flows. This model suits the numerical swirl simulation within the stirring tank.




2.2. Particle Dynamics Model


In liquid–solid flows, solid particles are taken on in a turbulent state, leading to coupling effects among various factors, resulting in a nonlinear and complex flow of particles in the flow field [38,39,40]. Here, with no mass transfer between solid and liquid phases, fluid phase control equations should consider the volume fraction αf occupied by solid particles in the grid cell, where Fa is the interphase force, and S is the average force exerted on the particles.


  S =     ∑ i n    F a       V f     



(6)




where n and Vf represent the number of solid particles and cell volume. Here, the fluid control equation is modified as follows:


   ∂  ∂ t      α f   ρ f    + ∇ ⋅    α f   ρ f   ν f    = 0  



(7)






   ∂  ∂ t      α f   ρ f   ν f    + ∇ ⋅    α f   ρ f   ν f   ν f    = −  α f  ∇ p + ∇ ⋅    τ =   f  +  α f   ρ f  g − S  



(8)




where ρf and vf represent the density and velocity of fluid phases, and    τ =   f denotes the stress–strain tensor.


     τ =   f  =  α f   η f    ∇  ν f  + ∇  ν f T    +  α f     λ f  −  2 3   η f    ∇ ⋅  ν f   I =   



(9)




where ηf and λf represent the shear viscosity and bulk viscosity, and    I =    represents the turbulence kinetic energy.



Based on control equations, it is possible to obtain the liquid phase velocity and pressure fields in the stirred tank reactor’s flow field. This solution provides initial conditions for the motion of solid particles [41,42,43].



The reactor is analyzed with individual solid particles as the subject, which are tracked in a Lagrangian manner within the DEM framework, with its dynamic equation as follows:


   m i    d  ν i    d t   =  F a  +  F c  + G  



(10)






   I i    d  ω i    d t   =  T c   



(11)




where FC and G represent the individual contact force and gravity. Particle motion results from multiple forces, including the drag (Fd), pressure gradient (Fp), Basset force (Fb), Saffman force (Fs), Magnus lift (Fm), buoyancy (Ff), and added mass force (Fv). The force situation of a single particle in the flow field is illustrated in Figure 1.



During the chemical reaction course, the density of the liquid is lower than the density of the particles, and the virtual mass force and Basset force are deleted. Thus, the equation can be expressed as follows:


   F a  =  F d  +  F p  +  F s  +  F m  +  F f   



(12)




where the method for solving the drag force is


   F d  =    C d   8  π   d p  2   ρ p     ν f  −  ν p       ν f  −  ν p       α f    − ( χ + 1 )    



(13)






  χ = 3.7 - 0.65 exp   −     1.5 − lg   Re  p     2  / 2    



(14)




where ρp, vp, and dp represent the density, velocity, and diameter. Cd and Rep denote the drag coefficient and Reynolds number [44,45,46], with their expressions as follows:


    Re  p  =    α f   ρ p   d p      ν f  −  ν p        μ f     



(15)




where μf represents the dynamic viscosity of the liquid phase. The gradient pressure, Saffman lift force, and Magnus lift force are obtained, respectively:


   F p  =  1 6  π   d p  3    d p   d t    



(16)






   F s  = 1.615   d p  2     ρ f   μ f       ν f  −  ν p          d  ν f    d y        



(17)






   F m  =  π 8    d p  3   ρ f    ω ×    ν p  −  ν f        1 + θ  R     



(18)




where θ(R) represents the residual term. Considering the mutual interactions among solid particles in the reactor, we employed the Hertz–Mindlin soft-sphere model for calculations [47,48,49,50]. During flow processes, there are contact collisions between particles, and the force equation for particle collisions is as follows:


   F c  =  F n  +  F t   



(19)




where Fn represents the normal contact force, where the soft-sphere model replaces the particle’s normal contact process with a spring and damper. Ft represents the tangential contact force, where the tangential contact process is replaced with a spring, damper, and slider in the model.




2.3. Fluid–Solid Coupling Solution Method


To obtain the interaction forces, a porous-based interphase coupling technology can be used to acquire accurate particle motion trajectories. This model overcomes the computational instability issues caused by traditional methods when the particle size approaches the grid size, thus improving the particle–fluid interaction. The control equations are written into interface programs for compilation. Ultimately, bidirectional coupling is achieved. Thus, a CFD-DEM calculation facilitates data transfer by the user-defined functions (UDF), realizing bidirectional coupling between the Eulerian dual-fluid phase and the Lagrangian particle phase.



The overall computational workflow of the model is depicted in Figure 2. The fluid fields and particles are initialized. The flow field’s velocity and force are determined by iteratively solving control equations. The DEM module iteratively calculates the velocity and position of the particles. The decision on whether to continue is based on a convergence assessment. If not converged, the porosity of the fluid element is determined to continue the flow field calculations. This cycle, which achieves bidirectional coupling through data exchange, continues until convergence is reached, at which point the computations stop, and the calculation can be completed.





3. Numerical Model of Fluid–Solid Mixing Tank


3.1. Numerical Dynamic Model


The thorough mixing of material liquid using stirring equipment involves the transfer of kinetic energy, heat, and mass. The sealed nature of the stirring container affects the flow state of the gases involved in the reaction, indirectly influencing the yield of the reaction products. Figure 3 presents a schematic of the three-dimensional structure of a double-layered stirring tank with a guide cylinder, including the draft tube, double-layer blades, and an elliptical bottom for sealing the stirring container. Figure 3 depicts the stirring impeller. While the structures near the impellers are complex, minor details do not significantly alter the flow patterns. Therefore, for the structural schematic of the stirring tank, simplifications have been made at the connection between the impeller and the shaft and at the top hole of the tank to facilitate the relevant grid division and numerical calculations.



Owing to the large size of the stirring tank compared to the much smaller rotating blades, the significant difference in their scales poses considerable challenges for precise grid division. The numerical model is shown in Figure 4. For the small-sized mixing impellers in the strong shear flow region (Figure 4b), unstructured meshes are used to divide blade structures and refine the blade. The mesh size is 0.003 mm with a total of 1,825,740 grids, and the grid quality is above 0.8. For the rest of the three-dimensional stirring tank’s fluid domain, an unstructured grid with a scale of 0.01 mm is used, totaling 1,395,515 grids with a quality above 0.6. The grid size in this part can be larger than that of the blades (Figure 4a,c), which can enhance calculation speeds. The mesh quantity can ensure the computational accuracy requirements are met.



To address the particulate phase, the physical models must be imported under the EDEM 2.7 software. The finer the grid division, the higher the computation efficiency and accuracy of the results. Consequently, the computational area is divided into grid cells of specific scales, with particles distributed throughout the container and solely influenced by gravity. During the fluid–solid-coupled calculation, the solver determines the motion equation of the particles by calculating the interactive forces and contact forces. It continuously updates the position of the particles, tracking their flow state.




3.2. Solution Conditions


The solid–liquid simulation employs a transient Eulerian model with an explicit time discretization format chosen. The RNG turbulent model is used for turbulence modeling, providing accurate solutions for the mixed turbulence process, with standard wall functions selected for near-wall regions. The container top is a pressure outlet. The convergence residuals monitored are all at 10−6. The multiple reference frame method allows for transient simulation, offering greater accuracy than the sliding grid method and saving substantial computational resources [51]. Its accuracy satisfies the needs of most scenarios. Here, this calculation employs the multiple reference frame method, with data transmission occurring through the interface between these two areas.




3.3. Mesh Independence Results


Mesh numbers influence computing results; as the mesh numbers rise, the calculation precisions improve, but the computational efficiency decreases. Here, it is essential to determine the appropriate mesh, meaning that grid independence verification should yield relatively accurate calculation results while maximizing computational efficiency. In the grid independence verification, the impeller is taken as the subject, with grids totaling 2,362,500, 3,221,225, and 4,523,120 divided. After the calculations have converged, the average velocity distribution under the three grid quantities is compared.



In Figure 5, the average velocities for variable grid quantities are not significantly different. The maximum velocity error between grid counts 4,523,120 and 3,221,225 is 1.2%, while the maximum velocity error between grid counts 3,221,225 and 2,362,500 is 4.7%. Therefore, the numerical model with 3,221,225 grids can meet the requirements for computational accuracy while ensuring a faster calculation rate.





4. Results and Discussions


4.1. Formation Regularities of Leaf Rotation Fields


Mixing flows inside the stirring tank os complex, and turbulent hydrodynamic phenomena are characterized by highly nonlinear transport processes. This study focuses on a stirring tank with double-layered impeller blades and a draft tube, conducting a numerical simulation to calculate the characteristics of the draft tube and analyze the simulation results. Figure 6 illustrates the velocity cloud chart in the draft tube stirring tank. The observation of the velocity cloud diagram reveals that under the action of the rotating blades, the recirculation of fluid within the tank is symmetrical, and the fluid mixing process is intense. The high-speed area indicates that during the stirring course, the impeller, due to its higher flow velocity, achieves a better degree of material mixing compared to the external flow field. In Figure 6, the double-layered stirring blades within the draft tube stirring tank show an effective mixing result, leading to the more thorough mixing of the fluid inside the tank. However, due to factors such as stirring speed and blade structures, the blades exhibit significant changes in the velocity gradient. By contrast, mixing fields away from the blades shows little variation in velocity.



Impeller velocity cloud diagrams over various times are shown in Figure 7. By comparing the upper and lower impellers, the uniformity of the velocity gradually increases. Due to the larger inclination angle of the lower blades compared to the upper blades, the velocity gradient changes in the flow field of the lower blades are pronounced. The outer ends of the blades have a stronger ability to disturb the flow field, which is reflected on the side as a better effect of material mixing. However, the correlation between the adjacent two layers of the blades is not enhanced; instead, there is an increase in the radial flow. Hence, in material mixing, it can be considered that an appropriate increase in the blade inclination angle is of significant importance for improving the efficiency of chemical mixing.




4.2. Calculation of Circulating Flows


The circulation action involves the continuous exchange of fluid microelements between high- and low-shear areas. As the particle dissolution progresses, the circulation flow significantly decreases, and consequently, the mixing rate also reduces with the decreased circulation flow. Therefore, enhancing the circulation capability is a primary means to increase the mixing rate of the fluid. The specific calculation involves obtaining the circulation flow by integrating the velocity across the surface passing through the vortex core:


   Q C  =    ∫   r *   R   2 π r    v r       d r  



(20)




where r* denotes the vortex center location, R is the slot radius, and vr is the corresponding velocity vector.



The mixing fields have two major circulations, symmetrically distributed around the axis. By calculating the circulation flow of one side and then doubling it, the overall circulation flow can be obtained. There are two small circulations in the upper part of the stirring tank, which are almost negligible compared to the major circulations, so only the right-side major circulation needs to be calculated. The vortex core of the right-side major circulation was determined through observations and measurements to have the coordinates (0.75, −1.5). The radial velocity could be obtained (Figure 8b). The discrete data of v-r were imported into MATLAB for calculation, yielding a total circulation flow of QC = 3.0526 m/s3 at t = 4 s. The fluid within the draft tube was accelerated by the action of the double-layered blades, increasing the fluid velocity. A small part of the fluid (at the bottom center) touched the bottom and then turned upwards into the draft tube, while the fluids moved upwards along the draft tube outside and flowed toward the tank top. Clearly, the double-layered stirring blades and draft tube in the stirring tank better facilitate mixing different fluids.



Simultaneously, in dead-zone volumes, the inclined blades of the lower impeller reduce the dead-zone volume. After the blades are inclined, they create a radial pumping effect, causing part of the fluid to change from an axial to radial flow. The greater the inclination angle of the blades, the more pronounced the radial pumping effect becomes, enhancing the circulation. When the rising fluid reaches a certain height, it splits into two streams. After moving radially to the wall position, each stream flows downward along the wall. Upon encountering the fluid radially pumped by the blades, the two streams merge and continue to flow down along the wall to the bottom of the kettle. Then, they are drawn by the rotating blades and continue to move upward, forming a circulation.




4.3. Power Calculation of Impeller Shaft


In this study, influenced by the wall pressure load and fluid viscosity, the methods for analytical solutions of torque and the power of stirring impellers were complex and had limited practical application. Despite extensive research, there is no academic consensus or universally applicable analytical solution method for industrial production. In contrast, the numerical method based on one-way fluid–solid coupling has more advantages in solving this problem. This method is to apply the pressure load and viscous forces to the solid domain, thereby deriving the force vectors on the impeller at each micro-element grid. The shaft power can be calculated by integrating the torque over the impeller surface and combining it with the rated speed.



Based on the above method, the changes in torque at different times during the stirring process for both the upper and lower impellers were obtained. The distribution of the impeller pressure load is shown in Figure 9 and Figure 10, and the torque is presented in Table 1. The pressure loads in Figure 9 and Figure 10 are only used as the basis for changes in the structural field force vectors, and changes in the flow field due to the forced deformation of the structure are not considered. During the stirring process, the impeller surface pressure load varies significantly due to fluid inertial forces, particle settling, and bottom-blowing effects. From a temporal perspective, the torque due to the pressure load on the upper impeller initially decreases, then increases, and finally decreases again. This is mainly because, at the start of stirring, the impeller needs to work against fluid inertial forces. As the stirring continues, the rotational speed in the impeller’s area increases, reducing the inertial forces.



After obtaining the impeller torque, the power requirements can be determined. The power of the impellers can be obtained in Figure 11. The power range is 7~14 kW, as shown in Figure 11a. The initially higher power is likely related to the greater amount of material surrounding it, influenced by initial conditions and disturbances. As the material settles, the amount of slurry around the upper impeller decreases, leading to a reduction in power consumption. The power of the lower impeller, influenced by bottom blowing and material settling, ranges approximately between 10 and 20 kW. From the graph, it is evident that the peak power of upper impellers is 14 kW, which stabilizes to 7.4 kW after a period of operation. The peak power of the lower impellers can reach 20 kW, stabilizing at around 11 kW. The peak power of the total impellers can reach 34 kW, with a stable power of 18.4 kW. Considering that the current solid concentration did not reach a dense state and accounting for the medium viscosity change and additional resistance overcome by the actual motor drive, there could be some fluctuation in power. From the literature review and empirical data, a power factor of 1.4~1.5 was given to ensure power consumption due to increased viscosity and other additional resistances. Thus, the motor’s starting power peak was 47.651 kW, and the power during stable operation was 25.76~27.6 kW. Additionally, the starting power can vary due to the initial conditions of the flow field. For instance, there is a significant difference in the starting power when particles distribute in the initial state compared to when particles settle at the bottom or even when scaling occurs.



According to the above results, flow field distributions are broader, and the liquid flow velocities are higher. The entire circulation flow pattern becomes ideal, with an apparent effective mixing range. The fluid is further optimized in both the upper and lower flow fields. Although the power of the dual blade stirring impeller is high, the overall mixing efficiency of the fluid medium within draft tubes can be improved, and mixing intensity is noticeably enhanced.




4.4. Particulate Material Movement Laws


Figure 12 shows the dynamic evolution of particulate material during the DEM-coupled CFD process, providing a temporal profile of particle velocity. An observation reveals that, during the initial mixing stages, the material primarily undergoes settling motion due to the influence of gravity. During the rotation of the blades, there are significant changes in the velocity of particulate material near the blades, with substantial variations in the velocity gradient consistent with velocity changes. This is because the fluid in the stirring region experiences strong shear forces during the rotation of the impeller blades, resulting in significant turbulent kinetic energy. The turbulent energy is more intense within the double-layered impeller draft tube mixing tank, enhancing the fluid circulation. The turbulent energy within the draft tube is greater, and the particle flow is faster, thereby strengthening the mixing process of the liquid and particles at both the bottom and the top. Additionally, as particles reach a certain extent, particle movements are hindered, and the stirring speeds near the blades noticeably decrease. Then, the stirring effectiveness declines, and it becomes challenging to achieve the thorough mixing of the particulate material near the walls.



Figure 13 illustrates streamlined trajectories of particle flow during the DEM-coupled CFD process. The draft tube can be observed to influence the flow patterns and particles within the mixing tank. Initially, as seen in image (a), the material predominantly exhibits a settling motion under the influence of gravity. As the process progresses, marked by images (b) through (f), the velocity of particulate material near the impeller blades changes noticeably, with substantial changes in the velocity gradient mirroring the variations near the blades in the flow field. This can be attributed to the strong shear forces exerted on the fluid by the rotating blades, leading to increased turbulent kinetic energy, particularly within the double-layered impeller draft tube mixing tank. The enhanced turbulence intensifies the overall circulatory motion, accelerating the mixing process of liquids and particles at both the bottom and top of the tank. Furthermore, as particles settle and accumulate, as depicted in the later images, their movement is significantly obstructed, reducing the stirring speed near the blades. This effect diminishes the stirring efficiency and complicates the thorough mixing of particulate material near the tank walls.





5. Conclusions


Investigating the effect of the mechanism of draft tube structures on the flow patterns of the fluid–solid mixing transfer process has significant engineering value. To address the above issues, this paper proposes a fluid–solid mixing transfer modeling approach to study mixing transfer patterns.



	(1)

	
A CFD-DEM-based fluid–solid mixing transfer model is applied to study affective mixing transfer mechanisms. The double-layer impeller shows excellent mixing performance, resulting in more thorough fluid mixing inside the tank.




	(2)

	
The baffle creates two major circulation patterns. The circulation direction of the double-layer impeller is essentially similar; the rotation of the lower blade accelerates the incoming fluid from above and reduces the particle deposition.




	(3)

	
The dual-blade impeller had a higher power consumption, improving the fluid medium’s overall mixing efficiency within the baffle. This increased the particle flow velocity, thus enhancing the particle mixing process.
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Figure 1. Force analysis of individual particles. 
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Figure 2. CFD-DEM coupling calculation flowchart. 
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Figure 3. Schematic diagram of a three-dimensional stirring tank structure. (a) Model structures. (b) Partial structures of upper blades. (c) Particle structures of lower blades. 
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Figure 4. Grid partitioning of the three-dimensional stirring tank. (a) Overall grid. (b) Overall top view. (c) Local grid refinement near the impellers. 
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Figure 5. Average velocity distribution for three different grid quantities. 
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Figure 6. Impeller velocity cloud diagrams over various times. (a) t = 0.5 s. (b) t = 1.0 s. (c) t = 1.5 s. (d) t = 2.0 s. (e) t = 2.5 s. (f) t = 3.0 s. 
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Figure 7. Impeller velocity profile over various times. (a) t = 0.5 s. (b) t = 1.0 s. (c) t = 1.5 s. (d) t = 2.0 s. (e) t = 2.5 s. (f) t = 3.0 s. 
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Figure 8. Circulation flow diagram. (a) Velocity vector diagram. (b) Radial velocity curve. 
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Figure 9. Pressure load cloud diagrams of upper impellers. (a) t = 1.0 s. (b) t = 2.0 s. (c) t = 3.0 s. (d) t = 4.0 s. 
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Figure 10. Pressure load cloud diagrams of lower impellers. (a) t = 1.0 s. (b) t = 2.0 s. (c) t = 3.0 s. (d) t = 4.0 s. 
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Figure 11. Power change results of impellers. (a) Upper impeller. (b) Lower impeller. 
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Figure 12. Velocity evolution patterns of the particle flow. (a) t = 0.5 s. (b) t = 1.0 s. (c) t = 1.5 s. (d) t = 2.0 s. (e) t = 2.5 s. (f) t = 3.0 s. 
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Figure 13. Flow line trace diagrams of the particle flow. (a) t = 0.5 s. (b) t = 1.0 s. (c) t = 1.5 s. (d) t = 2.0 s. (e) t = 2.5 s. (f) t = 3.0 s. 
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Table 1. Variation data of impeller torques.
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Impeller Wheel

	
Time (s)

	
Pressure Load (N·m)

	
Viscosity Force Load (N·m)

	
Total Moment (N·m)






	
Upper impeller

	
0.1

	
504.949

	
19.696

	
524.6456




	
0.5

	
301.193

	
15.759

	
316.952




	
1.0

	
269.601

	
14.137

	
283.737




	
1.5

	
279.926

	
13.886

	
293.812




	
2.0

	
286.852

	
13.677

	
300.529




	
2.5

	
285.349

	
13.423

	
298.772




	
3.0

	
284.205

	
13.33

	
297.535




	
3.5

	
282.877

	
13.128

	
296.005




	
4.0

	
280.845

	
12.908

	
293.753




	
Lower impeller

	
0.1

	
758.362

	
18.906

	
777.268




	
0.5

	
430.571

	
14.216

	
444.786




	
1.0

	
418.029

	
10.315

	
428.344




	
1.5

	
419.687

	
8.516

	
428.203




	
2.0

	
404.909

	
8.415

	
413.384




	
2.5

	
407.917

	
8.449

	
416.367




	
3.0

	
412.129

	
8.536

	
420.665




	
3.5

	
416.251

	
8.552

	
424.803




	
4.0

	
418.661

	
8.546

	
427.207
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