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Abstract

:

The present study examines the possibility of using an industrial stirred chemical reactor, originally employed for liquid–liquid mixtures, for operating with two-phase liquid–solid suspensions. It is critical when obtaining a high-quality chemical product that the solid phase remains suspended in the liquid phase long enough that the chemical reaction takes place. The impeller was designed for the preparation of a chemical product with a prescribed composition. The present study aims at finding, using a numerical simulation analysis, if the performance of the original impeller is suitable for obtaining a new chemical product with a different composition. The Eulerian multiphase model was employed along with the renormalization (RNG) k-ε turbulence model to simulate liquid–solid flow with a free surface in a stirred tank. A sliding-mesh approach was used to model the impeller rotation with the commercial CFD code, FLUENT. The results obtained underline that 25% to 40% of the solid phase is sedimented on the lower part of the reactor, depending on the initial conditions. It results that the impeller does not perform as needed; hence, the suspension time of the solid phase is not long enough for the chemical reaction to be properly completed.
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1. Introduction


The main idea behind this paper, which is the first in a series of three papers, is to develop a tractable and robust numerical approach for the design and assessment of mixing impellers, beyond the rather classical approach of selecting on-the-shelf impellers based on empirical correlations.



In the chemical industry, the employment of stirred reactors containing liquid and solid phases to obtain chemical products from the reaction between the solid-phase component and the liquid-phase component is very common. The quality of the finite chemical product is determined by the fact that the solid particles must remain in the suspension inside the liquid phase for as long as possible for the chemical reaction to take place. The sedimentation of the solid particles must be prevented by the stirring mechanism and must ensure a homogenous distribution of the solid particles in the entire volume of liquid. Another important aspect for obtaining a quality product from the chemical reaction inside the reactor is to prolong the contact time between the solid particles and the liquid phase, and the impeller plays a major role in this matter. The quality of the suspension of the solid particles generated by the impeller can be characterized by several parameters such as solid particle distribution, cloud height and suspension velocity [1,2,3].



The hydrodynamics of the flow process inside the stirred tanks are complex, three-dimensional and turbulent. The efficiency of the mixing process that takes place inside the reactor depends on the interaction between the solid particles and the liquid, the geometry of the reactor and the design and position of the impeller. In the past three decades, computational fluid dynamics (CFDs) has proved to be a useful and substantial instrument in the chemical industry to learn about and enhance the complex phenomena of multiphase flow. A great number of studies from all over the world have performed numerical analyses of the turbulent multiphase flow specific to stirred reactors with different types of configurations employing different professional CFD codes (ANSYS Fluent, ANSYS CFX) [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27].



Delafosse et al. [5] presented the numerical results of investigations carried out in a mixing tank. The aim was to identify the type of approach, URANS equations or the large eddy simulation (LES) with the Smagorinski subgrid-scale model, best suited for modeling the complex multiphase turbulent flow. The results obtained with the software Fluent, velocity distribution, were compared with PIV experimental results. The conclusion is that the URANS approach provides accurate enough results, but for greater accuracy, the LES approach is recommended.



Murthy and Joshi [6] analyzed the performances of various types of impellers and tried to assess three types of turbulence models, standard k-ε, the Reynolds stress model (RSM) and LES, by using the professional software Fluent. Validation of the numerical results was performed by comparison to the LDA measurement. The conclusion of the research is that the LES model provides the most accurate results but needs high computation power and a long period of time. For certain types of impellers, the standard k-ε and RSM models generate satisfactory results.



Ochieng and Onyango [8] conducted an extensive review of the CFD results obtained by numerous studies in order to establish the most suitable settings for the numerical simulation of the complex flow from stirred reactors. Experimental results were also reviewed. For grid generation, it is recommended that finer grids are generated in regions of high turbulence and near the walls. From their study results, the employment of the turbulence model RNG k-ε generates accurate results without a large computational power and in a decent period of time.



Taking into consideration the results of the previous studies, we decided to use the RNG k-ε turbulence model, which allows sufficient accuracy of the turbulent quantities within a reasonable calculation time.



There are several research studies that recommend the employment of the VOF model for the numerical simulation of a multiphase flow. Tembely et al. [28] implemented a volume of fluid (VOF) method to analyze the two-phase flow within a porous medium that takes into account the dynamic contact angle and its hysteresis with the help of Open-source Field Operation and Manipulation (OpenFOAM). The numerical results were compared with the experimental results, and a good agreement was determined. Stachnick and Jakubowski [29] performed a numerical simulation with Ansys CFX 18.1, employing a three-phase VOF model to analyze the movement and formation of deposits of solid particles from a separator used in the brewing industry. The numerical results were compared to the experimental results and proved that the model employed is suitable for the analyzed phenomena and provides accurate and reliable results for the flow and the sedimentation process. McCraney et al. [30] presented a numerical method for the symmetric draining of capillary liquids in simple corners, employing the software interFoam and the VOF model. By comparing the numerical results with the experimental results, the good accuracy of the numerical results was underlined. Silva et al. [31] employed OpenFOAM and ANSYS Fluent to study microscale gas–liquid flow. The aim of the study was to assess the capability of both software to predict the flow field by employing different models for the multiphase flow: VOF and piecewise linear interface calculation (PLIC) in ANSYS Fluent and MULES/isoAdvector in OpenFOAM. The conclusion of the research, after validating the results obtained with experimental data, is that ANSYS Fluent provides more accurate results for this type of flow. He et al. [32] presented the results of employing an improved VOF discrete element model (DEM) for studying the soil–water interaction. All the experimental observations were accurately depicted by the numerical model.



For the numerical simulation of the solid suspension from a stirred reactor, in the literature, there are also two models mentioned: the Eulerian multiphase model and the Eulerian mixture model. In the Eulerian multiphase model, continuity and momentum balance equations are solved for each phase. The Eulerian mixture model is a simplified version of the previous model, and it is recommended to be employed for thin mixtures and small-sized particles. For this model, continuity and momentum balance equations are solved for one mixture phase, the hydrodynamic parameters of which are computed from the mass-averaged properties of each phase. Only one equation for the transport of volume fraction is added and solved for the dispersed phase from the continuous phase. This term consists of four different interphase forces: lift force, Basset force, virtual mass force and drag force. Only the drag force can be considered in the interphase momentum exchange term because of the small influence on the entire process of the lift force, Basset and virtual mass forces.



In the literature, results obtained from using these two models are available, and these results show that the Eulerian multiphase model [10,11,12,13,14] provides much more accurate results than the Eulerian mixture model when working with particles with a diameter greater than 100 µm and a solid fraction ranging between 0.2 and 16%. The Eulerian mixture model is better adapted for small dimensions of solid particles and lower concentrations.



Taking all the previous research results into consideration, for our numerical study, the Eulerian multiphase model was best suited. Our choice for the numerical approach is also justified by the fact that the Eulerian multiphase model is not so demanding from the point of view of available power computation and computational time required for obtaining a stable solution. Boffetta et al. [33] conclude that the Eulerian model is able to generate high-accuracy results regarding the flow structure for low to moderate Stokes numbers, which is the case of our research study, where the Stokes number is 0.00038.



The current study aims to analyze the performance of an impeller attached to a stirring mechanism regarding the distribution of the solid particles inside the liquid phase from the reactor. A schematic representation of the investigated stirred reactor is presented in Figure 1. Initially, the reactor and its stirring mechanism were developed to work only with liquid-phase components, but a reconversion of its use is needed. After analyzing the results obtained and judging the impeller performances from the point of view of solid particle distribution, a decision is taken if the impeller will be kept or another type of impeller is needed in order to ensure the prescribed solid particle distribution.




2. Materials and Methods


In this paper, the Eulerian multiphase model was chosen to describe the flow behavior of each phase of the two phases, liquid and solid. This model is the most complex, and it solves a set of 2 momentum equations for each phase. Coupling is achieved through the pressure and interphase exchange coefficients. The way this coupling is handled depends on the type of phases involved, and for granular flows, the properties are obtained from the application of kinetic theory. The derivation of the conservation equations for mass and momentum for each of the two phases is performed by phase-weighted averaging the local instantaneous balances for each of the phases, and then no additional turbulent dispersion term is introduced into the continuity equation. The pressure field is assumed to be shared by the two phases, in proportion to their volume fraction. The motion of each phase is governed by respective mass and momentum conservation equations.



The continuity equation for each phase is:


    ∂  (   α q   ρ q   )    ∂ t   + ∇ ⋅  (   α q   ρ q    v →  q   )  = 0 ,  



(1)




where ρ is the density, α is the volume fraction and v is the velocity vector for each phase.



The conservation of momentum for the liquid and solid phase is given by the following equations:


      ∂  (   α q   ρ q    v →  q   )    ∂ t   + ∇ ⋅  (   α q   ρ q    v →  q    v →  q   )  = −  α q  ∇ p + ∇ ⋅    τ ¯  ¯  q  +  α q   ρ q   g →  +     +   ∑  q = 1  n    (   K  p q    (    v →  p  −   v →  q   )  +   m ˙   p q     v →   p q   −   m ˙   q p     v →   q p    )    +  (    F →  q  +   F →   l i f t , q   +   F →   w l , q   +   F →   v m , q   +   F →   t d , q    )     



(2)






      ∂  (   α s   ρ s    v →  s   )    ∂ t   + ∇ ⋅  (   α s   ρ s    v →  s    v →  s   )  = −  α s  ∇ p − ∇  p s  + ∇ ⋅    τ ¯  ¯  s  +  α s   ρ s   g →  +     +   ∑  l = 1  N    (   K  l s    (    v →  l  −   v →  s   )  +   m ˙   l s     v →   l s   −   m ˙   s l     v →   s l    )    +  (    F →  s  +   F →   l i f t , s   +   F →   v m , s   +   F →   t d , s    )     



(3)






     τ ¯  ¯  q  =  α q   μ q   (  ∇   v →  q  + ∇   v →  q T   )  +  α q   (   λ q  −  2 3   μ q   )  ∇ ⋅   v →  q    I ¯  ¯   



(4)




where p is the pressure shared by all phases, ps is the solid pressure, tq is the q-th phase stress–strain tensor, g is the gravitational acceleration, µ and λ are the shear and bulk viscosity of phase q, Kpq is the interphase momentum exchange coefficient, Kls is the momentum exchange coefficient between fluid or solid, Fq is an external body force, Flift,q is a lift force, Fwl,q is a wall lubrication force, Fvm,q is a virtual mass force, Ftd,q is a turbulent dispersion force and vpq is the interphase velocity.



Only the contribution of the drag force was taken into consideration because previous studies [2,10,12] showed that the other forces have no major effect on both the liquid–gas and liquid–solid hydrodynamics in stirred reactors.



Almost all definitions of the drag function (f) include a drag coefficient (CD) that is based on the relative Reynolds number (Re). It is this drag function that differs among the exchange coefficient models. For the present work, the Morsi and Alexander model was used, which is the most complete [25]:


  f =    C D  Re   24    



(5)






   C D  = 0.5191 −   1662.5   Re   +   5416700     Re  2     



(6)







The fluid–solid exchange coefficient (Ksl) can be written as a function of the solid particle relaxation time (τs), volume fraction of the solid phase (αs), density of the solid phase (ρs) and drag function (f):


   K  s l   =    α s   ρ s  f    τ s     



(7)






   τ s  =    ρ s   d s 2    18  μ l     



(8)







For the present research work, the Huilin–Gidaspow model was employed, which is a combination of the Wen and Yu model and the Ergun equation:


   K  s l   = ψ  K  s l − E r g u n   +  (  1 − ψ  )   K  s l − W e n & Y u    



(9)






  ψ =  1 2  +   arctan  (  262.5  (   α s  − 0.2  )   )   π   



(10)







The RNG k-ε model with the dispersed option was chosen for simulating the turbulence in the present study. The dispersed turbulence model is the appropriate model when using the granular model. Fluctuating quantities of the secondary phases can be given in terms of the mean characteristics of the primary phase and the ratio of the particle relaxation time and eddy–particle interaction time. The Reynolds stress tensor for continuous phase q takes the following form [25]:


     τ ¯  ¯  q "  = −  2 3   (   ρ q   k q  +  ρ q   v  t , q   ∇ ⋅   v →  q   )    I ¯  ¯  +  ρ q   v  t , q    (  ∇   v →  q  + ∇   v →  q    T   )   



(11)




where vq is the phase-weighted velocity.



The turbulent viscosity is written in terms of the turbulent kinetic energy of phase q, and the characteristic time of the energetic turbulent eddies is defined as


   μ  t , q   =  ρ q   C μ     k q 2     ε q     



(12)






   τ  t , q   =  3 2   C μ     k q     ε q     



(13)




where εq is the dissipation rate, and Cµ = 0.09.



The length scale of the turbulent eddies is given by:


   L  t , q   =    3 2     C μ     k q  3 / 2      ε q     



(14)







Turbulent predictions are obtained from the modified k-ε model. The transport equations (excluding buoyancy, dilation and user-defined terms) are:


     ∂  ∂ t    (   α q   ρ q   k q   )  + ∇ ⋅  (   α q   ρ q    v →  q   k q   )  = ∇ ⋅  (   α q   (   μ q  +    μ  t , q      σ k     )  ∇  k q   )      +  α q   G  k , q   −  α q   ρ q   ∈ q  +  α q   ρ q   Π  k , q      



(15)






     ∂  ∂ t    (   α q   ρ q   ε q   )  + ∇ ⋅  (   α q   ρ q    v →  q   ε q   )  = ∇ ⋅  (   α q   (   μ q  +    μ  t , q      σ ε     )  ∇  ε q   )      +  α q     ε q     k q     (   C  1 ε    G  k , q   −  C  2 ε    ρ q   ε q   )  +  α q   ρ q   Π  ε , q      



(16)




where Πkq and Πεq are source terms that can be included to model the influence of the dispersed phases on the continuous phase q, and Gk,q is the production of turbulent kinetic energy.



In the present research, the granular temperature of the solid phase was specified by an algebraic equation.


  0 =  (  −  p s    I ¯  ¯  +    τ ¯  ¯  s    )  : ∇   v →  s  −  γ   Θ s    +  φ  l s    



(17)




where   0 =  (  −  p s    I ¯  ¯  +    τ ¯  ¯  s    )  : ∇   v →  s    represents the generation of energy by the solid stress tensor,    γ   Θ s      is the collisional dissipation of energy and    φ  l s     is the energy exchange between the l-th fluid phase and the s-th solid phase.



Geometry reconstruction of the industrial stirred reactor and its meshing were performed with the software Gambit 2.4. The mesh consists of approximately 1.1 million tetrahedral elements. As regards the mesh quality, we were restricted to use tetra mesh elements due to a greater number of previous case studies [2,3]. For our numerical investigation, a very high quality of mesh (skewness < 0.6) was ensured throughout the computational domain.



In order to use the sliding-mesh method, four fluid zones were defined: an inner rotating cylindrical volume centered on the impeller and three other volumes containing the rest of the reactor and the baffles. The interface is located at an equal distance from the blades of the impeller and the inside edge of the baffles. An illustration of the domain and the mesh of the domain is given in Figure 2, which shows that finer meshes were used around the impeller where the velocity spatial gradients are expected to be large. Good care was taken in keeping the same mesh dimension between the rotating and the stationary interface to ensure a good exchange of the hydrodynamic quantities between the two zones during calculation. A “no-slip” condition was applied on all walls of the geometry.



Simulations of the turbulent multiphase flow were then performed with the help of the commercial CFD code Fluent 16 using the RNG k-ε model. There are two working materials corresponding to the two phases, liquid and solid: liquid with density ρl = 690 kg*m−3, powder with density ρp = 1520 kg*m−3 and particle size d = 0.000171 m. At the liquid surface, a gas zone consisting of air was added at the free surface of water, a method that has been reported to dampen the instabilities, which means the top surface is exposed to atmospheric pressure. The flow resolution was unsteady, and the sliding-mesh approach was employed. At each time step, the position of the rotating zone relative to the stationary one was recomputed, and the grid interface of the rotating zone slid along the interface of the stationary zone. For all simulations, the time step was set as a function of the impeller speed, 65 rot/min, and the number of the cells from the interface surface, approximately 140 elements, so the time step was set to a value of 0.01 s.



At the end of each time step, after a maximum of 5 iterations, the convergence criterion reached 1− for the continuity, momentum and turbulence quantities. This value of the convergence criteria was set to have a total computational time of 120 h. Although the value of the criteria might be considered to be a course for complex Eulerian multiphase flow, the objective of the current research was to obtain an accurate enough result in a short period of time in order to make a practical decision. Simulations were performed in double precision with the segregated implicit solver. Transient formulation was of the first order, and the spatial discretization scheme for pressure was PRESTO! and for momentum and turbulence was QUICK. The SIMPLE algorithm was employed for the pressure–velocity coupling [15,16,17,18,19,20]. The analysis of the results was performed after a total flow time of 90 s.




3. Results and Discussion


For chemical multiphase reactions, the hydrodynamic field plays a major role in the mixing of the two phases and in the mass transfer. The impact of the hydrodynamic field upon the performances of an industrial stirred reactor is determined by the specific geometry of the reactor. For reactors operating with a two-phase flow, solid and liquid, it is recommended to monitor the solid particle distribution to check if the distribution is in line with the prescribed condition of the chemical process. For certain chemical reactions, it is mandatory that the solid particles float inside the liquid phase close to the lower part of the reactor. For other situations, such as in the case we analyzed, it is required that the solid particles are distributed uniformly throughout the entire liquid-phase volume. The experimental methods of investigations based on PIV or LDV are recommended to analyze the hydrodynamic field from inside the reactor; however, because of technical limitations, in our case, the reactor was made out of steel, and only CFD could be employed to determine the flow structure. The performance of the industrial reactor requires the solid particles to remain in the suspension in the entire volume of the liquid phase for a long enough period of time so that the chemical reactions between the two phases take place. If the solid phase is not homogenously distributed in the liquid phase and it settles on the bottom of the reactor, it results in the waste of the chemical ingredients and the failure to obtain the desired final chemical product with the prescribed characteristics.



There are two cases studied in this paper and the results analyzed: the first case considers that the solid particles are already settled at the bottom of the reactor before the impeller starts to rotate (Figure 3a), and for the second case, it was considered that the solid particles are all in the suspension when the impeller starts to rotate (Figure 3b). Figure 3a, b represents the distribution of the volume fraction of the solid phase in the entire 3D reactor and on a vertical plane.



The most relevant quantitative representation for the analysis of the performance of the stirring mechanism is represented by the histogram of the distribution of the volume fraction of the solid phase. Similar representations of the numerical results were given by Gohel et al. [3], Panneerselvam et al. [7] and Montante [21]. Thereby, the initial state with the homogenous distribution of the solid phase in the entire volume of the liquid phase corresponds to an optimum solid volume concentration of 18.2% (Figure 3b). For the first case (Figure 3a), where the solid phase is completely sedimented in the lower part of the reactor, the solid volume concentration has a value of 63%, and the remaining 42% of the entire volume of liquid contains no solid phase. The analysis of the volume fraction of the solid phase distribution presented in Figure 4 underlines the fact that the rotation of the impeller did not avoid the sedimentation of the solid phase on the bottom of the reactor for both analyzed situations. It results that the first situation analyzed (Figure 4a) is the most unfavorable situation from the point of view of solid-phase sedimentation. The histograms of the distribution of the volume fraction of the solid phase presented in Figure 4a, b confirm that this impeller did not perform properly. In the first case (Figure 4a), almost 40% of the volume of the liquid phase does not contain solid particles, and for the second case (Figure 4b), almost 23% of the volume of the liquid phase does not contain solid particles.



By analyzing Figure 4a,b, it results that it is the best option to start the operation of the stirring mechanism when the solid phase is not completely sedimented on the lower part of the reactor. Even for this situation, the impeller does not avoid the sedimentation of a consistent part of the solid phase on the bottom of the reactor.



The poor operation of the impeller, in both analyzed situations, is also underlined by the axial and radial distribution of the volume fraction distribution of the solid phase (Figure 5).



The investigation of the hydrodynamic performance of the impeller is based on the velocity vector distribution of the liquid phase in order to analyze the flow pattern as mentioned by Calvo et al. [4] and Hoseini et al. [22], who obtained similar results.



Figure 6 presents the velocity vector distribution of the liquid phase on two vertical planes, the upper two pictures, and on one the horizontal plane, the lower two pictures. It can be observed that two vortexes are generated between the impeller and the two baffles, where the liquid is pushed toward the bottom of the reactor and then goes upwards. The hydrodynamic field of the liquid generated by the impeller did not prove to be adequate to maintain the solid phase suspended off the bottom of the reactor.



Figure 7 presents the distribution of the axial component of the liquid velocity along a vertical plane. It can be observed that in both cases, the liquid flows toward the bottom of the reactor, but it does not reach the very bottom, and then it goes upward. In the case of the homogeneous solid-phase distribution (Figure 7b), the zones with higher velocity values are larger than in the other case (Figure 7a), but that is not enough to have a completely suspended solid phase.



From the distribution of the radial component of the velocity of the liquid (Figure 8), it results that the extension of the zones with positive and negative values of the velocity are similar. In both situations, the movement of the liquid is oriented toward the shaft before entering the impeller, and after exiting the impeller, the flow is directed toward the walls of the reactor.



For the two analyzed situations, there is a clear difference in the tangential velocity distribution. Analyzing the distribution of the tangential component of the liquid velocity, it can be observed that there are higher values for this component for the case of the initial homogeneous distribution of the solid phase (Figure 9b). For the situation of the homogenous distribution of the solid phase, it can be observed that the best-suited tangential velocity distribution is generated by the impeller for preventing the solid phase from settling on the lower part of the reactor in a large quantity.



Considering that, originally, the reactor operated with a liquid–liquid substance combination, another investigated aspect was to see if the stirring mechanism can be used for the new two-phase flow from the point of view of the power generated by the electrical motor. From the numerical simulation of the operation of the impeller with this two-phase flow, it resulted that the necessary power to drive the impeller has the value of 2.05 kW. This value is smaller than 3.6 kW, the power generated by the electrical motor, which drives the stirring mechanism. It results that the current stirring mechanism is able to ensure the needed power for the impeller to work in the new conditions with the two-phase flow.




4. Conclusions


This paper presents the results of the CFD analysis of stirring a liquid–solid suspension in an industrial reactor. The numerical analysis of the flow inside the reactor was conducted using expert software Fluent 16 with the Eulerian multiphase model for modeling the two-phase flow and the RNG k-ε model for turbulence. The sliding-mesh approach was used for modeling the rotation of the stirring mechanism.



The aim of this paper was to assess the capability of the impeller to generate a hydrodynamic field that would keep the entire solid phase off the bottom of the reactor with the desired uniform distribution in the bulk of the liquid phase. Two cases were analyzed: one where the impeller starts to operate when the solid phase is initially completely settled on the bottom of the reactor and one where the impeller starts to operate when the solid phase is initially homogenously distributed in the entire volume of liquid. To analyze the performance of the impeller, the distribution of the volume fraction of the solid phase was plotted on a vertical plane, on the entire 3D domain and on a histogram after 90 s of flow time. The hydrodynamic performances of the impeller were also analyzed with the help of the velocity vector distribution on one horizontal and one vertical plane and with the help of the velocity components axial, radial and tangential plotted on a vertical plane through the middle of the reactor.



From the analysis of these entire data, for both investigated cases, it resulted that the original two-blade impeller was not able to generate a hydrodynamic field that could keep the entire solid phase in the suspension. At the end of the flow time, a part of the solid phase was sedimented on the bottom of the reactor. The volume fraction of the solid phase sedimented was larger for the first case investigated, proving that the impeller is not able to lift the already sedimented solid phase. Even when the simulation is started with a homogeneous solid suspension, unacceptable sedimentation still occurs.



Another conclusion of the research is that the power required by the stirring system is not significantly changed when operating with a liquid–solid suspension.



As a result, a proper stirring of the liquid–solid suspension requires a new design for the impeller able to generate a suitable flow that prevents the sedimentation, which hinders the chemical reaction.
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Figure 1. Schematic representation of the stirred reactor. 






Figure 1. Schematic representation of the stirred reactor.



[image: Applsci 11 05705 g001]







[image: Applsci 11 05705 g002 550] 





Figure 2. Computational domain: (a) components of the reactor; (b) mesh of the computational domain. 
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Figure 3. Initial state of the volume fraction distribution of the solid phase: (a) flow started from the solid phase fully sedimented; (b) flow started from the solid phase dispersed in the entire volume of liquid. 
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Figure 4. Final state of the volume fraction distribution of the solid phase: (a) flow started from the solid phase fully sedimented; (b) flow started from the solid phase dispersed in the entire volume of liquid. 
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Figure 5. Final state of the volume fraction distribution of the solid phase axially and radially: (a) flow started from the solid phase fully sedimented; (b) flow started from the solid phase dispersed in the entire volume of liquid. 
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Figure 6. Velocity vector distribution of the liquid phase. 
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Figure 7. Axial velocity distribution of the liquid phase: (a) flow started from the solid phase fully sedimented; (b) flow from the solid phase dispersed in the entire volume of liquid. 
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Figure 8. Radial velocity distribution of the liquid phase: (a) flow started from the solid phase fully sedimented; (b) flow started from the solid phase dispersed in the entire volume of liquid. 
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Figure 9. Tangential velocity distribution of the liquid phase: (a) flow started from the solid phase fully sedimented; (b) flow started from the solid phase dispersed in the entire volume of liquid. 
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